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PREFACE 

This is the first volume, of two, of the Proceedings of the 38th eCAADe, held as an online 
event, from 16-17 September 2020 at the Institute of Architecture, Technische Universität 
Berlin, in Germany. The two volumes together contain the 144 accepted papers. All papers 
are also available digitally at CumInCAD (Cumulative Index of Computer Aided Architectural 
Design) – http://papers.cumincad.org 

Theme
“So architecture, in short, has the capacity to both extend man’s 
destruction of the environment, but also, at its best but much 
more rarely, it retains the capacity to invent new modes of co-
existence, more sustainable ways of living and more aesthetic 
experiences of  inhabitation.” 
Elizabeth Grosz  
in Conversation with H. Davis and E.Turpin 

Context
Humans and technology today form an inseparable link that have profound implications for 
Earth’s ecosystems – leading to the debate for a new era: the Anthropologic. In recent years, 
the transition from analog to digital architecture has materialized through increasing 
availability of novel software and new methods in digital architecture fabrication – tooling. 
The cognitive and digital turn implies ubiquitous computing, artificial intelligence, 
augmented reality and material intelligence, but to mention a few. The resulting design 
strategies overwhelm our discipline of architecture, encouraging a re-thinking of 
architecture, the architect’s role and responsibility, as well as architectural education. The 
development of digital technologies is compounding the need to develop ethics for this 
new technological state – shifting computer architecture from its focus on technology to a 
focus on humans. 
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Objectives
The theme “Anthropologic – Architecture and Fabrication in the cognitive age … from 
smart to behavioral … from digital to material”, critically questions the idea of the digital as 
purely technical interface, but encourages the extension of the digital towards, or rather 
back, to the material world. During the conference we are aiming at reflecting architecture 
in its transformation – in light of the Anthropocene stipulating data-based strategies for 
lean automated processes for architecture production and design through big data. 
eCAADe2020 also focuses on technical solutions fostering ethical feedback into 
architectonic culture, an evolution of the human-machine interface, ubiquitous computing 
and machine learning. 
Observing mankind and its contribution to the Anthropocene shows that the world is 
changing and that architects have to adapt to these new circumstances. The discipline of 
architecture cannot remain indifferent. With digital technologies, artificial intelligence and 
the internet of things at the core of the emerging paradigm, the 2020 eCAADe online 
conference has become a preferred place to foster a broad discussion about the place and 
role of architecture in the proposed geological epoch of the Anthropocene. When we look 
at Elizabeth Grosz's quote, we also believe that architects need to establish new ways of co-
existence with algorithms that should be based on more sustainable ways of life. Even if 
artificial intelligence needs to be discussed, the goal of overcoming it should be to combat 
climate change. For this reason, we have invited researchers, professors, specialists and 
students to discuss topics such as: 

• Design and computation of urban and local systems – XS to XL

• Digital perception of Space – Cyber–physical Systems (VR, AR) – design

strategies

• Health and materials in architecture and cities

• Education and digital theory – ethics, cybernetics, feedback, theory

• Making through code – built by data and the architectural illustration

• Robotic tectonics, automation and interaction

• The cognitive city (AI)

• Culture/Shift through ubiquitous computing / scripting and lingua franca

• BioData/BioTectonics for architectural design

• Cognizant Architecture – what if buildings could think?
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Design and computation of urban and local systems – XS to XL 
Computation in architecture and urban matters is the key objective, as it allows us to shift to 
design systems rather than buildings. We exchange views on generative design concepts 
and strategies, shape grammar matters in all scales. How will virtual city modeling and GIS 
assist our design tool generation process and model manipulation in local systems?  

 Digital perception of Space – Cyber–physical Systems (VR, AR) – design strategies 
A track that entitles interactive, virtual and augmented environments, human-building 
interaction through sensors and their design approaches. We explore the interdisciplinarity 
of sensor-enhanced material intelligence through physical installations and/or prototypes 
in order to closely tie human-machine to digital-material.  

Health and materials in architecture and cities 
Health stands for well-being. Well-being is increasingly integrated into architectural 
simulation and the emission-aware digital planning and physical architectural practice and 
experimental prototyping. Topics include efforts to balance human needs with 
environmental viability and digital solutions for sustainable environments, and small-scale 
systems alike.  

Education and digital theory – ethics, cybernetics, feedback, theory 

Topics will include general CAAD education through the lens of educational institutions and 
host sessions and discussions covering how to teach digital studios, develop smart design 
and teaching tools. We touch upon collaborative design, evaluating and theoretical 
research contributions in the digital turn.  

Making through code – built by data and the architectural illustration 
Can algorithms generate buildings or even architecture? Is a code the new architectural 
plan? Explore generative design, parametric design, digital design tools and data-driven 
geometries. Sessions will additionally contain design optimization, simulation, machine 
learning and Building Information Modeling techniques and experimental hacking.  

https://www.dict.cc/?s=interdisciplinarity
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Robotic tectonics, automation and interaction 

We dive into digital fabrication, automated digital workflows and discuss associations with 
scale and materials. ‘Coboting’ as human-robot collaboration will be central to all our future 
design and architectural production questions. 

The cognitive city (AI) 

In the age of big data and cloud computing, the city becomes a conscious body that can 
perceive, sense, filter, identify according to our functions. Artificial Intelligence in the built 
environment, smart city concepts, simulated behavior will aid us in high-performance 
analytics and novel responsive surroundings. Let’s get lost in between the virtual and the 
physical capabilities of the city.  

Culture/Shift through ubiquitous computing / scripting and lingua franca 

On one side, this track contains dialogues about information technology and AI in cultural 
heritage, preservation and sustainability. On the other side, it considers computation and 
coding as a new drawing skill. Can we link data analytics and scripting as international 
languages to the power to rule well-adjusted design and making?  

BioData/BioTectonics for architectural design 

Nature as an inspirer will be perpetual to design thinking. We contextualize biological 
existence, behavior and growth in simulation and design solutions set and train intelligent 
systems. This track pivots between nature and man-made responsive, growing materials 
and applications in the built environment.  

Cognizant Architecture – what if buildings could think? 

The Internet of Things, but more so the Internet of Buildings affects our design strategies to 
create ever-learning and self-enhancing buildings. In this session, we dive into dynamic 
design solutions, a multi-state system that we aim to give over control to the building itself 
through the implementation of machine learning. We touch upon material responsiveness 
and the impact on personal user comfort through real time feedback in building 
components. 

Liss C. Werner and Dietmar Koering 
eCAADe 2020 Conference Chair and Co-Chair
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WELCOME FROM THE DIRECTOR 

Institute of Architecture, Technische Universität Berlin 

Dear colleagues and friends of eCAADe, 
The Institute of Architecture (IfA) at Technische Universität Berlin is honoured to host the 
38th eCAADe–Education and research in Computer Aided Architectural Design in Europe–in 
2020. We are committed to excellence in teaching and research. This obligation arises from 
the thought that architecture is a cultural technique by which we can create habitats that 
are beautiful and functional to live in and with, sustainable, forward-looking and building 
upon the past. We understand architecture as designing for the complex areas of life to 
reach beyond built objects or clusters of buildings. The institute of architecture understands 
its role in transferring, embedding, and unfolding science and technology into culturally 
effective and material environments. We are pleased that almost 1100 students are studying 
with us each year to ambitiously and courageously tackle present and future challenges 
through architecture in practice, research and education. 

In current times it becomes increasingly visible that digital culture, computational 
architecture and automated manufacturing have become drivers for our decision-making in 
architecture and urban design. This evolution has created feedback that encourages us to 
designing and utilizing novel tools–partially inspired from other disciplines, such as 
computer sciences or neuro-sciences–for the debate in and the production of architecture, 
and its forms and functions. Anthropologic – Architecture and fabrication in the Cognitive 
Age, the topic chosen for the conference allows us and you, as researchers, students, 
practitioners and educators in the field of computational architecture to locate our research, 
practice and teaching in a paradigm of architectural transformation one hand and human- 
or rather humanity-focused reflection of architecture on the other. The topic also 
encourages us, to work and design with the 17 Sustainability Development Goals as set by 
the United Nations in the Agenda 2030. 
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The Key Application Areas for science and research that we at TU Berlin have set out for our 
university are reflected in the 145 papers across 10 tracks, seven keynote contributions and 
round table discussion presented at the conference and herewith in the very two volumes 
of the proceedings. Digital Transformation, Energy Systems, Mobility, and Sustainable 
Resources, Human Health, Humanities and Educational Sciences, Urban Systems and 
Environmental Systems, Materials, Design and Manufacturing stretch across architectural 
and urban design, research and education. 
We have been challenged with organizing a conference, that will be streamed globally 
rather than taking place locally in Berlin. The challenge resulted in a comprehensive 
collection of pre-recorded presentations, a gallery with research results, and, first and 
foremost world-wide open access to a wide range of excellent research contributions in the 
field. I would like to thank all involved in arranging, organizing and orchestrating the 38th 
eCAADe, thriving the Anthropologic – Architecture and Fabrication in the cognitive age … 

from smart to behavioral … from digital to material.

Prof Dr. Philipp Misselwitz
Managing Director Institute for Architecture Technische Universität Berlin
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FOREWORD - eCAADe 

 
 
Dear eCAADe friends, 
  
The Berlin 2020 virtual eCAADe conference invites ‘academicians, researchers, professionals 
and students to address how problem-formations in architecture, will be defined within the 
condition of the Anthropocene, that is necessarily multi-disciplinary.  
This year, our community was exited to meet with this challenging conference theme in city 
of Berlin for the 38th eCAADe conference in Europe. However, with rise of global crises, due 
to Covid outbreak, we all come to terms with the serious adjustments necessary in our ways 
of engaging during this crisis.  The eCAADe council acted fast, by organizing interim 
meetings in spring 2020 in collaboration with Berlin conference organizers about how to 
handle 2020 Berlin conference in this global crisis. A joint decision was made to move the 
2020 eCAADe Berlin conference and PhD workshops from physical to virtual. eCAADe 2020 
Berlin conference is the first virtual eCAADe conference emerged due to the necessity of a 
global crisis. Nobody, including Berlin team has been prepared for this situation therefore, 
the eCAADe council made a decision to support Berlin conference organizers with a 
conference task force composed of eCAADe council members.  
 
I cannot say enough about the deep spirit of cooperation and generosity that has been 
demonstrated by eCAADe council members and Berlin conference organizers over the past 
several months. There was a shared strength and commitment that give a life to the 
eCAADe 2020 Virtual Berlin Conference. 
The 2019 eCAADe Porto conference was a unique joint conference organized by two 
regionally rooted associations eCAADe and SIGradi and was an opportunity to celebrate the 
idea of togetherness and collaboration. This idea has been expanded by 2020 Berlin online 
conference that provided free access to all communities interested in research and 
advancements in Architectural Design and Computation.  
The 2020 eCAADe Online Berlin PhD workshop is linked to “Sister Organizations World PhD 
Workshop” that will be held online at 7th-8th-9th of December. This workshop is the 
continuation of the idea of togetherness and collaboration that was operationalized at the 
2019 Porto conference. The idea was pursued by president emeritus Tadeja Zupançiç in her 
presidency of eCAADe. As strong supporter of an idea, I initiated the new idea of “Sister 
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Organizations World PhD Workshop” that aims to build collaboration among young 
researchers of sister organizations of ACADIA, SiGradi, CAADRIA, ASCAD and eCAADe. The 
joint world PhD workshop idea was accepted by all sister organizations boards. This 
workshop will provide an opportunity for young researchers of our communities to 
collaborate, to experience how PhD studies are conducted in various schools across the 
world, and gives an opportunity to meet with prominent researchers in the Architecture 
and Computing field and also situate their study within the word PhD research arena.  
 
eCAADe 2020 Berlin Online conference “aims to reflect architecture in its transformation 

during the era of Anthropocene, stipulating data-based strategies for lean automated processes 

for architecture production and design through big data.” In the era Anthropocene, the 
education and practice of architecture must represent a different approach, one of 
coexistence and symbiosis with the biosphere. It must point out new strategies and paths 
for design and construction that are regulated by environmental needs. Architecture can 
produce new constructions that transform trajectories of thought; by developing affinities 
and collaborations through multi-disciplinary, multi-scalar, and multi-centered approaches 
and use its unique capacity to transform the present and future condition of the Earth 
System. eCAADe conference is a unique environment for transforming trajectories of 
thought by providing platforms for multi-disciplinary knowledge sharing. I am looking 
forward to discussing these new trajectories of thought in virtual Berlin conference that will 
be open to all interested.  
 
I would like to thank all people who made eCAADe 2020 Online Berlin event possible in this 
hard time of a global crisis. Especially, to Liss C. Werner, and Dietmar Köring for their 
excellent organizational efforts. I am grateful to eCAADe Berlin conference task force 
members: Henri Achten, Bob Martens, Jose Pinto Duarte, Rudi Souffs, Anetta Kepczynska-
Walczak, Joachim Kieferle, Gabriel Wurzer, and Tadeja Zupančič, for their support and 
constructive feedback. I am also grateful to the presidents of ACADIA: Kathy Velikov, SiGradi: 
David M. Sperling, CAADRİA: Christiane Margerita Herr, ASCAD: Aghlab Alattili for their 
support of Sister organizations world PhD workshop.  
  
Birgül Çolakoğlu 
President of eCAADe 
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FOREWORD - The 10th eCAADe PhD Workshop  

 
 
 
'Each year eCAADe invites applications from young researchers studying in Europe to submit 

their approved PhD proposal for the eCAADe Grant. Successful applicants attend a pre-

conference PhD workshop where they present and discuss their work with experienced 

colleagues. The grant consists of a subsidy of 400 Euro to cover travel expenses and a special 

students registration to attend the conference afterwards. The workshop is valuable for PhD 

students in the earlier stages of the work and NOT mainly intended to be a presentation of an 

already finished PhD.'  http://ecaade.org/conference/grant/ 
  
The first workshop was organized in 2011 in Ljubljana. The initiative derives from the idea to 
invite the young generation of researchers to the eCAADe community. The tradition was 
developed by Wolfgang Dokonal and strongly supported by Antonio Fioravanti, both long-
standing eCAADe council members.  
  
Due to the uncertainty of the COVID-19 situation the eCAADe council has decided not to 
skip the opportunity in 2020 but to shift the eCAADe PhD workshop to the online 
environment. This time no travel support is needed. We are aware that the PhD training 
needs a continuous personal support rhythm. We are also aware that the online setting 
requires essential organisational changes. The online environment also requires some 
additional preparatory steps. To accomplish that a larger task-force consisting of some 
eCAADe council members has been assigned for this opportunity: Henri Achten,Antonio 
Fioravanti, Aulikki Herneoja, Anetta Kępczyńska-Walczak, Rudi Stouffs and Tadeja Zupančič. 
The online PhD workshop offers joint testing of the digital ecologies for the PhD research-
in-progress discussions in architectural computing. It offers intensive training of new skills 
for our selected PhD candidates and for all the actors involved. The usual presentation-and-
discussion sequence can change: the presentations can be posted online in advance for the 
panel members and the audience, so that the joint event can more effectively focus on the 
discussion. The usual questions from the panel members can be replaced or combined by 
the questions from the candidate’s side.  
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The young researchers are encouraged to rethink the advantage of virtually inviting the 
audience to their own research environment, that people can immediately immerse into 
their worlds and into the moment of their initial research stage in the wider picture of their 
PhD research.  
 
The PhD research of this year’s applicants shows the diversity of the young generation’s 
interests: from BIM, generative design, digital fabrication and feasibility studies to wider 
issues of adaptable design and building systems, spatial experience and perception as well 
as architectural education for sustainable design.  
 
The eCAADe online PhD workshop is linked with the CA2RE network - Community for 
Artistic and Architectural Research - and with the CA2RE+ project - Collective Evaluation of 
Design Driven Doctoral Training. It builds on their joint online ‘Trondheim 2020’ event 
experience in June 2020. The CA2RE/ CA2RE+ setting is a meeting place of the European 
associations ARENA - Architectural Research European Network Association, EAAE - 
European Association for Architectural Education and ELIA - European League of Institutes 
of the Arts. The online PhD workshop initiative opens new opportunities of networking at 
the doctoral research level in this context. Last but not least, it opens new links with our 
sister organisations: ACADIA, SigRAdi, CAADRIA and ASCAAD.  
  
Tadeja Zupančič 
eCAADe Vice President Emeritus 
2020 eCAADE PhD Workshop Group 
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ON THE eCAADe ONLINE CONFERENCE 2020 

 
 
The eCAADe 2020 conference in Berlin is taking place as an online event for the first time 
due to the special circumstances of COVID-19. We have chosen to move eCAADe2020 
online, to ensure continuity in the academic and scientific knowledge transfer of the 
eCAADe community through the conference and the annually published proceedings. The 
other option would have been to cancel the event. An option that would not have been fair 
to all authors who submitted wonderful abstracts from around the world. Perhaps the 
philosopher Markus Gabriel rightly noticed that something invisible has made the 
weaknesses of our system visible, which speaks to the need for change or at least the need 
for a new awareness of our relationship with the biosphere. Yet it is a sign to remember how 
fragile human systems can be in the Anthropocene and that we always have to remember 
that we as human beings always act as a system with a strong connection to our 
environment - hence the debate about Anthropologic – Architecture and Fabrication in the 
cognitive age … From smart to behavioral … From digital to material is relevant and urgent 
in present times. 
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Development 

The topic of the eCAADe2020 in Berlin sparked immense curiosity and interest globally. 
With the eCAADe2020, a new double-peer review system was introduced, in which all 
interested parties first had to submit a short abstract between 300 and 350 words plus 

references. As a result, we received 542 abstracts from 52 countries. 
 
 

 
Call for Papers results – submissions / country 

 
Abstracts were checked in accordance to the formal quality measures set out for 
submissions by eCAADe. Each submission had to be strictly anonymous and avoid any hint 
to the authors’ institutional affiliation. Some Abstracts had 0-10 words, other up to 800 
words. The majority of abstracts had between 300-380 words. Abstracts, which were far out 
of scope, were rejected and did not forward to the reviewers. Forwarded abstracts were 

evaluated by three reviewers not affiliated to the authors to avoid a conflict of interest. 452 

abstracts passed the quality check and were forwarded to the first round of double-blind 
peer reviewing process. Thanks to eCAADe, we could use the OpenConf system to carefully 
manage the entire anonymous submission and evaluation process.  
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Length of submitted Abstracts – 300 to 350 words were required 
 

Reviewing such large number of abstracts was only possible with the professional and 

generous support of our Scientific Committee composed by 157 reviewers who 
accomplished a total of 2199  required reviews. The first stage of the blind-peer review 

process of the abstracts resulted in a selection of 281 abstracts, of which authors where 
invited to submit a full paper for the second stage of the double blind-peer review process. 

177 full papers were accepted through the second stage. We assume that 33 papers were 
not elaborated further, because due to the "lock-down" of the virus COVID-19, many did not 
have access to universities and laboratories. In order to minimize the impact, deadlines were 
extended to accommodate the researchers as much as possible under these conditions. A 

final number of 144 full papers could be identified by the scientific committee of eCAADe 
2020 and authors were invited to submit camera-ready papers, which you find in volume 1 
and volume 2 of the proceedings, as well as online on Cumincad. 
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Conference 

The eCAADe 2020 conference was held online, hosted by the Institute of Architecture, 
Technische Universität Berlin from 16.-17. September 2020. Thus, an exact number of 
participants and attendees could not be identified at the time of preparing the proceedings. 
The eleven tracks were structured in 21 sessions, that unfolded in three parallel sessions 
over the course of two days. Our registration system allowed registrants to register for 
individual sessions and thus create a personalized conference schedule. We thank TU Berlin 
for the support of utilizing Cisco Webex. 
Such structure is also reflected in the organization of the current publication, where each 
volume is matching each Conference day. Apart from short and crisp presentations of the 
key thoughts of each paper, we invited authors to submit 10 images of their work for  a pre-
recorded presentation of 5-7 minutes. 
 
We took the opportunity to invite eight keynote speakers. The seven Keynotes were invited 
to provide specific, but complementary, visions addressing the spirit and theme of the 
event.  
 
Due to the Covid-19 restrictions one part of the speakers could be physically present in 
Berlin during the conference days, the other part was tuned in through a live stream. In 
order to orchestrate lively input from our keynote speakers we arranged the sessions in a 
mix of talks and round table discussions. 
 
Thus, we were grateful to count with: 
 • Prof. Rachel Amstrong 

• Prof. Sigrid Brell-Cokcan • Prof. Michael Hensel 
• Lars Krueckeberg  
• Prof. Kas Oosterhuis  • Thomas Spiegelhalter 
• Prof.em. Chris J.K. Williams 
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Aside with the Conference sessions, a series of special social programs were canceled, as we 
had to organize the conference online. Any ‘physical’ meetings would not be possible under 
any health and safety regulations. These ‘special’ conditions enabled us to develop a  
standard format for online conferences - which is free of charge for attendants. 
 
We organized an online ‘bar’, named: Mos Eisley, as a place for academic and non-academic 
exchange. At Mos Eisley, we have an online stage, which was performed by FESS, a  DJ, 
production and live performance duo from Poland founded by Maciej Kosmalski and 
Damian Szkatulski and by Jeremy Ham & Jazz (Radio: 3PBS FM - Spaces within space). VR 
visuals have been created by Uwe Woessner. 

 . 
Berlin, September 2020, 

Liss C. Werner and Dietmar Koering 
eCAADe 2020 Conference Chair and Co-Chair 
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www.ecaade.org 
 
eCAADe (Education and Research in 
Computer Aided Architectural Design in 
Europe) is a non-profit making 
association of institutions and individuals 
with a common interest in promoting 
good practice and sharing information to 
the use of computers in education and 
research in architecture and related 
professions. The organization was 
founded in 1983, and organizes an 
annual conference, which is hosted by a 
different member University each year.  
 

 
 

  
   

http://papers.cumincad.papers.org/ 
 
eCAADe initiated and manages the very 
successful CumInCAD archive of research 
publications in the field of Computer 
Aided Architectural Design. CumInCAD is 
a valuable resource for researchers, 
educators and others in the field. 
eCAADe has also collaborated with 
sibling associations to create the 
International Journal of Architectural 
Computing (IJAC).  
 
 

 
 
Sibling Associations 
 
ACADIA 
CAADRIA 
SIGradi 
ASCAAD 
CAAD Futures 
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KEYNOTES 

 
 
 

Chris Williams 

Keynote: Anthropology and computers - is it possible not to be depressed in the age 

of multinationals? 
  
Chris joined Ted Happold’s group at Arup in 1972 where he worked on Frei Otto’s Multihalle 
gridshell in Mannheim. His research interests hinge on the relationship between geometry 
and structural action as applied to  towers, bridges and tension and shell structures. His 
work in the generation of structural form through biological and other analogies has led to 
collaboration on projects including the British  Museum Great Court Roof, the Savill 
Building, the Gardens by the Bay  glasshouses and the Netherlands Maritime Museum. His 
work on these projects involved writing project specific software for geometry definition 
and structural analysis. 
 

Michael Hensel 

Keynote: En route to Embedded Architectures and why anthropological inquiry can no 
longer be anthropocentric 

Michael Ulrich Hensel is a German architect, researcher, educator and writer. His main 
areas of interest are “performance-oriented Design” and “Performance-oriented 
Architecture”. Hensel has been a key proponent of interdisciplinary research by design in 
architecture since the mid-1990s, founding and current chairman of OCEAN Design 
Research  Association and SEA – Sustainable Environment Association. He is a prolific 
writer whose work has been published world-wide. Since 2018 he is professor at TU Wien 
where he heads the department for digital architecture and  planning and where he serves 
as a board member of GCD the Center for  Geometry and Computational Design. 
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Lars Krückeberg  
Keynote: EVIDENCE BASED DESIGN. How algorithms and good architecture can heal. 

 
Lars Kru ̈ckeberg studied architecture at the Technical University Braunschweig, Germany, 
the Università degli Studi di Firenze, Italy, and the German Institute for History of Art, 
Firenze, Italy. He graduated as Dipl.-Ing. Arch. in Braunschweig and received his Master of 
Architecture at the Southern Californian Institute of Architecture SCI Arc, Los Angeles, USA. 
After visiting professorships at HafenCity University in Hamburg and the RWTH Aachen, Lars 
Kru ̈ckeberg has been a visiting professor at the TU Delft in 2017/18. In 1998 Lars Kru ̈ckeberg 
established GRAFT in Los Angeles together with Wolfram Putz and Thomas Willemeit. With 
further offices in Berlin and Beijing, GRAFT has been commissioned to design and manage a 
wide range of projects. GRAFT has won numerous national and international awards and 
earned international reputation throughout its existence.Since 2015 GRAFT offers 
sustainable housing systems in modular design in order to quickly construct 
accommodations for refugees. The company called Heimat2 was founded together with 
three other companies working in project development and communication 
 
 

Rachel Armstrong 

Keynote: Natural computing: return of the Analogue 
 
Rachel Armstrong is Professor of Experimental Architecture at the School  of Architecture, 
Planning and Landscape, Newcastle University. Her work  explores how our buildings can 
incorporate some of the properties of  living systems to become 'living architectures'. She 
was coordinator for  the FET Open Living Architecture project (April 2016 – June 2019) and  
coordinates the EU Innovation Fund ALICE project. She is a Rising Waters  II Fellow with the 
Robert Rauschenberg Foundation (April – May 2016)  and a 2010 Senior TED Fellow. She is 
also a Member of the Hub for  Biotechnology in the Built Environment at Newcastle 
University and  Director and founder of the Experimental Architecture Group (EAG) whose  
work has been published and exhibited internationally. 
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Thomas Spiegelhalter 

Keynote: Disruptive AI Data-Driven, Carbon-Positive, Bio-Inspired Optimization Design 
Workflows, 2020-2100 
 
Thomas has performed design and built research in Europe, the Americas,  Asia, Africa, and 
the U.S. on numerous solar, carbon-neutral,  zero-fossil-energy, and passive architectural 
projects; large-scale  master planning and post-industrial infrastructures, landscapes, and  
engineered suspension bridges. As a result of his 30 years of awarded  designs and built 
work, consulting, research, and teaching,  Spiegelhalter has received 54 prizes, awards, and 
honours in  competitions individually and in collaboration with engineers. His  research 
work as a Professor at FIU involves geospatial and climatic  data repositories with AI data-
driven generative design workflows,  mostly BIM-Dynamo-Grasshopper coding with 
biomimetics. The current  CRUNCH research (http://crunch.fiu.edu/) is focused on optimized  
building and city design fitness tests towards carbon-neutrality on a  timeline from 2020 to 
2100. 
 

Sigrid Brell-Cokcan 

Keynote: Internet of Construction 

Sigrid Brell-Cokcan is the founder and director of the new Chair of  Individualized 
Production at RWTH Aachen University and co-founded the  Association for Robots in 
Architecture in 2010 together with Johannes  Braumann. IP focusses on the use of 
innovative machinery in material and building  production. In order to create an 
environment that allows the efficient,  individualized production of lot size one, new and 
user friendly  methods for man machine interaction are developed. The Chair of IP  
employs researchers from different fields of robotics and building  production to 
streamline the necessary digital workflow from the initial  design to the production 
process; shaping the construction site of the  future via intuitive, easy-to-use interfaces. 
She holds a Doctorate in technical sciences from TU Vienna (2014), a  Master in 
Architecture (1998) from the Academy of Fine Arts Vienna  (honoured with Carl Appel 
Prize), is a member of the Austrian Chamber of  Architects and has completed 
international studies in architecture at  University of Sydney (1994). 
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Kas Oosterhuis 

Keynote: Interactive and Pro-active Environments | Participatory Design Instruments 

 

Professor Kas Oosterhuis is both a visionary and a practicing designer,  leading the 
innovation studio ONL and the Hyperbody research group at  the TU Delft. Environments at 
all scales – from furniture to buildings  to cities - are considered complex adaptive systems, 
both in terms of  their complex geometry and their behavior in time. The main focus of the  
current research is on parametric design and robotic building in all  phases of the design to 
production and the design to operation process.  Projects like the A2 COCKPIT building in 
Utrecht, the BÁLNA mixed use  cultural center in Budapest, the LIWA tower in Abu Dhabi 
and the  individually customizable BODY CHAIR are living proof of Oosterhuis'  lean design 
to production approach, in terms of precision, assembly  time, sustainability, costs, and 
above all by his design signature  Oosterhuis’ built projects are characterized by a strong 
integration of  structure, skin and ornamentation. 
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TECHNICAL ONLINE WORKSHOPS 

TRACK 1:  

DESIGN AND COMPUTATION OF URBAN AND LOCAL SYSTEMS – XS TO XL 

MACHINE LEARNING FOR URBANITY 
Zvonko Vugreshek (BTU Cottbus-Senftenberg) 

Having the machine take on more decisions than the user has been ever so popular, 
machine learning is implemented in almost all segments of life nowadays. In the scope of 
urbanism and urban design, the optimal choice is often quite difficult. There are much more 
parameters and regulations to be aware of and we are limited as beings to make such 
complex decisions in a rather short amount of time. This the key point where we introduce 
machine learning, to help people make better decisions and thus reducing their potential 
errors. Starting from choosing the perfect plot to build upon and then building up through 
automated choices until we reach to the end where we would have an optimal urban 
scenario to put our design intent into. This workshop took participants through single\multi 
objective optimization, regressions, clustering and then utilizing some neural network 
autoencoders to accurately predict and define the perfect surrounding for any design 
intent. 

  
ADAPTIVE ARCHITECTURE 
Stepan Kukharskiy (SA lab) 

Usually seen as a static form, architecture now faces the dynamism of current life. While 
older buildings get demolished or sometimes renovated, modern buildings strive to be 
multifunctional structures, open for different scenarios and needs that life suggests. 
 Adaptive design in architecture today is a way to establish a harmonious connection 
between buildings, nature and people. We can design new types of architecture, using big 
data and computational design tools.  
Designing new fluid and dynamic buildings and spaces suggests new ways of interaction 
with them. During the workshop the participants created a web-app for designing adaptive 
spaces and structures. The app will become an interface of an architectural project. The goal 
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of creating the app was to allow people to interact with the structure, generate options and 
suggest new possible ways of its existence. 
In the course of this workshop, participants jumped into the basics of web development, 
learned coding in JavaScript, WebGL technology and Threejs library. The final app was 
aimed to be hosted online, on glitch.com. 

 
TRACK 3: 
DIGITAL PERCEPTION OF SPACE – CYBER–PHYSICAL SYSTEMS (VR, AR) – 
DESIGN STRATEGIES 
  
ANIMATED URBAN PERCEPTION 
Prof. Giulia Pellegri (Polytechnic School of Engineering and Architecture –  University of Genoa) 

The perception of spaces plays an extremely important role in project management. But 
what does perception mean? How has perception changed with the IT revolution? What are 
the principles that condition people in perceiving a space as a barrier, as a transition space 
or even as a non-space? How to communicate the perception of urban and imaginative 
realities? 
The workshop was a study on the schematization and representation of ideas and concepts, 
mainly in the architectural field through firstly, a theoretical in-depth introduction about the 
topics and secondly, the practice of concepts in a coworking moment among the 
participants.  
On the example of Berlin and Genoa the participants identified the peculiar perceptual 
elements and assumed ideal urban transformations immediately shared with animated GIF 
drawings among the participants. Finally, they produced posters that represent optical 
illusions capable of eliminating social, territorial, political and psychological barriers. 

  

 

  

http://glitch.com/


 Volume 1 –  eCAADe  38 | xxxv 

TRACK 4: MAKING THROUGH CODE – BUILT BY DATA AND THE 

ARCHITECTURAL ILLUSTRATION 

  
BUILDING INSTINCTS 
Ass. Prof. Raimund Krenmueller (Institute for Advanced Architecture of Catalonia) 

In this workshop, neuro-evolution, the use of evolutionary algorithms to determine the 
parameters of artificial neural networks, was explored as a strategy to develop autonomous 
behaviors of building machines (i.e. robots). 
EVO-NET, a distributed software framework for artificial evolution of neural robot controllers 
(using the NEAT family of algorithms and the robotics simulator CoppeliaSim) was 
introduced to the participants and applied to evolve building behaviors of autonomous 
collective agents. 
Participants of this workshop explored neuro-evolution (and its constituent concepts of 
neural networks and evolutionary algorithms), its potential for architectural design and 
robotic construction in a learning-by-doing environment, as well as they acquired the skills 
to incorporate neuro-evolution strategies and simulation tools in their own workflows 
beyond the duration of the workshop. 

  
TRACK 7:  
COGNIZANT ARCHITECTURE - WHAT IF BUILDINGS COULD THINK? 
  
COGNITIVE ASSEMBLAGES 
Alessandro Mintrone (University of Bologna), Alessio Erioli (University of Bologna, Co-de-iT) 

This workshop explored iterative assemblages of discrete parts combined with Machine 
Learning techniques operating at the decisional level, focusing on the generation of 
complex and heterogeneous spatial conditions. 
Participants worked in Unity3D + TensorFlow, where in one part, participants worked with a 
custom implementation of the Wave Function Collapse algorithm, a procedural generation 
algorithm which produces images by arranging a collection of tiles according adjacency 
and frequencies rules.  
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In another session, participants were introduced to Machine Learning techniques, in 
particular to Reinforcement Learning. Using the Unity ML-Agents Toolkit, a Reinforcement 
Learning library, participants were trained a Neural Network to perform tiles selection 
during the iterative assemblage aiming at specific spatial qualities (e.g. density, 
directionality, connectivity).  
This was achieved through acquiring a pre-trained network and its parameters, a newly 
trained Neural Network and how changing the training goal effects the spatial qualities of 
the aggregation and finally, visualization techniques for image and video production 
showcasing the spatial qualities of the outcomes while keeping track of the training process 
with Tensorboard. 

  
DIGITAL TWIN 
 Maria Gkovedarou (Bentley Systems) 

A digital twin is a digital representation of a physical asset, process or system, which allows 
us to understand and model its performance. Infrastructure digital twins—iTwins—are 
advancing BIM by enabling immersive visualization and analytics visibility. 
iTwins are emerging now because of a convergence of technologies that enable an 
immersive and holistic view of infrastructure assets—above and below ground. These 
include 3D/4D visualization, reality modeling, mixed reality (XR), and geotechnical 
engineering. This workshop dealt with the digital twin in the construction industry. Digital 
context on the one hand, and time on the other hand, are two examples of things that are 
missing in BIM that Bentley brought to the workshop table with their technology of digital 
twins. 
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TRACK 8:  
THE COGNITIVE CITY (AI) 
  
DYNAMIC CANVAS 
Nilufer Kozikoglu (Tuspa, Urban Atolye) 

Currently, our research on architectural design process-based network thinking is evolving 
in two platforms: As a grasshopper module and a Unity-based game application. The named 
tools enabled the participants of the workshops to play and adjust relationships between 
the variables of a project, mainly spatial and contextual in a very loose metric analogy and 
access this information to arrive at design decisions as well as evaluate them. The workshop 
program included a seminar on space syntax, network thinking, graph theory applications 
and design probing. The design interfaces were introduced, and participants worked on a 
rubric that is derived out of existing projects organizational layout data and 
reinterpretations, followed by iterative design sessions with the tools. Finally, the sessions 
ended with comparative presentations. 
The aim of these interfaces was not to arrive at planning the configurational orthographic 
data, but to enable the architectural sketch session that used to be within the hand/paper 
realm within the coded computerized environment augmented with a series of evocative 
chance inclusive visualization potentials.  

  
TRACK 10: 
ROBOTIC TECTONICS, AUTOMATION AND INTERACTION 
  
DYNAMIC FACTORY  

Anatolii Kotov (Brandenburg University of Technology) 

 
In architecture fabrication problems arise from challenging tasks, material complexity and 
high technical demands from architects and engineers. Here comes the idea of the dynamic 
factory. What if we could go from a centralized system of a traditional pipeline to 
decentralized dynamic system of robots, that are self-aware in space, and can change 
position/function. This leads to functional redundancy and overall stability. The problem of 
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decentralized self-organizing systems has always been their complexity for humans to 
observe such complicated dynamic relations between components in the system. In order 
to try to manually solve such a problem, we can create an observing system based on a 
neural network to understand if your pipeline is working correctly or not.  
The workshop provided a basic understanding of the creation of robotic pipeline able to 
form/fabricate a simple small architecture or decorative objects. Participants went from 
simulation on personal devices to full-scale testing in the laboratory equipped with 
advanced robotics. Several technical aspects of its practical implementation were examined 
in detail: robot controlling, self-organizing systems, neural network monitoring. The 
software used: Python, Rhino+Grasshopper, RoboDK, MQTT for networking.  

  
KUKA CRC \| CLOUD ROBOT CONTROL FOR REMOTE ROBOTICS 
Ethan Kerber (Chair of Individualized Production RWTH Aachen University & Robots in 

Architecture Research) 

The Chair for Individualized Production and Robots in Architecture Research have 
developed a new cloud-based approach to working remotely with robotics: KUKA\|crc. 
Cloud Robot Control brings industrial access to online collaboration.  
The remote robotics framework enables international teams to collaborate with robots even 
when they cannot be onsite. 
During this workshop, participants learned to remotely simulate robotic movements, send 
programs over the cloud, monitor progress and adapt to inaccuracies in actual material, all 
while controlling the process from their own international location. 
The robotic cell is comprised of a KUKA iiwa collaborative robot capable of force torque 
sensing. This sense of touch allows for adaptive machine interactions. The robot can feel if it 
has contact with a surface and adapt its program, enter soft or even safe mode. 
Participants monitored their programs’ progress in real time through a digital twin as well as 
multiple video streams. By realizing a new connection between participants and the 
technology of the robot lab, we prioritized access to learning and technology while pushing 
online collaboration beyond zoom meetings and into online remote robotic fabrication. 
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DataMining as aUser-orientedTool in ParticipatoryUrban
Design

Hsien Chen1, Pei-Hsien Hsu2
1,2Graduate Institute of Architecture, National Chiao Tung University, Hsinchu,
Taiwan
1p102390034@gmail.com

In this research, we did the datamining to the POI(point-of-interest) of the city,
and shows how Popular times data and NPL(Natural language processing)
analysis transformed user data into new tools of participatory design of urban
planning. After analyzing and visualizing the popular time data of the city POI,
we showed the city users' preferred place to go at different point in time. And this
will figured out that at some time, same type of POI has different using condition.
Based on above mentioned, we used NPL to analyze user reviews to find out the
causes and provide planning suggestions. This method can offer planner a chance
to understand the experience of city user at the planning stage. Comparing to the
traditional method, fetching data from the social platform could be able to get the
daily preference, perspective and emotion of the users, and these data can make
the result of participatory urban planning accord with the demand of the users.

Keywords: Popular times, NLP, Social Media, Urban Design Tool, Smart Cities

INTRODUCTION
Field research is the most important in urban plan-
ning. In the past, we used questionnaires, interview
and field survey to understand the actual using con-
dition. The bottom up user perspective make ur-
ban planning more convincing and influential. The
propose of participatory design allows users to join
at preliminary design stage, which means users can
proactively participate in development procedure,
share their opinions, and assist the planner in under-
standing the actual situation. However, there are still
deficiencies in the appliance of urban planning, the
first is scale. While the planning scale is too large, the
users are hard to participate. The second is the num-
ber of people. Thediscussionof large amount of peo-
ple are usually having low efficiency. The last is the

uneven source of the data, it is possible that the gen-
eral participant are retiree.

In the age of bigdata, the participatory planning
and design should be different from the past. The
POI of the city records the opinions of users toward
the city. The big data of social media collectsmassive
user data, records users’ daily lives, preferred place to
go, comments towards the city, different viewpoints
of event. These user experience andmassive bottom
up user data has potential for the participatory plan-
ning and design. Comparing to the traditional ques-
tionnaire and interviews, the participatory planning
and design is focusing on the handy information in
the age of big data, such as users’ favorite spot, critic
reviews, and so on. These data surmount the limit of
space and time, not only allows the planner to get
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the direct thought of users, but also being able to do
the data collection and analysis in a large scale. This
will provide theplannerswith a newperspective. Our
goal is to show the process of conducting data min-
ing from the users, obtaining the analysis result in the
scale of city, and applying the result to participatory
design. In this project, we use google Map API to dig
out thepoidataofHsinchuandget theflowofpeople
and these data are categorized as restaurant, shop,
park, pub, coffee shop and attraction. After visualiza-
tion, the result shows that the city users in Hsinchu
have different preferred spot during a week. We also
found out that the same type POI has completely dif-
ferent using condition. The result shows the usage
rate of each items in each area. Thenwe kept digging
the review data of the users at certain area and ana-
lyzing the users’ review by Natural language process-
ing. By doing so, we can have deeper understanding
about the demand of users and find out the current
issues of the city.

Previous work
Data analysis has been applied on many different ar-
eas for many years, and appliance of big data and
open data brings breakthrough development for ur-
ban research and planning. The new data envi-
ronment enables us to make detailed observation
about people activities in the city, and thus getting
much more attention from the researchers and plan-

ners. These detailed data can provide useful informa-
tion for important decisions, such as urban renewal,
shrinking cities, public participation, etc. it also pro-
viding new development opportunities for urban re-
search, planning and design, architecture, and busi-
ness consulting. The novelty of social media data
mining andanalysis is that it uses themassivebottom
up user data from social media. This technology dis-
covered that the success of Seaport district in Boston
has something to do with several important factors,
and by comparing different social media data, they
found out the problem of the city and proposed the
planning suggestion. As for now most of the urban
planning software commonly used by planners does
not have the function of data collecting. In order
to achieve the idea of smart city, contemporary ur-
ban design and analysis need amore comprehensive
method. This research will discuss about how the so-
cial media data applies on participatory urban plan-
ning. Thedata of city users adds in early design stage,
providingplannerswith suggestions andmake the fi-
nal result meet user expectation (Fig.1).

DATA ANDMETHODS
Data Resource
Google is the important information resource provid-
ing us with all kinds of space information and user
data. It provides global digital map service and vari-
ous document kinds of POI which has geographic lo-

Figure 1
Data analysis
workflow.
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cation; meanwhile it lets users do the commenting
and sharing on social media. The Popular times fea-
ture shows howbusy your location typically is during
different times of the day. Popular times are based
on average popularity over the last several weeks.
Popularity for any given hour is shown relative to
the typical peak popularity for the business for the
week.(Google,2015)

Data Collection
Our first job is to extract the POI data which relates to
the city users in Hsinchu, including restaurant, shop,
coffee shop, park, library, feature spot, community,
etc. We did the data mining by using the Google
MapsAPI, extracted thename, geographical position,
scores, comments andgooglemaps ID (Fig.2). Finally,
the time and the number of people of every POI were
extracted by using Populartimes.

Data Process
Next, we bring the data to the Rhino and Grasshop-
per environment to do the data processing, anal-
ysis and visualization. In this stage, the data was
processed by following 3 steps:1.tranformed the ge-
ographical position data into the OSM map 2.ex-
tract the OSM geographic information of Hsinchu
andmatchwith the POI data 3.The Populartimes data
was transformed into the population data during any
day and any hours.

Data Analysis
In order to show the flow of people, we set up 8 steps
of analysis process starting from time. 1.the flow of
people of every hour of each POI 2.the sum of the
flow of people during one day of each POI 3.the flow
ofpeople at certain timeperiodof eachPOI 4.the sum
ofnighttimeanddaytimeof eachPOI 5.thedifference
of the flow of people between daytime and night-
time of each POI 6.the difference of the flow of peo-
ple betweenweekday andweekendof eachPOI 7.the
flow of people at certain time period of weekday and
weekend 8. Comparing the difference of the flow of
people at certain time period of POI in each area. Un-
der this analysis process, how this city was used by

the city users would be completely presented, and
the usage rate of POI of each items could be the basis
that the planner can rely on.

Figure 2
Original Data Frame
of Popular-times
from Google maps
API.

Figure 3
The usage
condition of POI
categorized as”
attraction” during
24 hours a day at
weekend. The more
red spots, the more
visitors.

Figure 4
The usage
condition of POI
categorized as”
attraction” during
daytime at
weekend. The more
red spots, the more
visitors.
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Data Visualization
Then we would visualize the data in two ways: the
first, presenting the analysis result mentioned above
by different types of POI.Understanding how a city is
used is very important for the planners.

This method can let planner understand the re-
lationship among city, time and users(Fig.3), and
the usage condition at same time of same type of
POI(Fig.4). In the past, only the field research can
allow the planner to record the usage condition of
the city, however, it is impossible to record the ev-
erything of a city. By this method, planners could
know the flow of people of the whole city.Figure 3
shows the basic visualization method of this study,
which can show the user’s usage status hourly on the
scale of the city. Figure 4 shows the preferred spots at
weekenddaytime inHsinchu. The costal area and the
old town area is obviously more popular. The attrac-
tions in urban area are with density and variety and
close to the train station and bus station, it is reason-
able tohavehigher number of people.The attractions
inwest costal areamostly havemuch visitor than east
side.We figured out that there are mostly manmade
buildings at east side attractions, which are mainly

daily open space for residents, and the users prefer
the natural spots during weekend.

Another way of visualization is to categorize the
POI data by colors and print on the map(Fig.5). The
visualization result shows the development of the
community relationship of Hsinchu, and this method
of classifying the urban community was verified by
overlapping the land-use map. This method shows
the distribution of a city POI and can allow outsiders
to understand the condition of a city quickly. Figure 5
shows the urban development and regional relation-
ship. From west to east are as follows: 1. Hsinchu
Fishing Port 2.the old town area which has earliest
development 3.the Tsing Hua night market area de-
pends on two universities 4. Zhubei area which has
most communitybuildingwork 5. JinshanStreet area
which is close to science park.

NLP Analysis
The last step is to do the comment capture and NL-
Panalysis according to the visualization analysis re-
sult.Since the function to capturing the comment is
onlyprovided in google maps API business version,
weused Wextractor API to do the comment captur-

Figure 5
The distribution of
POI in Hsinchu and
urban regional
relationship
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ing,and obtained the comment information after en-
tering the POI ID data.Because the reviews from the
POIusers in Hsinchu are mostly in Chinese, in the
stage ofNLP analysis stage, we chose to use SnowNLP
whichis specialized in Chinese language.Before the
analysis, we must trained a model which is for de-
termining the user reviews. The training content in-
cludes participle, part of speech and sentiment anal-
ysis, and the training method is to fetch several re-
viewsanddo themanual annotation. Participle refers
to the common words in comment(such as “Xiao chi
dian”, will be notated as “Xiaoˆb chiˆm dianˆe,” b“
means it starts as participle, ”m”means the middle
word, and “e” means ending ) The sentiment analy-
sis is to judge the emotional status of a review and
notate it as “Pos” or “Neg”.The review information is
from the subjective consciousness of the users. Con-
sequently, the NPL analysis to the comment could al-
low the planner to understand the universal thought
from the users. Specifically, by analyzing the key-
words, we could further understand that what are
users usually care about in the same kind of POI
comments(Fig.6). The sentiment analysis let planners
know whether the users are having positive or neg-
ative towards this POI comments. According to the
commenting time and keyword analysis, we can fig-
ure out what kind of problem this city is facing and
the area that the problem often occurs.

Figure 6 displays the keyword analysis of the
POI comment categorized as food from the whole
Hsinchu city. We extract 150 keywords which have
highest frequencyof occurrence from the total 70000
reviews and showed them by word cloud. From the
word cloud we can figure out that what users care
most iswhether themeal is agoodbargain, andother
keywords relates to urban planning are parking lots,
parking conveniency, location and environment.

Figure 7 shows the sentiment status of the users
regarding to the POI comment categorized as food.
Among 5 areas, Hsinchu Fishing Port area has low-
est positive reviews, and Zhubei area has the high-
est positive reviews. From the detailed analysis of the
review keywords in Hsinchu Fishing Port, we could

know that the users are generally not satisfied with
the service attitude and the price, and the reviews at
weekend are usually for parking problems.

Figure 6
Extract 150
keywords from the
POI comments
which are
categorized as
”FOOD” and
presented as word
cloud

Figure 7
The sentiment
analysis result of
the POI comment
categorized as
”FOOD” from each
area

Figure 8
The POI comment
which have parking
problem
mentioned. The
green color refers to
the commenting
time is during
weekday and the
red color refers to
the weekend.
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Figure 8 shows the further analysis result. We ex-
tracted the POI comment by keyword “parking” and
categorize them into weekday and weekend, by this
method we analyzed the area and time of the park-
ing problems, Because the public transportation is
not convenient in Hsinchu, the users aremostly drive
by themselves. We find out that this becomes the
source of negative reviews in Jinshan street area dur-
ing weekdays, and this problem occurs at Hsinchu
Fishing Port during weekend. For the old town area,
the parking issue happens both in weekdays and
weekend.

RESULTS
Digging out all kinds of POI popular times data of
the city and analyzing them according to the time
allows the planners to understanding how the city
is used. By comparing the whole, we can obviously
figure out the area that users preferred and the de-
viances that need improvement. Distinguished by
day, night, weekdays and weekend, we divide the
POI number of users of each types by POI numbers
in each area(Fig.9). Through this graphic we can un-
derstand the usage rate of each type of POI, and pro-
pose planning advices according to the user data.The
POI comment categorized as food has higher usage
rate in Jinshan street area and Tsing Hua night mar-
ket area during weekdays, and the old town area had
higher usage rate at night. Comparing to the us-
age rate at weekend, Tsing Hua night market area
and Jinshan street area has significantly decreased
usage rate, they have even fewer number of usage
in weekend(Fig.10). We find out that the main rea-
son of this situation is the geographic location. Since
these two area locate at the surrounding of science
park and universities, users would choose the restau-
rants nearby during working hours. After work and
school, users would choose moving to the old town
area where they will have more options. The urban
planning problem is that Guangfu Road is the only
way to the old town area. While comparing the traffic
information, we can tell this road is always in conges-
tion condition during commute time. Therefore, if

theusers areheading to theold townarea, this road is
the common choice. However, the usage rate above
normal also make the willingness to go decrease.

Figure 9
the average
number of users of
each type of POI in
each area and
categorized by
day/night and
weekdays/weekend

Figure 10
The comparison of
POI categorized as
food during
weekdays and
weekends. The
color green means
during weekdays
the amount of
people is much
more than
weekend, the red is
the opposite.Figure 10 shows us the comparison of the sum

of usage numbers from the POI categorized as food
during weekdays and weekend. The green means
the number of users are higher during weekdays, on
the contrary is red. It obviously shows that except
from the Zhubei area, all the other area has signifi-
cant trend during weekdays and weekend. The old
town area and Hsinchu Fishing Port has higher us-
age rate during weekend, which indicates that the
users in Hsinchu usually arrange their weekend at
these two areas. From figure 9 the usage condi-
tion of attraction, this condition can be proved again.
It also shows Tsing Hua night market area and Jin-
shan street area are lack of place to go for leisure ac-
tivities during weekend.POI categorized as Park has
higher usage rate in old town area during weekdays
in the day-time, while at night is the Zhubei are has
higher usage rate. Compared with the usage rate
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at weekend, Hsinchu Fishing Port and the old town
area has higher usage rate during weekdays at day-
time, while at night is the Zhubei are has higher us-
age rate. The usage difference of park in Hsinchu ap-
pears in day time and night time. Therefore, we an-
alyzed the comment of the park and found out that
there are two types of comments from the users. The
first kind talks about natural landscape, such as sea-
side, cherryblossoms, grassland,waterfrontpark, etc.
the second kind talks about the facilities in the park,
such as exercise facilities, recreational facilities, park-
ing space, etc. the thing in common is that they both
talks about whether this place is suitable for children.
Thus, thepark users inHsinchu are usually fromchild-
bearing families. Based on the comment analysis we
can separate the park into two types, one is the land-
scape park focusing on landscaping planning, the
other is community park focusing on complete arti-
ficial facilities(Fig.11).

Figure 11 shows the usage of POI categorized as
“Park” both during night time and the distribution
specified as landscape park and community park.
The community park which as complete recreation
facilities usually has higher usage rate during night
time, while the landscape park has higher usage rate
at day time. We conducted much deeper analysis on
the negative comments of these two kinds of parks
and found out that the highly used parks are groups
close to the Zhubei area. This explained that the rea-
son that “crowded” appears in the comments, and it

also shows thehighly usage rate of thepark in Zhubei
has led to the insufficient park usage in this area.

Participatory planning
The citizen participation often stays in the superficial
status, consulting from the citizen but not including
participation in other ways. This cannot guarantee
that the concerns and thoughts from the citizens are
taken into consideration(Arnstein, 1969). The most
useful consulting method is intention survey, com-
munity discussion and public hearing. The citizens
are considered as abstract figures, the degree of par-
ticipation are judged by the attendance of the meet-
ings, the numbers of the brochures dispatched or the
number of the questionnaires. In the past, the de-
velopment of the city is relate to the lives of citizens,
however, in the future of globalization, the develop-
ment of a city is not only relate to citizens, but anyone
who is using or is about to use the city. The identity of
these usersmight not be locals. The citizen participa-
tion in the genre of big data should develop upward.
This research starts from the user data, discovers the
possible issues in the city, and provides the planning
suggestion. This is a new toll of citizens in new gen-
eration to voice and breakthrough the limitation of
time and space, furthermore, it surpasses the identi-
fication of citizens, including all the city users as ob-
jects to conduct the participatory urban planning.

Figure 11
The usage
condition and the
type distinction of
POI categorized as
“Park” during night
time.
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CONCLUSIONS
There are some unexpected discovery while observ-
ing the flow of people in the city. Some POI has user
amount beyond normal condition at specific time
point or someday the user amount has a substan-
tial increase. Comparing with the user comments,
we could understand the way the users are using the
city. For example, some park users might gather at
the outdoor tables and chairs at the park for chess
activities, some fan clubs gather for once or twice
a month, or sometimes there are weekend markets
held at Zhubei area. These situations make the data
different from usual. Knowing these will give great
support to the urban planner while trying to under-
stand how a city works. Usually the planner will con-
duct the detailed plan according to the life experi-
ence, however, the information collection in tradi-
tionalway cannot provide the comprehensive under-
standing. The flow data and the comment analysis
make the urban planning much more comprehen-
sive.The analysis about the flow data of users reveals
a relation among city, time and users. Through dig-
ging out the POI of flow data, we could discover the
usage rate of all kinds of POI in each area of the city,
and this shows how a city is used. The NLP analy-
sis not only detects the sentiment index of the users,
also succeeds in finding what the users are truly care
about. Through this analysis, we clearly know the
significant trend for users in Hsinchu during week-
days and weekend and the situation in 5 main areas.
In the past, the data in urban scale is hard to be in-
vestigated and collected through traditional meth-
ods such as fieldwork and questionnaires. Through
our method, the user data we acquired can tell the
problems and trends of the city, thus we consider it
as a useful method for the urban planners.In the fu-
ture, we hope having further research on user data
digging. Beside from the flow and comment data we
have explored in this research, there are still other
useful data undiscovered. In order to exploit more
comprehensivemethod, wewill keep on digging out
resource of different users. Also we hope this tech-
nique could be popularly used by planning related

users and students. There is still some distance from
the target that this technique is pervasive used. Our
goal is to lower the threshold for this technique and
allow the planner to get the user data they need.
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This paper presents a new framework for Web-based parametric modeling for
design collaboration, allowing multiple users to work on the shared Web-based
model in the process of building design and modeling, performance simulation,
and optimization. The Web-based model viewer displays a shared model. Two
visual programming tools: Grasshopper and Dynamo, are used on users' local
computers connected to the Web. Two working prototypes of modeling methods
were developed to control and modify building models on the Web. Two case
studies with three tests each were conducted on a simplified residential building
model. In Case Study 1, two simulated users tested the parametric capabilities on
transformations including scaling, translation, and rotation of the shared
Web-based model using Grasshopper and Dynamo. In Case Study 2, two
simulated users collaborated on the shared Web-based model through
Grasshopper in the process of optimization for different building performance
objectives, in terms of daylight, energy use, and roof coverage. Web-based
parametric modeling is expected to provide opportunities for collaboration in
parametric design and optimization. Findings and technical limitations of the
framework are discussed in the paper.

Keywords: Web-based Modeling, Parametric Modeling, Optimization, Visual
Programming, Collaborative Design, Building Performance Simulation

INTRODUCTION
Currently, some software tools utilize Cloud Comput-
ing technology (Buyya et al. 2009; Kumar et al. 2010)
and WebGL to design, visualize, and interact with
Web-based architectural models [1]. However, the
integration of Building Information Modeling (BIM)
with the Cloud is only studied by a few researchers
(Amarnath et al. 2011); moreover, when BIM is con-
verted into a Web-based model, it loses its paramet-
ric capabilities and became a static model (Chen et

al. 2015). The control of the users on the Web-
based models is very limited. In addition, building
performance simulation or optimization features are
not a part of these models yet. On the other hand,
more professionals in the building sector have spe-
cialized in building performance and collaborated in
design process with architects. The collaboration
of specialists and architects is most valuable in the
initial design stage since the significant design de-
cisions, which affect the building performance, are
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made in that stage (Schade et al. 2011). Visual pro-
gramming tools provide both parametric modeling
and building performance simulation and optimiza-
tion through graphical user interfaces [2] (Vierlinger
and Bollinger 2014; Rahmani et al. 2014, 2015a and
2015b). Interoperability betweenWeb-basedmodels
and visual programming tools yet to be studied.

This research introduces a Web-based collabo-
rative framework for parametric modeling, perfor-
mance simulation, and optimization. The framework
includes a Web-based model, two visual program-
ming tools, and two software prototypes, one for
each visual programming tool. The prototypes, de-
veloped for this research, provide the data transfer
from the visual programming tools to theWeb-based
model. In order to create a Web-based model, a
BIM (Revit) model, is converted into a Web-based
model by using Autodesk Forge Viewer (the Viewer)
(model.autodesk.io). The Viewer secures Web-based
model data through two-legged authentication and
is only accessible with an id and a password. The
Viewer employs the technologies of WebGL and net-
working. Since the initial model is a BIM model, the
elements of the Web-based model contain the data
of their geometry, location, materials, etc. The data
can be viewed andmeasured by the tools embedded
in the Viewer. Although the initial model is a para-
metric BIM model, the parametric relationships are
generally lost during the conversion from BIM to the
Web-based model. One of the goals of this research
is to explore the ways of rebuilding these paramet-
ric relationships by using visual programming tools.
The other goal is to search the ways of collaboration
of users in the design and performance optimization
process, specifically to provide a ground for seam-
less data integration between two different visual
programming tools. Lastly, this research explores
the ways of collaboration through a parametric Web-
based model which can be controlled through users
in different locations while getting updates in real
time.

BACKGROUND
The framework utilizes widely reviewed BIM, para-
metric modeling, daylight and energy simulation,
and optimization methods. The following descrip-
tion focuses on existing Web-based modeling tools
as our framework’s background.

Daher [3] and Bakshi [4] reviewed currently
available Web-based design, modeling, and viewing
tools. Lena by BIMobject® creates parametric BIM
models in Rhino and is viewed on a Web browser
with parameters [5]. However, it heavily relies on
users’ knowledge and skills of coding, and that be-
comes a barrier for designers in using Lena during
drafting and modeling. Möbius Parametric Modeler
is a parametric modeling tool and works on the Web
browsers. It is specifically designed for iterative loops
and higher-order functions, and it relies on coding
(Janssen et al. 2016). Möbius Parametric Modeler
does not providebuildingperformance simulationor
optimization and it is not appropriate for collabora-
tion. The user needs to create the nodes from scratch
in each time because the whole dataflow network is
a single script. Spectacles is a BIM Viewer; with its
Grasshopper plugin, Grasshopper models (currently
meshes and lines) can be exported and viewed on
the Web with their parameters, like Revit models [6].
Spectacles does not present a parametric model, but
a static model; the users’ interaction with models
is limited to the control of the scene settings such
as background color, lighting, shadows or the lay-
ers. ShapeDiver is a plugin for Grasshopper to upload
and display a parametric model with its parameters
on a Web browser [7]. Although it provides interac-
tion with the model through the sliders for parame-
ters, following its upload, the user has limited con-
trol since the parameters and the ranges of the pa-
rameters’ values are fixed. ShapeDiver works only for
Grasshopper and is not appropriate for collaboration.
Urban Design tool Giraffeworks as a collaborative 3D
platform using GIS data and allows building simple
3Dmassmodels on amap [8]. Giraffe enables export-
ing these mass models to Rhino and BIM for the next
step that design teams towork on design and details.
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However, there is no data transfer from Rhino or BIM
towards Giraffe and project sharing only can be done
between parties who have a Giraffe license. Besides,
editing data in Giraffe requires coding knowledge in
JSON language. Speckle is an open source data plat-
form which interoperates between various software
includingGrasshopper andDynamo [9]. The changes
in Grasshopper are transferred to Dynamo and can
be viewed in both Revit and Rhino. However, in this
scheme dataflow is unidirectional: data can be trans-
ferred from Grasshopper to Dynamo, but not from
Dynamo to Grasshopper, which makes one of them
the sender and the other one the receiver. As a re-
sult, only one of the users has the capability to make
changes while the other user can only view the re-
sults and has no control over the model. WP-BIM al-
lows viewing a BIMmodel on aWebbrowser, and BIM
parameters can be controlled through Grasshopper
and Dynamo (Yan 2017). WP-BIM benefits from Au-
todesk Forge Viewer (the Viewer) for displaying BIM
models on the Web browser, with the model con-
trolled by Dynamo and Grasshopper. However, only
themodel elements are parametric and the paramet-
ric relationships between the elements are missing.

Some of the Web-based parametric modeling
tools act as a viewerwith limited controls on theWeb-
basedmodels, and the rest of them require the learn-
ing of coding. Interoperability is a major issue of
these tools. Except WP-BIM, there is no communi-
cation between the Web-based model and the local
model control files following the upload of the para-
metric model.

METHODOLOGY
The methodology of this research includes literature
study, an examination of the existing tools, prototyp-
ing, the experiments with case studies, and the anal-
yses of the experiments. The prototyping includes
building the prototype tools and the framework was
constructed by using these prototypes. Two case
studies were conducted; the parametric transforma-
tionswere tested in the Case Study 1, while the build-
ing performances were optimized in the Case Study

2. The outcomes of the experiments were analyzed
and discussed, and limitations and future work of the
study were identified.

The prototypes providing data transfer from vi-
sual programming to the Web-based model are
nodes in visual programming that connects to the
Viewer. The Grasshopper Viewer node has four in-
puts (Figure 1): (1) the Object Index serves to individ-
ually select eachelementof theWeb-basedmodel for
change; (2) the Transformation Matrix is a combina-
tion of transformations: Scale, translate, rotate, etc.;
(3) a Boolean Toggle fed into Emit controls the trans-
fer of data of the Transformation Matrix to the Web-
basedmodel; and (4) a timer determines the intervals
of data transfer.

Figure 1
Grasshopper Viewer
plugin, connected
to the Object Index,
Transformation
Matrix, Boolean
Toggle for Emit, and
Timer

Likewise, in Dynamo, the prototype is a plugin dis-
played as a Viewer node. The Dynamo Viewer node
has inputs for Object Index, Scale X-Y-Z, Translate X-
Y-Z, Rotate X-Y-Z and Emit. Due to the lack of a built-
in transformation matrix node in Dynamo, this pro-
totype separately receives transformation values for
each input of Scale, Translate, and Rotate as X-Y-Z val-
ues. Boolean Toggle fed into Emit serves to control
the transfer of data from Dynamo to the Web-based
model (Figure 2).

Figure 2
Dynamo Viewer
plugin
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To provide the dataflow between the proto-
types and themodel on the Internet server, Socket.io
is adopted. Socket.io is a JavaScript library en-
abling real-time, bi-directional communication be-
tween Web clients and servers [10]. Any change in
the values of the transformations (scale, translate, ro-
tate) of each individual building element is followed
by the parametric changes of the other related ele-
ments.

A twin model of the Web-based model is built
in Grasshopper in order to guide the user in build-
ing parametric relationships and conducting simu-

lations and optimizations and visualizing the simu-
lation results with a colored mesh. Two types of
parametric relationships are built within Grasshop-
per. First, each element is converted to become
parametric with translate, scale, and rotate variables.
Second, relationships are built between elements to
create a parametric architectural model. As a case
study, a simple house model is created inspired by
Clavienrossier Architects’ housing project ”Two in
One House” [11]. For daylight and energy simulation,
Honeybee plugin for Grasshopper is used which pro-
vides an interface for running simulations in Therm,

Figure 3
Test 1.1: Before
Scale, Web-based
model (top) and
views of the
Dynamo user (left)
and the
Grasshopper user
(right).

Figure 4
Test 1.1: After the
Grasshopper user
(right) changes
Scale X = 1.5, both
users observe the
parametric changes
in the Web-based
model
simultaneously
(top).
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DAYSIM, RADIANCE, and EnergyPlus through Open-
Studio [12]. Honeybee works with Ladybug which is
also a Grasshopper plugin to retrieve, analyze and vi-
sualize weather data (Roudsari and Pak 2013). Octo-
pus - the Genetic Algorithm (GA) tool in Grasshopper,
which allows multi-objective optimization is utilized
in design and performance optimization.

EXPERIMENTS
Two case studies, each consisting of three tests were
conducted. Table 1 sums up the experiments of the
framework over the tests of the case studies and the
tools used.

CASE STUDY 1 - MODEL TRANSFORMA-
TIONS
In Case Study 1, the ways of collaboration between
the simulated users of Grasshopper and Dynamo
through the Web-based model and creating para-
metric relationships between the elements of the
model were explored. The parametric relationships
were experimented on the basic transformations,
scale, translate, and rotate in Test 1.1, Test 1.2, and
Test 1.3, respectively. Among the three tests for Case
Study 1, Test 1.1, which is the very first test, is ex-
plained with figures for illustration.

In Test 1.1, the users tested Scale in X, Y, and
Z directions, and the experiments showed that any
change in Scale parameters by any user resulted in a
parametric change in both users’ Web-based model
simultaneously (Figure 3 and 4). The users collab-
orated by manually updating their visual program-
ming files with the data they retrieved from theWeb-
based model (Figure 5).

In Test 1.2, Translation was tested by the
Grasshopper and Dynamo users. A wall was trans-
lated in the positive X direction by each user. Other
related building elements, such as the window, roof,
floor, connected walls, were programmed to adapt
their geometries to meet the translated wall - thus to
behave as in a parametric model.

In Test 1.3, due to the complexity of parametric
rotation, Rotationwas testedby simulatingonly a sin-
gle Grasshopper user currently. A diagonal wall was
rotated around the Z-axis, and data flow was built
to extend the adjacent diagonal wall to meet the ro-
tated one. Also due to the complexity, a twin model
was utilized to calculate the scale and translation fac-
tors of an adjacent wall to match the rotated one.
Discussions about the complexity and the use of the
twin model will be discussed in Outcomes and Dis-
cussions.

Figure 5
Test 1.1: The
Dynamo user (left)
retrieves data from
the Web-based
model and
manually updates
parameters in
Dynamo to match
the model.
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Table 1
Experiments of the
framework

CASE STUDY 2 - PERFORMANCE SIMULA-
TION ANDOPTIMIZATION
In Case Study 2, the ways of collaboration between
two simulated Grasshopper users on multi-objective
optimization through the Web-based model were
tested. For this case study, more windows were
added to the model for a better daylight distribu-
tion. The roof of the building was defined as para-
metric, while the rest of the elements remained static;
and the parameters of the roof proliferated the in-
tended roof shape and building performance results
in an iterative simulation and optimization process.
The weather file of Geneva (.epw) was used and the
model has aligned northwest and southeast direc-
tion because of the location of the inspiring house.
The daylight simulation type was grid-based, and a
work plane was defined at the height of 2.5ft for the
grid. The sensors were set 5ft apart to minimize the
simulation time; 104 sensors were created. Decem-
ber 21st was tested with a standard CIE sky, sunny
with the Sun, for 12 hours. RADIANCE materials and
reflectance values were determined for walls, roof,
and floor and visual transmittance value was deter-
mined for glass. ASHRAE 90.1-2010 was also refer-
enced for selectingbuildingmaterials for energy sim-
ulation. Ladybug and Honeybee were used for run-
ning daylight and energy simulation and visualizing

the results. Among the three tests for Case Study 2,
Test 3.1, which is the most sophisticated one, is ex-
plained with figures for illustration.

Test 2.1 was to optimize the roof shape and
achieve the preferred daylight performance. The ob-
jectives were defined with two fitness functions:

Fitness Function 1: min (−u)
Fitness Function 2: min (x·y − c)
whereu is the number of the sensors that receive

desired daylight of 750-2000 lux, x denotes the Scale
X, y represents the Scale Y, and c stands for the Cover-
age Index (for the roof to cover the entire house and
shade a specific area in front of a sample window).
The Scale X, Scale Y, and Rotation Angle parameters
of the roof constituted the genomes for Octopus. Af-
ter 102 generations of running GA, 14 Pareto front
optimal solutions were obtained.

All the simulation and optimization processes
were completed on one user’s local computer. By
visualizing the optimal solutions in Rhino, the user
evaluated solution 1 the overall best and trans-
ferred the chosen geometry into the Web-based
model, while the other Grasshopper user observed
it through her/his own Web-based model, and re-
trieved data from it.

Test 2.2 was to optimize the roof shape creat-
ing shading and minimize the energy usage. Since
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the dominant loads were the heating loads for the
project location, these loads were calculated for the
month of December. The two fitness functions are:

Fitness Function 1: min (u)
Fitness Function 2: min (x·y − c)
where u is the (dominant) heating loads of De-

cember in kBtu/sqft and x, y and c stand for Scale X,
Scale Y, and the Coverage Index, respectively. The
Scale X, Scale Y, and Rotation Angle parameters of
the roof constituted the genomes for Octopus. Af-
ter 109 generations of running GA, 5 best solutions
were obtained as Pareto front. The first solution was
chosenas thebest result, and the correspondingdata
was transferred to the Web-based model and dis-
played on both Grasshopper users’ Web browsers in
real time.

Test 2.3 was to optimize (1) energy use and (2)
daylight performance (with roof coverage). The two
fitness functions were:

Fitness Function 1: min (t)
Fitness Function 2: min (x·y − u− 10·c)
where t is the energy use in kBtu/sqft, u repre-

sents the number of sensors that received 750-2000
lux, and x, y, and c stand for Scale X, Scale Y, and
the Coverage Index, respectively. By assigning the
weight (10), the impact of the Coverage Index for the
solutions to cover the house and shade the window
was increased. After 105 generations of running GA,
the Pareto front of 7 solutions were obtained and vi-
sualized in Rhino for an evaluation of the roof shape
(Figure6and7). TheGrasshopperuser chose solution
1 as the overall best (Figure 8). The other Grasshop-
per user received the update and retrieved the data
from the Web-based model.

Figure 6
Test 2.3: Search
space and Pareto
front for energy,
daylight and roof
shape optimization.

Figure 7
Test 2.3: Pareto
front solutions
visualized in the
building floorplan
view.

Figure 8
Test 2.3: Optimum
energy, daylight
and roof shape
solution transferred
from the local twin
model (right) to the
Web-based model
(left).
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OUTCOMES ANDDISCUSSIONS
The findings of Case Study 1 showed that the frame-
work worked on scale and translate, and partially
worked on rotate. Two major interoperability is-
sues were identified between the Web-based model
and Grasshopper. The first major issue is the refer-
ence point of transformations. All operations in the
Web-based model reference the origin point, which
is located in the center point of the model’s bound-
ing box. In order to provide compatibility between
the Web-based model and Grasshopper, either ad-
ditional scripting is required or additional data flow
in Grasshopper is required to be created. In order
to align the transformations of Grasshopper and the
Web-basedmodel, the twinmodelmethodwasused.
The twin model, which is the reproduction of the
Web-based model in Rhino, served in calculating the
displacement between the initial and the last po-
sitions. By using the twin model method and the
data provided by this method, the parametric rela-
tionships could be built and the responses of the el-
ements to transformations in Grasshopper and the
Web-based model were aligned. The twin model
was also used to run the simulations and to visual-
ize them. In terms of Dynamo’s use for Web-based
parametric modeling, no built-in transformation ma-
trix is available yet and thus separate transformation
nodes for Scale, Translate, and Rotate are needed to
be created. Neithermodification nor twinmodel was
required in Dynamo in order to synchronize it with
theWeb-basedmodel in termsof the angle or the ref-
erence point.

The second major interoperability issue is the
difference of the directions of rotation between the
Web-based model and Grasshopper. Even though
the Web-based model’s and Grasshopper’s coordi-
nate system follow the same right-hand rule for ro-
tation, the positive Z-axis in Grasshopper coincides
with the positive Y-axis in the Viewer. This could
cause inconsistency in the data transfer of the trans-
formationmatrix, which is compounded inGrasshop-
per while assigning a rotation angle to the Web-
based model. It was handled by flipping the rotation

angle before sending from the local computer to the
Viewer.

With this framework, both users have control
over a sharedWeb-basedmodelwhile usingdifferent
visual programming tools, Dynamo and Grasshop-
per. Although simulated with two users, multiple
users can manipulate shared Web-based model and
get updates in real time. Web-based model is edited
in local computers in visual programming interface
and the updates are viewed on the Web. There is a
major limitation in both Grasshopper and Dynamo;
their number sliders of parameters don’t allow to be
updated by external data. Therefore, the updates in
a Web-based model could not be transferred to the
visual programs. In order to collaborate, the users
were required to measure the Web-based model, re-
trieve data from it, and manually update their visual
programs after each change done by the other user.

In Case Study 2, the optimization was first ex-
perimented by using Galapagos - the single objec-
tive optimization tool in Grasshopper - with divid-
ing and distributing themulti-objective optimization
into separate single objective optimizations. The di-
vision and distribution of optimization between the
users would decrease the amount of time and the
computational power required for the process espe-
cially considering the large search space for complex
projects. Also, it can help different specialists collab-
orate by optimizing their own objectives. However,
Galapagos can run only one instance at a time, which
limits this distributed optimization method and the
use of Galapagos. In addition, the Grasshopper (and
Dynamo) parameters’ number sliders can’t be up-
dated dynamically during the optimization process,
which prevents the optimization to be divided and
distributed between the users.

Without the automatization of the data transfer
bidirectionally between the Web-based model and
Grasshopper/Dynamo, the collaboration of the users
is limited as users are required to update their lo-
cal models after the other user’s manipulation of the
Web-based model. Another limitation is the lack of
the capability to directly change the geometry ver-
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tices of the Web-based model. In addition, the lim-
ited control on scale transformations results only in
uniformly scaled geometries which do not always
generate the intended forms. The need for the local
twin model in the process is another limitation.

As a final note, the authors should mention that
the fundamental idea behind this work is for multi-
ple users to be on the same page when they are ac-
cessing large-scale design projects from different lo-
cations. The researchhas shown that it is notpractical
at themoment for all users to retrieve thedetails of all
changes once a user makes any changes, which is at-
tributed to the limitation of the number sliders in the
software used for experiments. However, the authors
believe that this is an important finding as it will help
pave the way to implement such features utilizing al-
ternative programming methods. The limitations of
the present prototype lead to the proposal of future
work.

CONCLUSIONS AND FUTUREWORK
With a framework that will be built upon the initial
interface presented in this paper, multiple users will
be able to collaborate on a sharedWeb-basedmodel
while all of them have the authority to edit and view
the Web-based model. The users may either choose
to work in Dynamo or in Grasshopper and can ma-
nipulate the shared Web-based model. After any
change done by Grasshopper user or Dynamo user,
all users can get the updates in Web-based model si-
multaneously in real time. The research has demon-
strated the advancement of a Web-based paramet-
ric modelingmethod and its prototypes, utilizing the
full-fledged visual programming tools (Grasshopper
and Dynamo), which enable parametric modeling,
performance simulation, and optimization, while the
Web-based model enables collaborative design ex-
ploration. The framework provides a free and open
platform for working remotely and could also be uti-
lized as an online educational tool for architecture
students to explore parametric relationships while
using different visual programming tools. This is es-
pecially important during the current COVID-19 pan-

demic and future similar situations when online col-
laborative design and review are needed.

There are many technical challenges, especially
interoperability problems, found and resolved for the
project through the carefully designed experiments.
However, due to the high complexity of the prob-
lem, limitations are found to be investigated in fu-
ture work, for example: (1) geometry vertices of the
Web-basedmodel should be editable to enablemore
flexible parametric changes; (2) The automation of
the data transfer from the Web-based model to the
visual programming tools should be implemented.
By automation, the building parameter values would
transfer reciprocally between the Web-based model
and the visual programming tools. The reciprocal
data transfer will help divide and distribute the op-
timization process to two or more users, according
to the multiple design objectives, for collaboration.
If optimization is divided and distributed, users can
collaborate and optimize simultaneously by sharing
parameters. This way, the process would be more ef-
ficient and effective; and (3) The elimination of the
need for the twinmodels in local visual programming
environments, and enablingdirectmodeling, simula-
tion, and optimization on the Web.
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OptioneeringMethods for Optimization

Methods of exploringprimary and secondary performance criteria in urban
design
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Architectural design optimization (ADO) is the notion of satisfying performance
criteria within a constraint parameter space to find the best solution with the
least trade-offs. This process tends to produce a vast amount of designs of
varying quality and requires design space exploration (DSE) to review the myriad
of designs so that an optimal candidate for design development can be chosen.
This paper will explore different applied workflows for using optimization in an
urban design competition, which seek to overcome the limitations of using
optimization and DSE with a time constraint.

Keywords: Optioneering, Architectural Design Optimization, Design Space
Exploration, Multi-Objective Optimization, Genetic Algorithms

INTRODUCTION
Considering that many optimization results in ar-
chitecture usually start the design process (Bradner,
2014), we should start to see the use of optimiza-
tion as an exploratory process, rather than a means
to an end. Even if we use amulti-objective genetic al-
gorithm with all key performance criteria optimized,
themost optimal designwill not necessarily be found
due to the stochastic nature of the search (Nagy et al,
2017). Equally, due to the multilayered complexity
of architecture, inevitably, many designs that meet
quantifiable criteria do not necessarily meet qualita-
tive criteria. Instead of attempting to comprehen-
sively solve a design using optimization, we could
consider new methods of DSE to optioneer designs
as prospective candidates for development.

There have been many attempts over the years
to create systems which can generate urban de-

signs, these run the gamut from computer gener-
ated growth systems (Streich et al, 2000) to highly re-
solved residential neighbourhood layouts which in-
tegrate financial and solar energy performance goals
(Nagy et al, 2018). An urban design brief is hard to
simplify to the point where optimization can easily
solve it as “a complex problem increases the com-
plexity of the fitness landscape dramatically” (Makki
and Showkatbakhsh, 2018). We found it necessary to
apply further analyses to our solutions to overcome
this complexity, adding secondary performance cri-
teria so that we could evaluate more features of the
solutions. By analysing additional features, we can
enable “the designer to engage in a secondary oper-
ation of discovery through the development of de-
scriptive parameters” (Stasiuk and Thomsen, 2014).
This secondary operation enables DSE and avoids
stripping the model of its intrinsic nuance.
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BACKGROUND
Recently our practice, HD Lab, has participated in an
architectural competition in partnership with Hen-
ning LarsenArchitects andMOEEngineers, where the
brief was to design a master plan on an 18.1-hectare
site in Amager on the south side of Copenhagen,
Denmark (Fig. 1). The neighbourhood will replace
an existing youth hostel on the site and will become
an exemplar sustainable modular timber neighbour-
hood that will feature various types of private, so-
cial and communal housing with a school and other
amenities. The use of optimization on this project
was intended to maximise the layout of buildings
in a way that makes a trade-off between a habit-
able urban density and preserving natural qualities
of the site by building on the smallest footprint pos-
sible. We used optimization to generate multitudes
of master plan layouts based on performance criteria
that included density, view and daylight while main-
taining the proportions of different housing types
and amenities outlined in the competition brief. The
consideration of these performance criteria on this
project presented us with the problem that using
several simulation tools within a multi-objective op-
timization is computationally expensive due to “slow
rates of convergence” and can take days to finish
(Wortmann andNannicini, 2016). The 2-week spanof
the competitionmaterial productionwouldnot allow
for this extended computation time, so we explored
variousmethods of enhancedDSE to compensate for
the lack of time available.

Figure 1
Site of the master
plan in Amager,
Copenhagen.

DEFINING THE SOLUTION SPACE
A significant part of the optimization process was
the development of a stable parametric model that
is flexible enough to offer a broad span of gene pa-
rameters, to populate an expansive solution space.
The model operates on two scales - the urban block
and the cluster of modules that form buildings. The
masterplan will use a modular timber construction
system defined by a 4.5 x 12 x 3 metre module (W x
L x H). We define the urban block using a boundary
polyline, along which buildings are placed. We se-
lect on which side of the block the modules should
be generated, as one side is left open for views out
to nature and to create space for a smaller building in
the centre of the courtyard. Based on an input pa-
rameter, we can define the size of the module and
the number of modules that represent a cluster. We
can then adjust individual clusters based on a prox-
imity input parameter, which in this case is based
on building regulations that pertain to distances be-
tween buildings due to overshadowing [1]. These in-
put parameters are set before the optimization is run,
as they are constants that are based on the design
intent of the architect and the building regulations.
The optimization is initiated with gene parameters
which define building extension, block layout, block
expansion and building height (Fig. 2). Each urban
block and the buildings that sit on its perimeter can
be extended or shortened by a particular amount.
The parameter for the building height is based on
the distance to the centre of each neighbourhood,
of which there are 3. The distance from the centre
is remapped using a nonlinear function, which is de-
fined by a curve with eight parameters, which deter-
mines the slope of the neighbourhood from 2 to 6
floor structures.

After the buildings that sit on the perimeter of
the block are formed we generate the inner block,
which consists of a linear array of clustered modules
with an alternating pattern. The parameter that de-
fined the location of this building was part of the op-
timization, however, it struggled to find the optimal
placement, so we introduced a brute-force search
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Figure 2
Solution space in
which script can
place buildings on
various urban
blocks.

consisting of 192 variations (Fig. 3). The task was
to find the largest building that could fit within the
courtyard space while maintaining a 10-metre dis-
tance from the surrounding buildings, which is a task
an architect would usually be able to solve easily.
Usually, this type of problem can be solved using an
exhaustive search, which places the building at the
visual centre and rotates it until it fits within a rea-
sonable distance from neighbouring buildings. This
highlights the difference between problems that can
be solved heuristically and those that require meta-
heuristic search.

Figure 3
Brute-force search
finding optimal
placement of inner
building using 192
variations.

PERFORMANCE CRITERIA
Optimizations require numerical performance crite-
ria to assess a solution’s performance. The architects
outlined their design intentions for the master plan,
andweworked together to summarise these goals in
a way that we can quantify and validate (Fig. 4). This
collaborative process led to 3 primary performance
goals:

1. Building Density, which refers to the proportion
of the site that the new buildings occupy.

2. View to Nature, which refers to the goal of ev-
ery unit to have a view out to the Amager Fælled
conservation area that surrounds the site.

3. Daylight, which accounts for the number of an-
nual daylight hours of each module based on
the Danish Bygningsreglement 18 regulations
for daylight and view [1].

We chose to measure density by calculating the to-
tal square metres of new buildings as it relates to the
requirement for 189,000 m2 of built floor area in the
brief. Some buildings, such as the school and park-
ing structure, were omitted from this calculation and
not included in the optimization. While there are re-
liable methods for simulating daylight and view, we
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Figure 4
Simulation
methods for
density, view and
daylight (left to
right).

had toprogramthem in suchaway that they couldbe
computed under 10 seconds, so that a comprehen-
sive optimization could be run in 24hrs, without tak-
ing many days to converge. On an Intel i7 8700 CPU
running at amax clock speed of 4.6 GHz with 6 cores,
using Honeybee in Grasshopper to compute Annual
Daylight Hours takes around 24 seconds on this site.
However, if we use the sun component from Honey-
bee, to get the sun vector at various hours, we can
test for a collision of the vector with a modular unit
windowat a limited amountof times adayover a year
to reduce computation time to 100ms. When calcu-
lating the view to nature, we took the vector normal
of thewindowandprojected it out to see if it collided
with a surface that represents a potential perspec-
tive out onto the Amager Fælled conservation area,
we could have used a cone to represent the field of
view, however, solid boolean intersections are much
more time-consuming in Grasshopper and a normal
vector intersection could be considered amore satis-
fying view straight out the window, rather than at a
narrow acute angle.

MULTI VS SINGLE OBJECTIVE
We tested and compared the performance of both
multi-objective optimization with all criteria opti-
mized, and single-objective optimization with one
criterion optimized and the others recorded. Due to
the complexity of the problem, we decided to use
a metaheuristic optimization, in particular a genetic
algorithm. These types of optimizations have been
proven to provide a lot of value in ADO as an all-
purpose and generalizable solver for any problem.
This optimization also allows the exploration ofmany

generations and individuals, which is of great value
as the solutions reveal a comprehensive exploration
of the solution space. In this project we used Walla-
cei, a plugin for Grasshopper 3D, which is an evolu-
tionary optimization engine that allows users to run
evolutionary simulations, utilising detailed analytical
tools coupled with various comprehensive selection
methods. Many plugins offer optimization in the en-
vironment of Grasshopper 3D (Biomorpher, Design
Space Exploration, Galapagos, Octopus, Opossum,
Optimus) but Wallacei, in particular, allows us to ex-
plore the full scope andpotential of the design space,
providing access to all the individual solutions in the
various generations. For each of the 19 urban blocks,
we have 2 parameters of extension, for each of the
two selected sides of a block. The urban blocks are
organized around 3 centres, forming different neigh-
bourhoods, for each centre we have 8 parameters
that control the remapping function for the height of
the blocks defining the slope of the urban fabric. This
results in a total number of 62 gene parameters.

• We evaluate the density by summing the areas
of all the floors (S), of all the modules and the
competition brief required 189,000 m2 of built
area (A). We subtract S from the required area
and the absolute value is taken as fitness crite-
ria |A-S|. We do this to generate optimization re-
sults as close as possible to the brief.

• To calculate the viewwe extend the normal vec-
tor at 9 different random locations for every fa-
cade and intersect them with a surface, which
represents a view out over the Amager Fælled
conservation area for every block. We calculate

32 | eCAADe 38 - D1.T1.S1. DESIGN AND COMPUTATION OF URBAN AND LOCAL SYSTEMS – XS to XL - Volume 1



the performanceof eachblock as several vectors
that intersect the surface Vi(int) and divide it by
the total number of vectors Vi(tot). We then sum
the performances for each block (Fig. 5) to get
the performance for the whole solution.

Figure 5
Formula used to
calculate the view
performance
criteria.

• To analyse daylight we calculate the angle be-
tween the normal of the facade and the location
of the sun at the hours from0800 to 1900, on the
14th and 28th of every other month, which is a
total of 121 values. To rate the daylight shining
perpendicular to the facade, we take the sin of
the calculated angle. The closer the rays of light
are to the normal of the facade the better, as
light is streaming further into the building. The
values are then summed and normalized.

SECONDARY FEATURES
In the context of an architectural competition, we
found itmuchmore efficient to run a single-objective
optimization using the primary performance crite-
rion (Fig. 6), and for every solution, to record the sec-
ondary features to later be used for filtering in DSE.
The general schema of this method is outlined in a
flowchart in figure 7. A multi-objective optimization
is an effective tool for conceptual design, but its ex-
tensive computation timemeans that it can take days
to process without converging on a satisfying result.
In cases where there is less computation time avail-
able, we introduce the concept of secondary features
to optimize the most crucial performance criterion
using single-objective optimization and using other
recorded features as filters to aid navigation during
the subsequentDSEprocess. This hierarchyof criteria
represents the priorities of the project. Density was
themost important as the clients needed the require-
ments of the brief to be strictly adhered to, however,
we used secondary features as a way to track the per-
formance of other criteria. This allows the optimiza-
tion to focus on the prioritized criterion, while de-

signers can use secondary features to explore more
experiential properties such as the geometric com-
position of a design with some awareness of how
they impact view or daylight.

We see this structuring of priorities as crucial to
the design process. When a model is stripped of
its complexity and abstracted to a single numerical
value, it can be hard to gauge how that model per-
forms as a piece of architecture. We define complex-
ity as the level of detail and correlations within the
model. A simple volumetric abstraction of the build-
ing does not take into account the intricacies and the
relationships between other buildings, such as the
viewsout or the sunlight that comes in an inhabitants
window. Adding these details into the model in-
creases relationships between gene parameters and
the performance criteria while reducing the dissocia-
tion between the analytical and architectural model.

Figure 6
Chart showing
convergence times
for single and
multi-objective
optimization.

DESIGN SPACE EXPLORATION
We have developed a tool that helps us explore the
solution space that is generated by an optimization
algorithm (Fig. 8). It was crucial for us to not only fo-
cus on finding optimal solutions, but also to explore
the full potential of the model as an architectural de-
sign. Our tool allows us to navigate the overall per-
formance of the solution space and reach an under-
standing of the trade-offs between different criteria.
We can seehow theperformance criteria and the sec-
ondary featuresdevelop in eachgeneration, allowing
us to identify different trends in the results.

We start by looking at the graphs of different cri-
teria, where we can see the density of the population
and a number of solutions that may perform within
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Figure 7
General schema of
the proposed
method

our requirements. We can also filter results using the
parallel coordinate plot; a rectangle is drawn in the
Rhinoceros 3D viewport which isolates particular ar-
eas of the solution space. This filter isolates 12diverse
solutions, showing representations of individual de-
signs. We now identify single solutions thatmeet our
criteria and we assess how they have achieved these
results. We can now identify how the optimization al-
gorithm has operated the parametric model, leading
to various trends in the results. We use k-means clus-
tering to process the genes of the individuals within
the isolated area andpick the solution that is the clos-
est to the centre of each cluster. For 12 solutions we
have 12 clusters and each solution is the best repre-
sentation of that cluster. We process the data in this
manner to ensure thatwe extract individuals that dis-

play variety. From the 12 we can pick individuals for
further examination, for this chosen solution we are
shownspecific coordinates on theperformance crite-
ria graphs and a large diagrammatic representation
of the design is shown on the right-hand side of the
viewport. We can also pick an individual solution di-
rectly from the graphs and preview it in the main ex-
amination window.

RESULTS
The final results and the explorative process is illus-
trated in figure 9. We started by filtering the results
only within a ±500 m2 tolerance from the density
goal, as thatwas theprimary criterion requiredby the
brief. We then explored the distribution of the so-

Figure 8
User interface for
DSE: (1) interactive
parallel coordinate
plot, (2) graphs
showing
performance
criteria, (3) preview
showing a selected
number of designs
and (4) main
examination
window.
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Figure 9
Exemplar
exploration of
interactive parallel
coordinate plot.

lutions, starting with filtering the solutions that per-
formed well in view. This showed us that most solu-
tions that performed well in view, performed poorly
in daylight. We then filtered the solutions that per-
formwell in daylight and consequentlymost of these
solutions had a varying performance for view. We
then removed the filter for density, to get an idea of
all the solutions that perform well in daylight. This
gave us an understanding of how much we should
expand the filter for daylight, to also find satisfactory
solutions in view. We then replace the initial density
filter and apply the view filter to find solutions that
perform well across all criteria. We also explored the
best performing solutions in each criterion and best
overall performer in all criteria in figure 10. The best
overall solution gave the opposite result to the archi-
tect’s design intent. They intended to gradually in-
crease the slope of the urban fabric in each neigh-
bourhood towards the middle, but the results of the
optimization showed that sloping the opposite way
would achieve the best numerical performance, a so-
lution like that may not conform to traditional urban
design paradigms.

DISCUSSION
The method shown allowed us to explore and un-
derstand an urban design model through the scope
of performance. This work represents the attempt
to apply contemporary scientific research to the day
to day practice of architecture. With the illustrated
method we aimed to combine optioneering meth-
ods with well established evolutionary optimizations
to achieve novel methods of DSE. We produced the
contents of this paper over 2 weeks in the context of
an architectural design competition, thus efficiency
and design freedom were the focus of the investiga-
tion. We developed the simulation methods used in
the optimization in collaboration with the architect
and they represent our abstraction of their design in-
tent, however, a more thorough validation of these
simulation methods would be necessary to confirm
the results of the optimization.

We have identified two limitations of this
method, including process flexibility and DSE legi-
bility. While efficient, the single objective optimiza-
tion and the subsequent process of DSE must be re-
peated every time the parametric model is changed.

Figure 10
The most optimal
results in each
performance
criteria and the best
overall solution.
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The non-linear process of architectural designmakes
it hard to define the solution space entirely because
parametric models have parameters and constraints
that are changed as design whims change and feed-
back is given. Furthermore, once the results are pro-
cessed and the DSE tool is set up, it can be unintu-
itive for an architect to use. As outlined in the Results
section, one can isolate designs with specific per-
formance, however, these designs are not ranked in
the overall performance summed across all criteria.
Perhaps in future, there is a more intuitive way of
communicating overall rank and rank within specific
isolated zones simultaneously.

CONCLUSION
This paper presented different workflows for the ap-
plied use of single and multi-objective optimization
in the early stages of the design process and illus-
trated a method for DSE that utilises secondary fea-
tures to decrease computation time without sacrific-
ing analytical model complexity. One can use multi-
objective optimization when there is a lot of time is
available to reach a satisfactory result, however, in
the context of an architectural design competition
where efficiency is important, we found it necessary
to use single-objective optimization with recorded
secondary features to enhance DSE so that we could
find an optimal design in a collaborative and conve-
nient manner. In focusing on optimizing only one
fitness criterion we managed to speed up the opti-
mization process while enabling the exploration of
the non-optimized parameters. There aremanyways
we can implement this method in different design
contexts and scales, from a masterplan to the indi-
vidual building or unit within, such as an apartment
or office. However, in these different contexts, there
will also be a different structuring of primary and sec-
ondaryperformancecriteria, in anapartment, thepri-
mary criterion could be the number of bedrooms or
in an office, it could be the number of desks. The
method shown could, therefore, allow a designer, in
many design contexts, to explore solutions that ad-

here to the brief, while still having the freedom to ex-
plore diverse options within a solution space.
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Using an integrated workflow with parametric design, Computational Fluid
Dynamic (CFD) and Fast Fluid Dynamic (FFD) simulations, structural analysis
and optimization, this paper evaluates the relative suitability of CFD and FFD
simulations for Aerodynamic Shape Optimization (ASO). Specifically, it applies
RBFOpt, a model-based optimization algorithm, to the ASO of a supertall
high-rise. The paper evaluates the accuracy of the CFD and FDD simulations
relative to a slower, more exact CFD simulation, and the performance of the
model-based optimization algorithm relative to CMA-ES, an evolutionary
algorithm. We conclude that FFD is useful for relative comparisons, such as for
optimization, but less accurate than CFD in terms of absolute quantities.
Although results tend to be similar, CMA-ES performs less well than RBFOpt for
both large and small numbers of simulations, and for both CFD and FFD.
RBFOpt with FFD emerges as the most suitable method for conceptual design, as
it is much faster and only slightly less effective than RBFOpt with CFD.

Keywords: Aerodynamic Shape Optimization, Computational Fluid Dynamics
(CFD), Fast Fluid Dynamics (FFD), Model-based Optimization, High-rise
Conceptual Design

INTRODUCTION
Simulation-based optimization is an increasingly
popular computational method for designing more
resource- and energy-efficient buildings. Compu-
tational designers combine parametric models with
structural and environmental simulations to auto-
matically find well-performing design candidates

and to inform further iterations in design processes.
Recent research has investigated the efficiency of
single-objective algorithms when paired with struc-
tural, building energy, and daylight simulations
(Waibel et al. 2019; Wortmann 2019). This re-
search shows that, the popular genetic algorithms
(GAs) often are much less efficient than other al-
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gorithms, for example model-based ones. Model-
based algorithms create and refine surrogate mod-
els (i.e., fast-to-compute low fidelity approximations
of high-fidelity simulations) during optimization pro-
cesses, and thus can find well-performing designs
much more efficiently.

This paper uses RBFOpt (Costa and Nannicini
2018), a model-based optimization algorithm, to op-
timize theaerodynamic shapeof ahigh-rise in Shang-
hai to reducewind loads. To the knowledgeof the au-
thors, model-based algorithms have so far only been
applied to aerodynamic shape optimization (ASO) in
the context of airplane wing design (Bartoli et al.
2019). RBFOpt has been developed specifically for
the optimization of black-box optimization problems
with expensive (e.g. time intensive) evaluation, of
which ASO is a prime example. ASO can significantly
reduce wind loads, and thus the structural require-
ments, for high-rises. But the particularly long run-
times of computational fluid dynamics (CFD) simula-
tions have so far not allowed the application of opti-
mization algorithms that require hundreds or thou-
sands of steps to find good solutions, such as GAs.
Prior work in ASO for tall building design has either
used GAs and simplified CFD simulations - so called
fast fluid dynamic simulation (FFD) - or used manual
“optimization”.

Using an integrated workflow with parametric
design, CFD and FFD simulations, structural analy-
sis and optimization, this paper presents an evalua-
tion of the relative suitability of CFD and FFD simu-
lations for ASO, and the, to the knowledge of the au-
thors, first application of amodel-based optimization
algorithm to the ASO of high-rises. The paper evalu-
ates the accuracy of CFD and FDD simulations rela-
tive to a longer, more exact CFD simulation, and the
performance of the model-based optimization algo-
rithm relative to an evolutionary one. The paper thus
demonstrates the viability of model-based optimiza-
tion for ASOof high-rises and quantifies the potential
benefits of this approach.

BACKGROUND
ASO is a relatively recent topic of research, which has
been enabled through advances in both hardware
and software.

Aerodynamicshapeoptimizationwithcom-
putational fluid dynamics
CFD simulations describe the flow of fluids, heat and
concentrations of species (e.g. pollutants) within an
enclosure based on conservation equations of mass
and energy (Anderson 1995). These physical quan-
tities are described as partial differential equations
(PDEs), since the enclosure (also: domain) is dis-
cretized into finite volumes or finite elements. For
many building engineering applications of CFD, tur-
bulencemodelling is essential, with the standardκ−

ϵ model being the most common. Numerically, the
PDEs are solved with iterative approximation meth-
ods, which explains the high computational cost of
CFD approaches.

Malkawi et al. (2003) present an early example
of optimizing a CFD model with a genetic algorithm
(GA). However, the example geometry is a relatively
simple, rectangular box. This simplicity likely is to
due time-constraints relative to the available hard-
ware. Chang (2013)manually “optimizes” the aerody-
namic performance of high-rise geometries by qual-
itatively evaluating several different shapes and se-
lecting thee promising ones for CFD analysis, pre-
sumably because using a standard optimization al-
gorithm, such as a GA, would require too many CFD
simulations, and thus too much time. Liu et. al
(2018) use a GA to optimize environmental comfort
in terms of daylight and wind. They test five differ-
ent urbanmorphologies in nine districts with awind-
speed of 4m/s. This windspeed is much lower than
the ones used for aerodynamic shape optimization
(ASO). They state that the long time required for the
CFD simulations reduces the optimization’s effective-
ness. Bartoli et al. (2019) presents the application of a
global, model-based optimization algorithm to aero-
dynamic wing design. Model-based algorithms are
designed for applications with time-intensive func-
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tion evaluations such as CFD simulations (Holmström
et al. 2008). This paper applies a similar algorithm,
RBFOpt (Costa andNannicini 2014) in an architectural
context, specifically to the ASO of a high-rise.

Aerodynamic shape optimization with fast
fluid dynamics
Fast Fluid Dynamics (FFD) can be understood as a
simplified CFD simulation with faster solving time
but lower model fidelity. It was originally intended
for computer visualization, where the impression
of physics, alongside solver stability and efficiency,
are more important than physical correctness (Stam
1999). Since its introduction, several studies have in-
vestigated the applicability of FFD to building design
(Zuo and Chen 2009; Jin et al. 2013). Chronis et al.
(2011) combine a GAwith FFD to optimize the shape
of a canopy with 21 variables, because “through the
use of less accurate but also computationally less de-
manding approaches, CFD simulations may be able
to be applied . . . at earlier design stages”. They
run tens of thousands of simulations in their exper-
iments, which would be infeasible with CFD, but do
not perform an accuracy comparison with CFD. Simi-
larly, Waibel (2012) combines a Simulated Annealing
algorithm with FFD to improve the ventilation effec-
tivity of wind cowls. Waibel et. al (2017) present an
implementation of FFD for Grasshopper, a popular
platform for parametric design, simulation and opti-
mization, to allow optimization in conceptual design
phases. They compare the accuracy of CFD and FFD
andachievegood results for “simple validation cases”
but confirm that “FFD has low accuracy in predicting
velocity distributions in the wake regions behind ob-
stacles”. In summary, FFD seems well suited for tran-
sient indoor flows, but requires care when used it for
turbulent cases with high Reynolds Numbers, such
as flow around buildings. But FFD is very suitable as
an early-stage design tool, as the conclusions drawn
from using FFD are generally pointing towards the
right direction. Through a comparison with CFD, this
paper aims to evaluate the suitability of FFD for ASO
of high-rises in conceptual design phases.

Integrating aerodynamic shape optimiza-
tionwith structural analysis
Estrado (2019) presents an ASO workflow in
Grasshopper that also integrates structural analy-
sis. Like this paper, he uses the open source But-
terfly (Sadeghipour Roudsari 2019) for CFD simula-
tions with the open source CFD toolbox OpenFOAM
(2019), Karamba (Preisinger 2019) for structural anal-
ysis andOpossum (Wortmann 2016) for optimization
with RBFOpt. He considers using FFD, but ultimately
chooses CFD due to the former’s lower accuracy, es-
pecially for complex geometries. He suspects the
difference in accuracy between the two simulators
results from different meshing techniques. This pa-
per combines parametric modelling, wind simula-
tions and structural analysis for an integrated ASO
process. It extends existing studies with a perfor-
mance comparison of two optimization algorithms
(themodel-basedRBFOpt and theevolutionaryCMA-
ES (Hansen and Ostermeier 2001)) and two different
simulation models (CFD and FFD) in terms of effec-
tiveness and accuracy, respectively.

METHODOLOGY
To test the performance of the two optimization al-
gorithms and the accuracy of the two simulators, we
employ a workflow that integrates parametric mod-
elling, CFD and FFD simulations, structural analysis
and optimization in Grasshopper. We use Grasshop-
per, the visual programming environment of the
3D modelling software Rhinoceros, because (1) the
availability of (mostly free) analysis and optimization
tools, (2) the openness of its software development
toolkit, which has allowed the authors to develop
their ownFFDandoptimizationplug-ins for it, and (3)
it’s popularity among architectural designers, which
ensures the practical relevance of this study.

Parametric model
We use a 300-meter, supertall high-rise in Shang-
hai as a test case. The site is near an old indus-
trial water works in Shanghai that awaits redevelop-
ment. In China, many high-rises have been designed

D1.T1.S1. DESIGN AND COMPUTATION OF URBAN AND LOCAL SYSTEMS – XS to XL - Volume 1 - eCAADe 38 | 39



and constructed in the past decade, which under-
lines the need for more efficient high-rise designs.
For simplicity, we assume that the high-rise contains
only offices, with 75 floors and a consistent floor-to-
floor height of four meter. The tower is radially sym-
metric. Seven horizontal control polygons, which
are spaced equally along the tower’s height, para-
metrically control the tower’s shape (see figure 1).
These control polygons are hexadecagons, i.e., reg-
ular, sixteen-sided polygons. Their radii can vary be-
tween 10 and 20 meters, resulting in hexadecagons
with edge lengths between3.9 and7.8meters. These
edge lengths are suitable for the structural system,
which consists of floor slabs held by a central core
and a ring of external, inclined columns.

The model interpolates the roof’s and floors‘
shapes between the control polygons, yielding 76
hexadecagons with varying radii. Since the hex-
adecagons’ vertices are aligned, connecting corre-
sponding vertices in order of height (i.e., the first ver-
tex of all polygons, the second vertex of all poly-
gons, etc.) yields inclined columns, and - when
also connecting neighboring pairs of vertices - trape-
zoids, which define the tower’s climate enclosure. For
the fluid dynamics simulations, the model combines
these trapezoids into a single quad mesh. We scale
the resulting design candidates to have a constant
gross area of around 50,000 square meters.

In summary, the parametric model has seven
continuous variables that control the tower’s shape.

Figure 1
Generation steps of
the parametric
model.
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The model produces (1) a fluid dynamics model con-
sisting of a single quad mesh and (2) a structural
model consisting of horizontal polylines that define
the slabs’ outlines and vertical polylines that define
the external columns. This output of different types
of geometry from the same model allows us to inte-
grate different kinds of simulations into a single opti-
mization workflow.

CFD simulations
For the CFD simulations, we use a domain of 5500
x 3000 x 1500m (X, Y, Z) with a cell size of 5m.
Since, at the time of writing, we are not able to de-
lineate between various periods of wind measure-
ments (3-second gust, 10minute mean, mean hourly
etc.), we adjusted the input wind speed to provide
the desired wind pressure response. We set a wind
speed of 35m/s at 10m above ground to produce
a realistic static equivalent normal windward pres-
sure of around 5KPa at the three-quarter height of
the tower. This approach ensures realistic results
through a reasonableweightagebetween lateral and
gravity loads.

With an Intel Xeon CPU E5-2660 v2 with 2.20GHz
and ten threads, a single simulation with CFD takes
an average of 27 minutes to construct the wind tun-
nel, prepare the analysis mesh and to solve the re-
sulting case, even when we calculate just 50 simula-
tion iterations. For early design stages, this computa-
tional cost may be prohibitive. We use 50 simulation
iterations during the optimization and validate the fi-
nal results with a more accurate, but much slower,
CFD simulation with 600 iterations. We use the de-
fault turbulence model in Butterfly for steady incom-
pressible flows, RNG k-epsilon (Yakhot et al. 1992).

FFD simulations
Weuse an FFDplugin for Grasshopper that links to an
open-source C# library (Waibel et al. 2017). We use a
domain of 350 x 200 x 400m (X, Y, Z) with a cell size
of 5m in a regular Cartesian grid. The inflow profile
is the same as in Butterfly, with a surface roughness
of 1.0 m and a wind speed of 35m/s at 10m above
ground. Other settings used in our FFD simulations

are: 1.511e-5 kinematic viscosity, 1e-4 tolerance and
maximal 10 iterations for the Jacobi solver, and 2nd
order back-tracing. The simulation horizon is 30 with
dt=0.5, resulting in 59 iterations. We use the aver-
age pressure values of the last five iterations as our
simulation result. Figure 2 shows the convergence of
the average p,u,v and w residuals for an FFD simula-
tion of the case study. An average simulation of our
high-rise model takes about four minutes. This FFD
implementation (as most others) employs a rectan-
gular grid for the analysis mesh. Therefore, reading
values from curved surfaces such as the case study
in this paper inherently introduces errors (see figure
3). But, despite the lower accuracy of FFD relative to
CFD, the fact that its speed enables more optimiza-
tion steps makes it potentially very relevant for ASO.

Figure 2
Residuals of an FFD
simulation of the
case study.

Figure 3
Original mesh (left)
vs Geometry
discretization in
FFD (right).
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Structural analysis
We use Karamba, a Grasshopper plugin, for struc-
tural analysis. Karamba enables the optimization to
be conducted within the Grasshopper environment.
Karamba is no replacement for code-based struc-
tural analysis software, but offers a quick and effi-
cient means to calculate the relative benefits of dif-
ferentdesigncandidates in engineeringpractice. The
structural model is based on the same parametric
model used to define the shape for ASO. The radially-
arranged, inclined columns (sixteen per floor), floor
slabs and core provide a realistic structural frame as
the basis of the optimization. The RC floor slabs‘
thickness is 30cm and the round columns’ diameter
150cm. The unchanging RC core has a diameter of
10 meters and a wall thickness of 100cm.

Weapply threegravity loads to the floor slabs: (1)
Self-weight, (2) a superimposed dead load of 2.5KPa
to represent a reasonably lightweight office configu-
ration and (3) a live load of 2.5KPa. We apply the re-
sults fromCFDor FFDaswind loads- specifically, hori-
zontal force and torsion - to the diaphragm centers of
thefloors (see figure 4). Since the tower is rotationally
symmetric, it suffices to consider only onewinddirec-
tion. (Because wind from different directions affects
the tower’s structure equally.) Following Eurocode,
we combine gravity and wind load cases into seven
load combinations that are applied to each design
candidate. For optimization, we evaluate the design
candidates according to the worst displacement re-
sulting from the seven load combinations.

Figure 4
Screenshot of the
structural model.
Gravity loads in
orange and wind
loads in red and
purple.

Optimizationmethodology
Since the CFD simulations take about seven times
longer than the FFD simulations, we budget 100
function evaluations, i.e., simulations, for optimiza-
tion with CFD, and 1,000 function evaluations for op-
timizationwith FFD.We use the two best-performing
optimization algorithms from an extensive bench-
mark on building energy problems: RBFOpt and
CMA-ES (Waibel et al. 2019). In this benchmark, RB-
FOpt was the best-performing algorithm for small
function evaluation budgets (i.e., numbers of sim-
ulations), and CMA-ES the best-performing one for
large budgets. RBFOpt and CMA-ES also were the
most robust algorithms. Weperformonly a single run
per algorithm, but the algorithm’s robustness pro-
vides ameasure of confidence in the optimization re-
sults. Both algorithms are available in Opossum for
Grasshopper (Wortmann 2017).

RESULTS
Toevaluate theperformanceof theRBFOpt andCMA-
ES algorithms, as well as the relative accuracy of the
CFD and FFD simulations, we analyze the best results
from a single run of six ASO methods: 100 function
evaluations for CFD (RBFOpt 100 CFD and CMA-ES
100 CFD) and FFD (RBFOpt 100 FFD and CMA-ES 100
FFD) and after 1,000 function evaluations for FFD (RB-
FOpt 1000 FFD and CMA-ES 1000 FFD). We compare
these results to the base case of a cylindrical tower
(see table 1 and figure 5). To evaluate the perfor-
mance of the CFD and FFD simulations, we retest the
best result from each run with a much longer CFD
simulation with 600 iterations.

All six optimized solutions are similarly bottle-
shaped,whichminor variations in thebottles’ ”necks”
(see figure 5). The resulting pressures and displace-
ment are similar as well. But, in comparison with the
base case, these pressures and displacements are re-
duced by up to 67% (see table 1). Of the two tested
algorithms, RBFOpt is better for both simulators and
function evaluation budgets. For example, the maxi-
mum displacement of RBFOpt 100 FFD is better than
the results from CMA-ES 100 FFD and CMA-ES 1000
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Figure 5
The best results of
the six ASO
methods.

FFD. These results show the effectiveness and effi-
ciency of model-based optimization for ASO.

For both RBFOpt and CMA-ES, 100 optimization
stepswith CFD took about 45 hours, but only about 6
hours for FFD. 1,000 optimization stepswith FFD took
about 60 hours (see table 1). But the variable values,
resulting shapes (see figure 5) and simulation results
from 100 optimization steps with FFD are quite sim-
ilar to the others and result in similarly low displace-
ments (see table 1). As such, RBFOpt 100 FFD seems
the best method for conceptual design.

When retesting the optimization results with
more accurate CFD simulations (with 600 instead of
50 iterations), the differences between the methods
increase, and 100 optimization steps with CFD be-
comes relatively better (see table 1). Note that the
displacements from the more accurate CFD simula-
tion are about twice the displacements from FFD and
the less accurate CFD simulations. In other words,
CFD with low accuracy and FFD can serve as effec-
tive guides for optimization, but simulation results

should be understood only relatively and not as ab-
solute quantities. Based on the more accurate CFD
results, CFD RBFOpt 100 is the best solution, but RB-
FOpt FFD 100 is only 1%worse and about eight times
faster. As such, based on these results, RBFOpt FFD
100 is the best ASO method for concept design.

CONCLUSION
This paper presents an integrated ASO workflow of
parametric design, wind simulations, structural sim-
ulation and optimization. It shows that CFD and FFD
simulations can serve as effective guides for opti-
mization. Although both the CFD and FFD simula-
tions used for optimization systematically underes-
timated pressure values, ASO resulted in up to 67%
percent reductions of maximum displacements. The
solutions from all optimization runs were similar for
both optimization algorithms (RBFOpt and CMA-ES),
simulation models (CFD and FFD) and for 100 and
1,000 function evaluations. But the model-based RB-
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Table 1
Variable values,
runtimes and
simulation results
for the base case
and the best results
of the six ASO
methods.
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FOpt in combination with 100 FFD simulations is the
fastest ASO method for concept design, and only 1%
worse than the best solution, whichwas foundby RB-
FOpt with 100 CFD simulations. ASO with RBFOpt
and FFD yields results in hours rather than days and
thus holds great promise to improve the sustainabil-
ity of future high-rises by reducing the amount of
materials required for lateral stability already during
concept design. Future research will further examine
the relative accuracy of CFD and FFD, for example by
tuning the FFDmodelwithCFD results, test optimiza-
tionwith asymmetric tower geometries and different
wind directions, and provide more extensive bench-
mark results from more algorithms and runs.
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Three decades past since the adoption of sustainability rating systems (SRS) by
the Architecture Engineering and Construction industry (AEC) as standard
methods for sustainable development evaluation. Nevertheless, these methods
still suffer from a low adoption and implementation rate due to their manual,
labor-intensive, expert dependent, and time-demanding process. The partial
success of urban development evaluation puts forth the question: Are there faster,
more accurate quantitative methods for advancing sustainability evaluation? The
paper describes a prototype workflow for evaluating the performance of urban
landscape design in a single digital workflow, based on ecological key indicator
criteria. Grasshopper and Python parametric platforms were used to translate
the criteria into quantitative spatial metrics. This study demonstrates optimized
biomass measurement in two urban scales in line with the SITES rating system for
landscape development: (XS) site development and (XL) neighborhood scale. The
measured biomass density is used as a positive indication of ecosystem services
capacity in the development site. The framework's quantitative workflow
contributes to additional spatial feedbacks compared to the original
numeric-based rating system method. Through these, composition and
configuration metrics such as ecological connectivity, edge contrast, and patch
shape can be visualized, measured, and compared. The metrics, which indicate
performance characteristics of the design, generate new opportunities for
data-rich sustainability evaluations of urban landscapes, using a single
computer-aided workflow.

Keywords: Sustainable development, Urban landscape
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INTRODUCTION
In the urbanmillennium, 54%of humans live in cities,
with a projected increase of 2.5 billion urbandwellers
by 2050 (United Nations 2014). The ongoing urban-
ization and development process increased human-
ity’s ecological footprint to exceed planet earth’s car-
rying capacity by 20%, consequently degradinghabi-
tats and endangering ecosystem services vital for liv-
able environments, humanquality of life, andwellbe-
ing (World Wide Fund For Nature (WWF) 2018). Sus-
tainable development of cities, which enhances and
regenerates urban environments, is considered one
of humanity’s greatest challenges (Wu 2010; United
Nations 2015; Webb et al. 2018), and should, there-
fore, be central to designing architecture and urban
systems.

SRS and the AEC industry
Three decades past since the adoption of sustain-
ability rating systems (SRS), by the Architecture En-
gineering and Construction (AEC) industry, as stan-
dardmethods used for measuring sustainable devel-
opment. Though this implementation has expanded
from buildings to neighborhoods, to urban infras-
tructure and to landscape design (Smith and Bere-
itschaft 2016), these methods still suffer from a low
adoption and implementation rate due to their man-
ual, labor-intensive, expert dependent, and time-
demanding process. Furthermore, the extensive use
of qualitative data might hinder the sustainability
evaluation process, since (1) project evaluation is
slower and might be prone to bias. Two (2), projects
are more challenging to compare and measure; and
(3), time and labor resources result in a high entry-
level, which deprives the evaluation of low bud-
get development projects (Biswas and Krishnamurti
2012; Talen et al. 2013; Pedro et al. 2018; Naboni et
al. 2019).

The past decade introduced comprehensive
evaluation frameworks for measuring the perfor-
mance of urban landscapes, with SRS as LEED-
ND (Council 2009) and BREEAM Communities (BRE
Group 2012) for neighborhoods, ENVISION (Institute

for Sustainable Infrastructure 2018) and CEEQUAL
(CEEQUAL 2008) for infrastructure, and SITES (Sus-
tainable Sites Initiative 2014) for landscape develop-
ment. Despite sustainability frameworks abundance,
performance evaluation in landscape architecture
still lacks comparabledataon social andenvironmen-
tal criteria, as well as on extensive evidence-based
research compared to other disciplines. (Brown
and Corry 2011; Yang, Li, and Binder 2016). This
lack stresses the importance of generating empirical-
based evidence and performance documentation to
support sustainability frameworks and to guide land-
scape design and decision making (Yang, Li, and
Binder 2016).

Sustainable urban landscapes in the age of
data
Recent advancements in the field of data science and
smart cities pose new opportunities for measuring
the performance of the urban landscape. Available
tools and methods utilize directed, automated, and
sensor data like remote sensing, wireless networks,
and cell geolocation data to inform urban planning
and design analysis systems. (Bibri and Krogstie
2017; Kitchin 2014; Batty 2013; Offenhuber and Ratti
2014).

Quantitative data of the built and natural en-
vironment can be manipulated using computation
methods to measure facets of sustainability. For ex-
ample, Airborne LiDAR sensing data can successfully
survey and classify tree species in an urban setting
(Liu et al. 2017), or monitor and predict coastal cliff
erosion (Wexler et al. 2016). Satellite image pro-
cessing can successfully classify land cover types us-
ing time-lapse image processing methods, and as-
sist in biomass calculation and habitat evaluation
across large areas (Azzari, et al. 2017; Azzari and Lo-
bell 2017; Eberenz et al. 2016; Georgi et al. 2017).
Other studies measure temporal changes and public
space occupancy patterns by analyzing cell geoloca-
tion data. These studies offermethods formeasuring
metropolitan commuting patterns (Diao et al. 2016),
usability and accessibility to public parks (Xiao et al.
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Figure 1
Spatial- enriched
evaluation model
for sustainability
credits in landscape
development

2019), or population migration patterns in extreme
weather emergencies (Lu et al. 2016).

Thus far, most of the studies executed on land-
scape performance using data science technology
lay within the neighborhood and city scales1. Nev-
ertheless, there is currently a lack of comprehen-
sive evaluation frameworks for measuring the sus-
tainability of urban design and city performance us-
ing big data and quantitative methods. (Bibri and
Krogstie 2017). Existing research for advancing the
evaluation frontiers of urban analysis, couples differ-
ent modeling tools into existing GIS and BIM plat-
forms, by creating fully quantitative evaluationwork-
flows in a neighborhood (Naboni et al. 2019) and
city-scale (Pedro et al. 2018). Nevertheless, there

is a lack of quantitative evaluation frameworks for
sustainability evaluation of landscape development
(Yoffe et al. no date).

Advancing sustainable design
The application of data-driven methods in a com-
prehensive evaluation framework, using terrestrial
and temporal data cover, can significantly increase
the number of measured landscapes. Furthermore,
these digital workflows support sustainable designs
by enriching the computational tools-and-methods
vocabulary available to designers (Grobman, 2011,
pp. 9-13), and enable a scientific decision-making
process for evaluation of ecological performance in
design towards regenerative urban environments.
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Figure 2
Optimized biomass
sustainability credit.
A three-step
computational
workflow. (1)
preparation
includes
measurement of
existing site
biomass from a
satellite image
(.tiff), followed by
pre-processing to
vector shape
patches (.shp). The
pre-processing of
the site design
model includes the
extraction of
vegetation shapes
from the Rhino3D
CAD (.3dm) model
to a grasshopper
calculator. (2) A
custom-developed
code calculates pre-
design/proposed
design biomass
differences. (3)
Composition and
configuration
metrics are plotted
(.csv) and
represented on the
Rhino 3D model
(.3dm).

The overall research aim is to advance exist-
ing knowledge on sustainability evaluation of urban
landscape using quantitative methods, by demon-
strating a holistic, data science compatible workflow
formeasuring sustainable development. Specifically,
this study aims to (1) develop a ‘biomass optimiza-
tion’ criteria evaluation workflow using composition
and configurationmetrics; and, (2)map themethod’s
advantages and limitations for performance mea-
surements of landscape design.

METHODS ANDMATERIALS
The study evaluates the sustainability performance
of a design by comparing existing site conditions to
themeasuredperformanceof theproposeddesign, a
method common to SRS like LEED and BREEAM. This
study advances standard evaluation by adding spa-
tial metrics to the evaluation process. The proposed
model integrates the evaluation process into a quan-
titative computational workflow (figure 1). The two

parts of the study are (1.) computational workflow
development and (2.) demonstration experiment.

A three-step computational workflow (figure 2)
includes data preparation, calculation of the land-
scape ecology performancemetrics, and results anal-
ysis. The method uses commercial software to mea-
sure existing biomass on-site from aerial imagery,
and custom-developed code to measure landscape
ecology composition and configuration metrics. The
tools used for this workflow are ArcGIS Pro and Rhino
for modeling, MS-Excel, Grasshopper, Python plat-
forms for calculation and analysis, and Rhino archi-
tectural modeling for the representation of results.
Figure 3 includes screen captions explaining the pro-
cess.

1. Computational workflow development
The biomassmeasurement used in the study is based
on the SITES (Sustainable Sites Initiative, 2014) opti-
mized biomass credit, which measures the biomass
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density index of the proposed design compared to
the existing condition’s BDI. SITES SRS was chosen as
it is considered an establishedmethod formeasuring
sustainability performance in landscape architecture
practice. The configuration and composition met-
rics used in this study are considered core metrics for
evaluating the ecological potential of development
plans (Ahern and Botequilha-Leitão, 2002). These
metrics indicate the ecological values of the design.
For example, the ‘Mean Proximity Index’ (Configura-
tion metric) indicates connectivity or fragmentation
of ecologies for a designated specie. The test cases
used human-preferred distances of 150 meters be-
tween vegetation patches as the metric’s reference
distance (Barbosa et al., 2007). ‘Patch Contrast’ (Con-
figuration metric) indicates exposure of ecology to
external impact. In a natural environment, this met-
ric can indicate ecology resiliency, while in an urban
environment, it can indicate exposure level to nature
in the built environment. ‘Mean Pach Size’ (MPS), and
BDI (compositionmetrics) indicate the volumeof nat-
ural ecosystems. For the full metric list, see table 1.

Step 1: Data preparation. Landscape vegetation
classes are agglomerated into main types of vege-
tation, which hold both distinctive biomass values
(Sustainable Sites Initiative, 2014), and architectural
characteristics: trees, bushes, grasses, and wetlands.
All of these can arguably compose the main build-
ing blocks of urban landscapes. Existing biomass
patches are imported using aerial image analysis
(NDVI tool, ArcGIS Pro).

Step 2: Calculation. Patch characteristics are im-
ported from thedevelopment plan intoGrasshopper.
The calculationofmetrics is executed inpython script
components based on the ecological landscapemet-
ric formulas (McGarigal andMarks, 1995; Sustainable
Sites Initiative, 2014).

Step 3: Analysis and visualization:. Spatial distri-
bution of results is visualized, and metrics results are
summed. The designer can then analyze and explore
the results in the rhinomodel using a grasshopper in-
terface.

Table 1
A list of ecological
metrics and design
indications. (1)
Sustainable Sites
Initiative, 2014, (2)
McGarigal and
Marks, 1995
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2. Demonstration experiment
Two parts make the experiment, (1.) case studymea-
surement, and (2.) demonstration tests conclusion.

1. Case studymeasurements. The two case studies
chosen are in site development (XS) and neighbor-
hood development (XL) scales. 1. Site development
scale (XS) is considered the ‘Bread and butter’ of the
landscape architecture discipline, where most devel-
opment is occurring; therefore, sustainable develop-
ment can potentially be advanced. The chosen site
design is theOpenAgricultureMachineMuseumgar-
den. Ramat Yohanan, Israel. Plan area: 3.5 dunams.
2. Neighborhood new development scale (XL). Was
found as the most pressing scale for evaluation ac-
cording to the local industry, and a scale in which
most big data used by SRS is available. The chosen
site for this experiment is the Ganey Azar neighbor-
hoodplan. Ramat Gan, Israel. Plan area: 290 dunams.

The tests were executed on a Dell Precision
5520, ProcessorIntel(R) Core(TM) i7-7820HQ CPU @
2.90GHz, 2901 Mhz, 4 Core(s), 8 Logical Processor(s),
16 GB RAM.

2. Demonstration tests comparison. The demon-
stration included the measurement and comparison
of the two sites. Indications to the model success
were noted. Reviewed subjects include success in
measuring the SRS index, data processing accuracy
and data loss, visualization, clarity of the analyzed
model, and time of evaluation vs. industry stan-
dard SRS. A summary of the processed results was ar-
ranged in a SWOT evaluation table (see table 2).

RESULTS
The tests achieved numeric, comparable results for
all six configuration and composition metrics in ad-
dition to the SITES credit score. The ‘optimized
biomass’ credit score for each design was: XS Site
(6pt, 2.75 BDI), XL Neighborhood (2pt, 1.4 BDI). The
framework included six additional metrics that in-
form the ecological performance characteristics of
the design BDImetric. Also, configurationmetric rep-
resentation indicates site-specific performance in-
sights, giving the design goals.

Figure 3
A computational
model process
demonstrated on a
neighborhood (XL)
scale development,
results demonstrate
MPI analysis for Tree
distribution in a
development plan.
(L=fragmented
H=connected).
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Figure 4
Tree patches MPI
indicates
continuous
planting and
diverse spatial
experiences in the
park design.

Figure 5
MPI index for trees
in a planned
neighborhood. The
metrics analysis
indicates corridors
with continuous
human-friendlier
conditions.

The visualization of the mean proximity index
(MPI) metric suggests connectivity and fragmenta-
tion levels for each patch of vegetation in the de-
sign. Figures 4-5 demonstrate tree patch MPI score
gradient. The interpretation of this result in an urban
context might suggest that green equals continuous
and better-shaded streetscapes (figure 5), or uninter-
rupted vegetated corridors in a park, and diverse tree
plantingpatterns for varied spatial experiences in fig-

ure 4. Thedesigner can evaluate these results accord-
ing to the design objectives.

The Process time for the XS model, which in-
cluded 61 patches, was short (3.44 sec), while the
XL model (1565 patches) took significant processing
time (hours). The slow process time would, however,
be optimized in the future development of the code.
The lownumber of patches in the XS site (61 patches)
result in coarser mean metric results for each class of
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Table 2
Insights from test
case studies,
arranged by SWOT

vegetation compared to theXLneighborhoodmodel
(1572 patches). Vegetation variety and richness dif-
ferences between the models stress the importance
of comparing similar landscape projects for sustain-
ability benchmarking. This claim aligns with ecologi-
cal landscape studies that urge to use the “right kind”

of metrics for the “right kind” of spatial scales, as not
all metrics have been proven effective in all scales.
(Corry and Nassauer, 2005; Orenstein et al. 2014).

Table 2 summarizespreliminary insights fromthe
test cases. Further research is required to validate
these assumptions.
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DISCUSSION
Both case studies achieved sustainability credit and
landscape-ecology metric measurements using the
computational model. This model contributes to the
existing sustainabledevelopment evaluationprocess
by (1) indicating ecological performance attributes of
the design like exposure level to natural habitat and
vegetation, habitat connectivity, and diversity within
the design. Issues that are considered critical global
challenges to human health and wellbeing in cities
(Wu, 2010; United Nations, 2015). (2) offering addi-
tional metrics on urban conditions towards compar-
ative and statistical studies of sustainable develop-
ment in different regions, using emerging computa-
tional tools. (Bibri and Krogstie, 2017), and (3) ad-
vancingexisting industry-standardevaluation frame-
works (SRS), by lowering the entry-level for sustain-
ability evaluation of development projects, reducing
expert dependency (Biswas and Krishnamurti, 2012;
Talen et al., 2013; Pedro et al. 2018), and offering sci-
entific data on the performance of landscape design
(Yang et al. 2016).

In conclusion, the digital workflow proposed in
this study extends the sustainability evaluation fron-
tier. It supports performance-based designs by en-
riching the computational tools andmethods vocab-
ulary available to designers (Grobman, 2011, pp. 9-
13). Furthermore, it enables a scientific decision-
making process for the evaluation of ecological per-
formance in design towards regenerative urban en-
vironments (Naboni et al., 2019). This process can, in
turn, contribute to amore systemic way of deploying
technology in architecture andurbandesign in anan-
thropologic era.
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Multi-Objective Optimization for Daylight Retrofit
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In sustainable building design, daylight improves occupants' wellbeing and
reduces electric lighting use, but glazed areas can increase energy consumption
for heating and cooling. Conflicting objectives such as daylight and energy
consumption are the primary motivation behind multi-objective optimization.
This paper presents the multi-objective optimization problem of maximizing
daylight availability and minimizing whole energy consumption for the daylight
retrofit of Tallinn University of Technology assembly hall, currently windowless.
We present benchmark results of six different multi-objective algorithms and
analyze the solutions on the best-known Pareto front. The majority of the
analyzed solutions allow for adequate daylight provision of the building without
additional energy consumption. Results of daylight and energy simulations for
the analyzed solutions, are presented and discussed.

Keywords: Daylight, Energy efficiency, Retrofit, Parametric design,
Multi-objective optimization

INTRODUCTION
Environmental factors such as direct solar access and
daylight have a positive influence on building occu-
pant comfort and health. Daylight has the potential
to improve the architectural quality of building in-
teriors due to the ability to create contrast between
surfaces and to render objects with their true col-
ors (Reinhart 2014). Well-daylit interior spaces im-
prove the psychological and physiological wellbe-
ing of occupants. The perception of the variability
of natural light through solar access during daytime
and the day-night alternation are important factors
for health in humans favoring the correct entrain-
mentof the circadian rhythm (Lockley 2009). Further-
more, studies show that daylight has a positive influ-
ence on the occupants’ activities for which focus is
required, such as working and performing (Andersen

et al. 2012). Rating systems and regulations adopted
by most countries, underline the importance of pro-
viding building interiors with adequate quantities of
natural light.

Direct solar access and daylight have a signif-
icant influence on various aspects of building per-
formance, as heating, cooling and electric lighting
(De Luca et al. 2018b). The consumption of energy
for lighting in commercial and public buildings is re-
sponsible for up to 40% of total energy use (Nazaroff
2014). The exploitation of daylight has significant
potentials for energy savings, especially for single-
floor hall buildings through skylights and windows
(De Luca et al. 2018a). Such openings are responsible
for direct solar gains that can help to reduce heating
energy during the cold season. On the other hand,
openings can dramatically increase cooling energy
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during the warm season, also at northern latitudes
(Voll et al. 2016). The correct design of envelopes
and glazed areas thus is critically important for to-
tal energy use (Haase and Grinning 2017). Properly
designed shading systems can avoid higher cooling
and heating loads (De Luca et al. 2016). Additional
strategies, such as the utilization of high-efficiency
anddimmable luminaires anddaylight dimming sen-
sors, can further reduce the energy use for electric
lighting (Pandharipande and Newsham 2018).

Due to the complexity of the problem, it is im-
portant to use efficient analysis methods and tools
to design buildings with appropriate daylight lev-
els and limited energy consumption. Multi-objective
optimization (MOO) integrated with daylight simu-
lations is a promising method to study tradeoffs,
for example between daylight and glare (Wortmann
2017a). This paper presents methods and MOO re-
sults from optimizing daylight availability and en-
ergy use of the main assembly hall of Tallinn Univer-
sity of Technology (TalTech), (Figure 1). The assem-
bly hall, a Soviet-era building completed in 1971, is
currently windowless. This paper uses this problem
as a benchmark to compare the performance of sev-
eral MOO algorithms, including RBFMOpt (Radial Ba-
sis Function Multi-Objective Optimization), a novel,
machine-learning related algorithm. The novelty of
the work resides in the lack of daylight and energy
assessment of single floor public buildings in Estonia,
and in the scarcity of benchmark results for MOO al-
gorithms combined with building performance sim-
ulations.

Figure 1
Tallinn University of
Technology
assembly hall. View
from south-east.

BACKGROUND
This section presents daylight simulations, the type
used in the study and the integration with energy
simulations, multi-objective optimization algorithms
and the types compared in the study.

Daylight and energy simulations
Annual dynamic daylight simulations are used to as-
sess the natural light availability in building interiors
and to correctly perform energy simulations. Day-
light simulations consider room size and layout, fin-
ishings, size and orientation of the glazed areas and
their visible transmittance, andexternal obstructions.
They also take into account the hours of the year dur-
ing which the building is occupied and the climate
of the location. The simulations are divided in two
steps. In the first, the sky hemisphere with a uni-
form luminance is discretized in a series of patches,
and the contributionof eachpatch to the illuminance
of a point inside the building is calculated using the
Daylight Coefficients method (Tregenza and Waters
1983). In the second, the point illuminance is calcu-
lated coupling the daylight coefficients and the sky
patch luminances calculated from the climatic data
for the hours of the analysis period (Reinhart 2018).

Daylight simulations are performed using sensor
points located on a grid that correspond to the floor
layout or a portion of it. A number of metrics can be
used (Reinhart et al. 2006). Daylight Autonomy (DA)
permits to assess the percentage of time, in relation
to the occupied hours, during which a specific point
(sensor) in the building interior can be lit solely by
daylight to meet the required illuminance threshold.
Continuous Daylight Autonomy (cDA) is an improve-
ment of DA. Whereas DA performs a binary assess-
ment where, at a specific hour of the year, a sensor
illuminance is above or below the threshold, cDA ac-
counts for quantities of daylight below the required
threshold. The building daylit area is the one with
illuminance above the threshold for at least 50% of
the occupied hours. In addition to DA and cDA, other
and more recent metrics have been developed such
as Useful Daylight Illuminance (UDI) and Spatial Day-
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light Autonomy (sDA). For the present study, cDA is
used, since its continuous variability results in amore
continuous fitness landscape that is easier to search
for optimization algorithms (Rutten 2014).

The integration of daylight and energy simula-
tions is performed through lighting schedules (Rein-
hart et al. 2013). For each occupied hour, the simu-
lated illuminance level of every sensor point is com-
pared with the required threshold. Among all sen-
sor points, the one with the smallest daylight is used
to guarantee the minimum required illuminance to
the whole analyzed interior space. When daylight is
not sufficient (or absent), electric lighting reaches the
required illuminance threshold, using values from
0 to 1. The use of values from 0 to 1 is possible
when dimmable luminaires are installed, that con-
tributes furtherdecreasing lightingenergy consump-
tion. Electric lighting consumption is obtained mul-
tiplying the installed power by the hourly lighting
schedule values. For whole building energy analysis,
including heating and cooling simulations, lighting
schedules are used also to calculate internal gains.

Simulation-based multi-objective opti-
mization
MOO aims to find design candidates that perform
well for several competing objectives. Since compet-
ing objectives do not allow an overall best solution,
MOO instead searches for a set of “Pareto-optimal”
solutions that present the best tradeoffs between the
competing objectives. MOO algorithms are evalu-
ated in terms of (1) the quality of the found set (some
tradeoffs are strictly better than others), (2) the speed
of finding it (i.e., the speed of convergence) and (3)
their robustness (i.e., the replicability of results on re-
peated runs). Quality matters for correctly inform-
ing designers about tradeoffs between competing
objectives. Speed of convergence matters for fast-
paced conceptual design phases, especially in com-
bination with time-consuming simulations such as
daylight. Robustness matters since practical applica-
tions often allow for only a single run of an algorithm,
but most MOO algorithms employ different degrees

of randomness. As such, MOO with costly function
evaluations, such as time-consuming simulations, is
a current topic of research in computer science (Em-
merich and Deutz 2018).

But relatively little is known about the per-
formance of MOO algorithms on simulation-based
problems (Belém and Leitão 2019), despite their reg-
ular use in studies of building performance optimiza-
tion. Hamdy et al. (2016) present a problem of op-
timizing a house in Finland for energy and life cy-
cle cost. The problem has sixteen variables, two ob-
jectives and a budget of 1.800 function evaluations
(i.e., simulations) per algorithm. On this problem,
most evolutionary algorithms were performing well,
while amulti-objective particle swarmalgorithmwas
among the worst performing algorithms. This result
is reversed in (Belém and Leitão 2019): On a problem
from structural design with six variables, two objec-
tives and a function evaluation budget of 675, “the
particle swarm algorithms, OMOPSO and SMPSO, ex-
hibited the best performance” and “SPEA2, currently
known as one of the best evolutionary algorithms
[exhibited] rather poor performance”.

A promising approach to MOO with costly
function evaluations are model-based algorithms.
Model-based algorithms approximate the shapes of
fitness landscapes (Wortmann 2019). The term “fit-
ness landscape” is a metaphor for the relationships
between variables and an objective function, for ex-
ample, the relationships between a parametric build-
ing model and its simulated daylight or energy per-
formance. Using statistical and or machine-learning-
related methods, model-based algorithms construct
increasingly accurate approximations of the fitness
landscape during the optimization process. These
approximations in turn are used by aMOO algorithm
to hasten convergence.

RBFOpt (Costa and Nannicini 2018), a model-
based algorithm using Radial Basis Functions, has
proved effective and efficient on structural, energy,
daylight and glare simulations, significantly outper-
forming more conventional metaheuristics such as
genetic algorithms and simulated annealing (Waibel

D1.T1.S1. DESIGN AND COMPUTATION OF URBAN AND LOCAL SYSTEMS – XS to XL - Volume 1 - eCAADe 38 | 59



et al. 2019; Wortmann 2019). It also outperformed
the evolutionary HypE algorithm, a hypervolume es-
timation algorithm for multi-objective optimization
(Bader and Zitzler 2011), on a problemwith the com-
peting, costly-to-simulate objectives of annual day-
light and glare (Wortmann 2017b).

This paper presents a benchmark of RBFMOpt
(Radial Basis Multi-Objective Optimization), a proto-
typical, multi-objective version of RBFOpt developed
by the second author, on a simulation-based prob-
lem with daylight and energy simulations. RBFMOpt
optimizes a series of weighted sums, iterating be-
tween a surrogate model representing the fitness
landscape of eachweighted sum and the actual, sim-
ulated performance. The optimum of each weighted
sum corresponds to a point on the Pareto front.

So far, RBFMOpt has exhibited outstanding
performance on mathematical test functions when
compared with the Nondominated Sorting Genetic
Algorithm-II (NSGA-II, Deb et al. 2002) and the Multi-
Objective Evolutionary Algorithm based on Decom-
position (MOEA/D, Zhang and Li 2007) (Ko 2019). But
on a simulation-based problem fromZero-EnergyUr-
ban Design, RBFMOpt converged only slightly faster
than NSGA-II and HypE, albeit more robustly (Wort-
mann andNatanian 2020). This paper compares RBF-
MOpt to theevolutionaryNSGA-II, HypEandMOEA/D
algorithms, as well as to the Nondominated Sorting
Particle Swarm Optimization (NSPSO, Li 2003) and
Multi-objective Hypervolume-based Ant Colony Op-
timizer (MHACO, Schlüter et al. 2009). HypE is avail-
able in Grasshopper via the Octopus plug-in (Vier-
linger 2013). The remaining algorithms are available
via the Opossum plugin (Wortmann 2017b), with all
algorithms bar RBFOpt implemented in the Pygmo
optimization library for Python (Biscani et al. 2019).

METHODS
The research aims are (1) quantify the daylight po-
tential and analyze the tradeoff betweenmaximizing
natural light availability and minimizing whole en-
ergy consumption of the TalTech hall building, and
(2) evaluate the performance of different MOO al-

gorithms. The hall, located in Tallinn, Estonia (Lat.
59°26’N Lon. 24°45’E), has a square floorplan with an
area of 551.3 m2. The hall’s concrete roof presents
a sawtooth shape. The floor-to-ceiling height varies
from 8.25 m to 9.32 m. The hall, located above the
university’s canteen, presents three concrete external
walls toward south, east and north, and one internal
wall toward west (Figure 1). The hall south facade is
oriented 12° south-east.

Three-dimensionalmodels
Two three-dimensional models are realized with the
software Rhinoceros. The first uses solid geometries
to account for roof and walls thickness to guarantee
higher accuracy for daylight simulations. The sec-
ond is realizedusingonly single-surfaceobjects as re-
quired by the energy simulation software. Bothmod-
els present the same internal elements, i.e., beams
supporting the roof and a suspended room on the
north side used by technicians and interpreters.

Table 1
Parameters of the
used LED luminaires
and electric lighting
plan. Lu =
luminaires quantity,
Lo = connected
load per luminaire,
Flux = luminous
flux, Stnd =
stand-by power, IP
= total installed
power, PD = power
density, Ill =
average
illuminance, Un =
uniformity ratio.

Electric lighting plan
An electric lighting plan is modeled to determine the
installed power through the software DIALux. High-
efficiencydimmable LED luminaires areused tomaxi-
mize the exploitation of daylight, taking into account
its variability. Parameters of the used LED luminaires
and electric lighting plan are presented in Table 1.

The maintained minimum illuminance and uni-
formity (U0) thresholds used are 300 lx and 0.4, re-
spectively, on a grid located at 0.8 m from the floor,
following recommendations of the European stan-
dard EN 12464-1:2011 for places of public assembly.

Parametric model
A parametric model is realized using the software
Grasshopper. It generates variations of daylight
sources, one window placed high on the south
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façade and skylights on height sheds of the roof, four
facing south and four facing north (Figure 2). Pa-
rameters allow to: include or not the window; in-
clude none, two or four skylights facing south, two or
four facingnorth, or eight; change independently the
windowwidth and skylights length from5m to 20m,
the window height from 2m to 3m and the skylights
width from 1.5 m to 2 m (all with one centimeter
accuracy); select among window horizontal shading
none, twoor four, or vertical at distances that approx-
imate 2 m and 1m depending on the windowwidth;
select among skylight shading none, one or two lon-
gitudinal (long), transversal (short) in two quantities
obtained with the same method as the window. The
depth of the window’s horizontal shading has been
designed to block direct solar access, when the four
shading configuration is used, from mid-March to
mid-October, i.e., the cooling dominated period in
Tallinn. Thedepthof the long shadingof the skylights
has been designed to block direct solar access during
the entire year when the two shading configuration
is used. All the vertical (window) and short (skylights)
shading are 1 m deep. The parametric model inte-
grates the window and skylights variations with the
daylight and the energy models.

Daylightmodel
The daylight model is realized using the plug-in DIVA
for Grasshopper. DIVA allows for cDA assessment
throughdynamic daylight simulations performedus-

ing the validated software Radiance and Daysim and
annual statistical .epwweather data. The illuminance
threshold used is 300 lx. Since the hall is used for dif-
ferent activities such as conferences, presentations,
events and dance and music band rehearsals, a spe-
cific occupancy schedule is realized using usage data
from01.04.2018 to 31.03.2019. The analysis grid is lo-
cated at 0.8 m from the floor, as for the electric light-
ing model, and presents a cell size of 1 m. No glare
risk is assessed since excess of direct solar access is
accounted for as increased cooling energy consump-
tion due to solar gains. Interior material properties
and Radiance parameters are presented in Table 2.

Table 2
Materials
reflectance (R) and
glazing visible
transmittance (VT)
for window and
skylights, and
Radiance
parameters used in
the study. F-Gr =
floor and ext.
ground, W = walls,
C = ceiling, S =
shading, Gl =
glazing.

No external obstructions are accounted for, due the
closer buildings have similar height as the assembly
hall and are located at large distance. Two series of
Radiance parameter are used. A low accuracy one is
used to limit computational time for MOO, a high ac-
curacy one is used for daylight performance analysis
of tradeoff solutions. Using the daylight simulation
results and the parameters of installed and stand-by
power, DIVA computes the hourly electric lighting
schedule during the entire year for each variation.

Figure 2
TalTech assembly
hall variations with:
window with
vertical shading,
and eight skylights
with long shading
(left); window with
two horizontal
shading, and four
skylights facing
south with short
shading (right).
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Energymodel
Energy simulations are integrated in the parametric
model through the plug-in Honeybee, and are per-
formed through the software EnergyPlus. The single
zone energy model parameters are presented in Ta-
ble 3. The high thermal transmittance of walls and
roof is that of the existing building elements. The oc-
cupancy schedule and statisticalweatherdata are the
same used for daylight analysis. The electric light-
ing schedule is obtained from daylight simulations.
Energy simulations are performed to assess electric
lighting, heating and cooling energy consumption
for the entire year for each hall variation.

Table 3
Energy simulation
parameters. EW =
external walls, W-S
= window and
skylights, R = roof,
F-IW = floor and
internal wall, Ut = U
value total, A =
adiabatic, VT =
visible
transmittance,
SHGC = solar heat
gain coefficient.

Benchmarkmethodology
From the standpoint of MOO, the problem has four
integer variables (window configuration, window
shading type, skylight configuration, skylight shad-
ing type), four continuous variables (window width
and height and skylight length and width), and two
objectives (cDA and total energy). On an Intel Core
i7 (2.2GHz), one function evaluation (i.e., one day-
light andoneenergy simulation) takes approximately
90 seconds. As discussed above, we test six algo-
rithms: HypE, MHACO, MOEA/D, NSGA-II, NSPSO and
RBFMOpt. For the population-based algorithms (all
except RBFMOpt) we use a population size of 24.
For RBFMOpt, we test two different settings: Cycle

length 3 and cycle length 6. Cycle length determines
how long the algorithm spends on each point of the
Pareto front. Other than that, we use default set-
tings for all algorithms. To account for the algorithms’
statistic variability and to assess their robustness, we
run each algorithm five times, with a function evalu-
ation budget of 500 daylight and energy simulations.

RESULTS
The results are presented in two sub-sections. In the
first, the benchmark results are presented. In the sec-
ond, the daylight and energy performance results of
the best solutions are presented and discussed.

Benchmark results
We compare the algorithms’ performance in terms of
the achievedhypervolume, ameasure for the volume
of the tradeoff space covered by a Pareto front (Em-
merich and Deutz 2018). Figures 3 and 4 show that
HypE and RBFMOpt are the best performing algo-
rithms, with the remaining ones being significantly
slower and less robust. Although fast on average,
NSGA-II is the least robust algorithm: A single run
can result in a broad range of outcomes. RBFMOpt is
the fastest algorithmuntil about 450 function evalua-
tions, where it is overtaken byHypE. HypE is themost
robust algorithm, followed closely by RBFMOpt. RBF-
MOpt’s cycle length setting makes little difference,
but cycle length 3 is slightly worse than 6.

Figure 3
Speed of
convergence.
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Figure 4
Robustness.

Figure 5displays themost representative Pareto front
for each algorithm (i.e., the front closest to the av-
erage). It also displays the best-known Pareto front
compiled from all algorithms and runs. The closer
an algorithm is to the best-known front, the better
it is. Figure 5 confirms the conclusion that HypE
and RBFMOpt perform similarly well and the remain-
ing algorithms worse. The front found by NSGA-II
is the best of the second group, but NSGA-II’s low
robustness makes it difficult to recommend for this
and similar problems. Nevertheless, all Pareto fronts
present a similar tradeoff in terms of total energy ver-
sus cDA. Perhaps counterintuitively, better daylight
performance results in higher energy expenditure,
but the increase required to reach more than 50%
cDA is only around 2%.

Daylight and energy performance results
This section analyses the 170 tradeoff solutions on
the best-known Pareto front. 164 solutions include
the window and the skylights, with and without
shading. This result underlines the largerdaylightpo-
tential of multiple natural light sources. For the 94
solutions with a window, skylights and no shading
(type W+SK), 46 have the maximum number of sky-
lights (8). For these solutions, the window’s width
and height vary from 17.6 m to 20 m and from 2.66
m to 3 m, respectively. The skylights’ length and
width vary from 5 m to 19.96 m and from 1.5 m to
2 m, respectively. In short, to provide sufficing day-
light, a large window is necessary but skylights can

be smaller due to their higher daylight potential for
single floor buildings.

For the 70 solutions with windows and shaded
skylights (type W+SKs), 58 include two north-facing
skylights. The window’s width and height vary from
18.88 m to 20 m and from 2.66 m to 3 m, respec-
tively. The larger window used for these solutions is
due to the reduced daylight provision into the build-
ing by the skylights with shading. Almost identical to
the solutions without skylight shading, the skylights’
length and width vary from 5 m to 19.98 m and from
1.5 m to 2 m, respectively.

For the five solutions with only a window with
shading (type Ws) or without shading (type W), the
window’s width and height are as large as possible
to maximize daylight from this single light source lo-
cated on the side of the hall. In the single solution
with a shaded window and skylights (type Ws+SK),
all daylight sources present the maximum size. This
maximization is due to the window shading (vertical
at 1 m distance), which significantly reduces daylight
provision from the side of the building.

We evaluate daylight performance of all trade-
off solutions using the average cDA of the 414 sen-
sor points of the analysis grid (Figure 6). Results are
presented in Figure 7. The solution with maximum
av. cDA (60.9 %) belongs to type W+SK, and has the
largestwindowandeight skylights. The solutionwith
minimum av. cDA (39.4 %) belongs to type Ws, and
has a verywidewindowwith two horizontal shading.
No solution with four horizontal shading is present
among all tradeoffs. The average av. cDA among all
the solutions is 56.4 %. The solutions that yield the
minimumand average cDA scores for the typeW+SK,
i.e., 51.9 % and 58.4 % present daylight potential be-
low and above the average, respectively.

The two solutions belonging to type W yield an
av. cDA score largely below average. The single so-
lution belonging to type Ws+SK presents the largest
window and eight skylights, and yields close to max-
imum av. cDA score (60.7 %). The solutions belong-
ing to type W+SKs are below the average among all
solutions for minimum (50.3 %) and average av. cDA
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Figure 5
Representative
Pareto front and
best-known Pareto
front.

Figure 6
cDA analysis grid
for the solutions
with: window and
two skylights
toward north with
single shading - av.
cDA 51.9 % (left);
window with two
horizontal shading -
av. cDA 39.4 %
(right).

Figure 7
Minimum, average
and maximum av.
cDA for glazing type
and relative energy
consumption.
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score (54.7 %), but above average for maximum av.
cDA score (59.3 %). The lower performance of type
W+SKs comparing the other type with both daylight
sources (W+SK) are due to the effect of the skylights’
shading, that for some configurations block direct so-
lar access for the entire year.

We evaluate energy performance by comparing
energy consumption among all the tradeoff solu-
tions and against the base case, i.e., the hall with-
out daylight sources, during all the year (Figure 7).
The energy consumption of the base case is 246
kWh/m2y. The minimum energy consumption is 215
kWh/m2y, relative to type W, and the maximum 327
kWh/m2y, relative to type W+SK. The single solution
with a shaded window and skylights (type Ws+SK)
yields the same maximum energy consumption. Re-
sults show that, with few exceptions, larger energy
consumption is associated with larger daylight pro-
vision, but this tradeoff is nonlinear.

The two solutions with the best daylight provi-
sion, one belonging to type W+SK and yielding the
maximum av. cDA score for its type, and the single
case of type Ws+SK, yield av. CDA 8 % above the av-
erage among all solutions, but energy consumption
43 % above average and 33 % higher than the base
case. The solutionbelonging to typeW+SKandyield-
ing the average av. cDA score for its type, presents
a daylight potential 4 % above average among all
tradeoffs, and energy consumption 8 % above aver-
age, but only 1 % higher than the base case. The
solution with maximum av. cDA belonging to type
W+SKs yields daylight potential 5 % above average
and energy consumption 12 % above average, but
only 4 % higher than the base case. These results
show the availability of retrofit solutions that provide
large daylight with minimal additional energy con-
sumption.

As expected, all tradeoff solutions reduce the
electric lighting energy, from 47 % to 60 %. On the
other hand, solar gains increase cooling energy from
11 % to 555 %. Heating energy lies between a 5 %
decrease and a 31 % increase. These results confirm
that energy consumption decreases for electric light-

ing and increases for cooling, more or less propor-
tionally with glazed area size. At northern latitudes,
heating energy can be reduced or increased partly
due to the glazed area size, butmostly depending on
if their dominant orientation is south (window) or to-
ward the zenith (skylights), respectively.

CONCLUSION
This research investigated tradeoff solutions formax-
imizing daylight and minimizing energy consump-
tion in relation to the daylight retrofit of TalTech as-
sembly hall through window and skylights.

A MOO benchmark showed that only the HypE
and RBFMOpt algorithms work well on this problem,
with RBFMOpt the best algorithm for a small func-
tion evaluation budget. This result highlights RBF-
MOpt’s potential for simulation-based MOO, espe-
cially in concept design phases. But further andmore
extensive benchmarks are necessary to make more
generalized statements about the MOO algorithms’
performance for simulation-basedMOO, especially in
light of varying results on other problems. The pop-
ular NSGA-II algorithm cannot be recommended.

Of 170 tradeoff solutions, 165 have high day-
light potential, yielding av. cDA above 50 %. Among
these, 116 consume less energy than the base case.
These results show the significant potential of day-
light to provide appropriate illumination without ad-
ditional energy costs. Future work will expand the
analysis of solutions by including costs for construc-
tion and operation as an additional objective.
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Customized Housing Design

Tools to enable inhabitants to co-design their house
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In architecture, the individual needs and preferences of the end users need to be
achieved in order to ensure a successful design. Standardized houses have been
for long the reason for inhabitants' lack of satisfaction. The participation of
inhabitants in the design process of their own houses is a crucial aspect to
address housing customization, however there is a lack of effective tools to help
inhabitants co-design their houses. Generative design solutions seem to be an
effective way to address mass customization problem. In this paper we present a
literature review on computer aided design systems that allow inhabitants to
design, or partially design, their own houses. Existing solutions are classified in
several categories (as generation process, target users, type of outcome, type of
interaction, availability) regarding to what they accomplish and then analysed.

Keywords: Customization, User participation, Co-design, Computer-aided
design, Housing design systems

INTRODUCTION
There is an identified need for housing customization
that should address both social issues by increasing
identity andpersonalization, and functional issues by
incorporating the expertise of the designer. The par-
ticipation of the final users in the design process is
identified to be a crucial aspect for a successful de-
sign. This mass-customization problem needs to be
approached with a generative design system.

Renowned practitioners as the group MVRD
have been developing concepts to democratize ar-
chitecture and empowering inhabitants. This de-
mocratization is enable by the fact that the final de-
cisions are given to the user of the system and not to
the architect which raises questions of authorship of
as pointed out by Kolarevic and Duarte (2019). The

aim of this paper is to present a literature review on
the design computer tools that have beendeveloped
to enable the design of housing and targeted to be
usedor partially usedby inhabitants. In this paper ex-
isting solutions are classified in several categories (as
generation process, target users, type of outcomes,
type of interaction, availability) regarding to what
they accomplish and then analysed. The tools anal-
ysed in this paper support in some extend participa-
tory and co-design although most of them are not
used in the real-life design sector.

This paper is organized in four sections. In sec-
tion two and three we introduce the core themes of
the research which are Housing Customization, user
participation and co-design (section two) andGener-
ative Design Systems (section three). In section four
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we present the classification of housing design sys-
tem which is the main goal of the paper. We end the
paper by presenting a discussion and conclusions.

HOUSINGCUSTOMIZATION,USERPARTIC-
IPATION AND CO-DESIGN
One of the most common difficulties in architectural
design is to accommodate the specific wishes and
requirements of all end users in the design process
of their homes. As stated by Lo, Schnabel and Ay-
din (2016), “Providing housing is just a start, provid-
ing one that fits the individual needs families is the
one of the next challenges.”. In this line, enabling in-
habitants to have control over their future house will
assure this success and will democratize architecture
for the society as a whole, by letting society have a
voice and play an active role in the development of
thehousing industry. Architects havedeveloped sev-
eral concepts to enable houses to be customized by
their inhabitants andby solutions that arepredefined
and delivered with the initial design project.

Society has been taken part of design processes
in cases as housing, educational facilities and pub-
lic spaces. Participatory processes and co-design ini-
tiatives through face-to-face participation methods
such as meetings and workshops allow end users to
take an active role while the architect acts as moder-
ator. The Patio was a top-down initiative by the pub-
lic administration in Hammarkullen, Sweden, which
aimed to carry out a series of workshops and collab-
oration sessions in which citizens collaborated in the
planning and construction of a stage in the public
space (Stenberg, 2013). In the Netherlands, Álvaro
Siza Vieira designed Punt en Komma housing com-
plex in a participatory process, as part of the urban
renewal of the Schilderswijk district of theHague city.
La Mémé, medical students’ residence of the Univer-
sité Catholique de Louvain (UCL), designed by Lucien
Kroll in Brussels, is another example of a participatory
process, wherehands-onworkshopswere carriedout
between the architect and his team, UCL officials and
the medical students to create a design to unify the
campus.

The focus of the Open Building concept, devel-
oped by John Habraken (1972), is the creation of a
building that, without knowing who the end users
are, leaves its interior open, ensuring the necessary
flexibility to accommodate a wide range of possible
preferences and needs. Habraken proposes that the
interior of the building is independent of its shape
and develops the construction system Matura Infill
System that frees thewalls of the infrastructure, mak-
ing it possible to change its location so that the in-
terior of the building can be easily reorganized (Cu-
perus, 2001). Yona Friedman was another pioneer of
concepts such as flexibility, adaptability and empow-
ering citizens to decide on the interior of their own
homes. His best-known works are the Manifesto -
Mobile Architecture [3] and Mobile Architecture: 10
Principles of Spatial Urbanism [2] in which he pro-
poses a utopian city, Ville Spatiale, which would be
built in the airspace of a city. This environmentwould
be flexible, so that the inhabitants could define the
configuration of their own dwellings.

COMPUTER AIDED DESIGN SYSTEMS
Standardization allows the creation of mass-housing
in a relatively quick and low-cost manner. How-
ever, inhabitants have individual needs that stan-
dardization cannot address. In this sense, the need
for mass-customization is evident and can be aided
by generative design tools which allow the gener-
ation of a large number of diversified solutions in
an automated way. Since the last 40 years, work
have been done to develop computational design
tools to answer the need to create design alterna-
tives that correspond to the needs of end users. The
aim of such work is to develop intuitive and intelli-
gent design tools that assist the inhabitants identify-
ing their wishes and needs and in defining a hous-
ing design that responds to them. Parametric design
systems that enable to create diversified design so-
lutions by changing parameters and other computer
rule-based design systems have been developed to
answer the aims of customizations and diversifica-
tion.
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Parametric design is an algorithm-basedmethod
which changeable values of the parameters allow
to manipulate the geometry and explore within a
wide range of possibilities, in order to optimize the
form and increase the efficiency on the design anal-
ysis (Dino, 2012). Parametric design, combined with
BIM modelling, is being used by several offices and
MVRDV have developed a set of design tools that
enable to create designs controlled by parameters
in the Functionmixer, Citymaker and Villagemaker
(Zuidgeest, Burgh and Kalmeyer, 2013). The City-
maker, as well as the Villagemaker, were developed
with the aim to be an open-source design system
that includes citizen participation in order to create a
city that responds to citizens demands. Shape gram-
mars, introduced by Stiny and Gips (1972), are gen-
erative systems that generate designs, or composed
shapes, by recursively applying shape rules (defined
by shapes and spatial relations) to an initial shapeand
allowing to explore large solution spaces depend-
ing on the rules possibilities. Shape grammars have
been applied to several fields and there are different
purposes for its use: they can be used as analytical
tools, to generate new designs and also to generate
transformations. Stiny and Mitchell (1978) defined
the Palladian Grammar, the first shape grammar writ-
ten for the architectural field, which was able to gen-
erate the original designs of the Palladian villas and
create hypothetical new ones in the Palladian style.
Other more recent examples of shape grammars are
theworks ofDuarte (2005) andEloy (2012) that devel-
oped grammars with the aim to generate new hous-
ing designs or transformations, respectively, based
on thepreferences andneeds of the end-users. There
are non-commercial software and research solutions
for housing designwhich are, or were, available as i_-
Prefab Home (Huang and Krawczyk, 2006), ModRule
(Lo, Schnabel and Gao, 2015), Barcode (Madrazo et
al., 2010) and Architectures (SmartScapes Studio SL,
2019). Besides generative design tools as the ones
mentionedbefore, there are commercial software so-
lutions for homeowners to design their houses (e.g.
3DHomeArchitect, Roomsketcher, IKEA design tool).

Such tools enable citizens to develop their houses by
customizing them to their needs andwishes. The de-
signs these tools generate do not yet comply either
with architectural good practices or with building
regulation, and therefore somewhat mislead users.
The next step inmaking these tools available is there-
fore including more architectural knowledge such
that inhabitants indeed can take part in the housing
design.

CLASSIFICATION OF HOUSING DESIGN
TOOLS
In this part, an analysis is made on some computer
systems that use technologies as auxiliary tools for
the design of personalized housing. These systems
are categorized by different characteristics to iden-
tify the strengths andweaknesses of each one. These
categories include: 1) process of generating the so-
lutions; 2) target users; 3) type of outcome; 4) type of
interaction with the system; 5) availability of the sys-
tem.

Generation process

• Systems that generate in one step the final
design of a new house

Some systems aim at generating in one step the fi-
nal design of a house showing it to the end user and
omitting to him/her the stages of generation. These
systems exist for both new construction and for re-
furbishment purposes. For new construction Bar-
code Housing System (Madrazo et al., 2010) auto-
matically generates housing layouts that are filtered
andpresented to the user based on the requirements
defined by the inhabitants. Also i_Prefab Home
(Huang and Krawczyk, 2007) generates housing de-
sign and assists in selecting appropriate building
components for prefabricated housing. Haiti gram-
mar (Benrós et al., 2011) generates the design of cus-
tomized Haiti Colonial houses for post-Earthquake,
and Shaper GA (Taborda et al., 2018) generates dif-
ferent customized wood housing solutions based on
the requirements introduced by the user. The system

D1.T1.S1. DESIGN AND COMPUTATION OF URBAN AND LOCAL SYSTEMS – XS to XL - Volume 1 - eCAADe 38 | 69



presents a set of possible solutions that accomplish
the requirements through which user can navigate
to choose the final design. For housing transforma-
tions and refurbishments Rabo de Bacalhau Trans-
formation Grammar (Eloy and Duarte, 2015) enable
inhabitants to obtain a customized automatic design
for the refurbishment of their house. The concept
of the Bourgeois houses Porto grammar (Coimbra
and Romão, 2013) is also to provide a tool to cre-
ate alterative design solutions for the refurbishment
of a specific house type in Oporto. The Vernacular
Hayat houses grammar (Colakoglu, 2005) purpose
is to generate new house designs based in original
language of Hayat style. Some systems aim at gen-
erating a design of a house that already exists for
analysing propose. Analytical solutions with shape
grammars are used in most of these cases. Examples
are: the Malagueira design system, a shape grammar
design system created by Duarte (2005) that gen-
erates houses in Malagueira designed by Siza Vieira
(tool MALAG by (Duarte and Correia, 2006)); the
Favela Rocinha houses grammar, in Brazil, (Dias,
Gani and Chokyu, 2013); the Taiwanese traditional
vernacular dwellings grammar (Chiou and Krish-
namurti, 1995); and the Traditional Turkish houses
grammar (Çadaş, 1996).

• Systems that generate by steps the design of
a new house

Some systems aim at generating a design of a
new house step by step allowing users to make deci-
sions during the house design generation. Some ex-
amples of such systems are ModRule (Lo, Schnabel
and Gao, 2015), Group Forming (Ong, Janssen and
Lo, 2013), Layout Generation (Veloso, Celani and
Scheeren, 2018), A_Shaper (Santos et al., 2018), and
HouseMaker (MVRDVandAxis.fm, 2012). Also, in the
commercial sector there are systems that support the
design of houses or part of houses in a step by step
manner. Examples are the IKEA Home and Kitchen
Planner [4], the Room Sketcher [5] and the Sweet
Home 3D [1] to create customized houses and Ar-

chitectures [6] that allows the user to create mass-
housing design.

• System that generates in one step a part of
the house and leaves a part to be generated
by steps of a new house

Some other systems generate in one step part of
the house and leave other parts to be generated
step by step, allowing users to make decisions dur-
ing the house design generation. The ABC based
Customized Mass-Housing generator (Benrós and
Duarte, 2009) is a tool to generate and support the
design of mass-customized houses. A 3D model
is automatically generated based on the decisions
taken by the user and the tool then assists the user
in the spatial organization of the functional units.
Also theweb-based user-oriented tool for univer-
sal kitchendesign (Ma, 2002) generates design solu-
tions that are retrieved to present the most fitted so-
lutions based on the family’s requirements and also
supports the user, on the final stage, to choose the
appropriate kitchen equipment based on the rules of
universal design. The platform for consumer par-
ticipative design open buildings (Mcleish, 2003) is
a system that enables inhabitants to co-design their
houses/studios in an open building way. The system
generates the initial design and also allows user to re-
fine the layout step by step.

Target users

• Architects

Some of the systems under analysis are according to
the authors designed to be used by professionals.
Some of them, as Bourgeois houses Porto gram-
mar (Coimbra and Romão, 2013), Vernacular Hayat
houses grammar (Colakoglu, 2005), Favela Rocinha
houses grammar (Dias, Gani andChokyu, 2013); and
Taiwanese traditional vernacular dwellings gram-
mar (Chiou and Krishnamurti, 1995) are designed
for architects. For some of them the use still pre-
supposes design and programming skills that non-
designers do not have. The Traditional Turkish
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houses grammar (Çadaş, 1996) is designed, ac-
cording to the authors, to facilitate the understand-
ing of the Turkish houses by architecture students in
order to incorporate this knowledge in future hous-
ing designs.

• Clients

Other systems are targeted at the client himself,
whether is the end user (inhabitants) or the build-
ing promoter. Examples of systems target for inhabi-
tants are Rabo de Bacalhau Transformation Gram-
mar (Eloy and Duarte, 2015), Shaper-GA (Taborda et
al., 2018),A_Shaper (Santos et al., 2018),Web-based
user-oriented tool for universal kitchen design
(Ma, 2002), IKEAHome andKitchen Planner [4] and
Sweet Home 3D [1]. The HouseMaker (MVRDV and
Axis.fm, 2012) is also targeted for inhabitants and al-
lows them to remotely communicate with family or
friends in order to define the characteristics of the
house while they are assisted by the operator. Ar-
chitectures [6] and its online mass-housing design
system is designed to be used by the promoter of a
building block. MALAG (Duarte and Correia, 2006),
i_Prefab Home (Huang and Krawczyk, 2007) and
RoomSketcher [5] can also be handled by architects
but the main target public are the inhabitants.

• Architects and inhabitants

There are also collaborative systems that allows the
participation of different stakeholders and also the
communication between multiple end-users. Bar-
codeHousing System (Madrazo et al., 2010) and the
platform for consumer participative design open
buildings (Mcleish, 2003) enable the participation
of designers, end-users and manufacturers at differ-
ent stages of the process. ModRule (Lo, Schnabel
and Gao, 2015) and Group Forming (Ong, Janssen
and Lo, 2013) are handled by architects and inhab-
itants at different stages, but also allow the collab-
oration between multiple end users in order to cre-
ate mass housing solutions that every user is sat-
isfied with. Layout Generation (Veloso, Celani and
Scheeren, 2018) is used by architects and inhabitants

at each stage and also allows the collaboration be-
tween them at the final stage to choose finishes. The
ABC based Customized Mass-Housing generator
(Benrós and Duarte, 2009) and the Haiti grammar
(Benrós et al., 2011) are used by architects and fore-
see the inhabitant to be present during the decision
making process.

Type of design outcome

• Simplified floor plan

Some systems deliver at the end a simplified floor
plan which e.g. defines the functional areas of
the house but does not give construction informa-
tion. A_Shaper (Santos et al., 2018) and Shaper-
GA (Taborda et al., 2018) give as outcome a sim-
plified layout of a house. This layout is based on
a grid composed by squares of 60x60cm, a set of
squares composes a room, each type of room as a
different colour. Vernacular Hayat houses gram-
mar (Colakoglu, 2005), Favela Rocinha houses gram-
mar, (Dias, Gani and Chokyu, 2013); Taiwanese
traditional vernacular dwellings grammar (Chiou
and Krishnamurti, 1995); and Traditional Turkish
houses grammar (Çadaş, 1996) results are repre-
sented with shapes that figure schematic floorplans.

• Detailed floor plan

Other systems generate detailed floorplans with in-
dication of walls, openings and large-scale construc-
tion information as materials and construction sys-
tems. Such systems are Rabo de Bacalhau Trans-
formation Grammar (Eloy and Duarte, 2015), Bour-
geois Oporto houses transformation grammar
(Coimbra and Romão, 2013), and Group Forming
(Ong, Janssen and Lo, 2013). Web-based user-
oriented tool for universal kitchen design (Ma,
2002) floorplans also include kitchen equipment.

• Drawings and 3D house design

In addition to detailed drawings, some systems gen-
erate 3Dmodels that provides interior or aerial views.
In the HouseMaker (MVRDV and Axis.fm, 2012) the
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results of the options made are presented in 2D or
3D, according to the type of element that is be-
ing defined and it can be shared, printed, sent by
email and purchased. Also Room Sketcher [5] pro-
vides 2D floorplans, interior views and a 3D walk-
through mode, as well as Barcode housing sys-
tem (Madrazo et al., 2010) and Module (Lo, Schn-
abel and Gao, 2015) that generate detailed floor-
plans from simplified representations. The latter also
allows a virtual reality visualization with FuzorVDC
(www.kalloctech.com).

• Drawings, 3D house design and Lists

Other systems generate 2D drawings, 3D models
that provide different types of visualization and lists
of building elements and budget. Examples of
such systems are the i_Prefab Home (Huang and
Krawczyk, 2007) system, ABC based customized
mass-housinggenerator (Benrós andDuarte, 2009),
Haiti grammar (Benrós et al., 2011),MALAG (Duarte
and Correia, 2006), and Layout generation (Veloso,
Celani and Scheeren, 2018). The platform for
consumer participative design open buildings
(Mcleish, 2003) can also generate list of components
that reflect their positions and finishes optionsmade
by the user, Sweet Home 3D [1] generates print-
able furniture list besides the floorplan and 3D, and
the IKEA Home and Kitchen Planner [4] generates
the list of all the store’s products included in the de-
sign. Architectures [6] generates a viability analy-
sis and the entire architectural definition and con-
struction elements, with building services, prepared
to city permits. The outcome is generated in CAD,
BIM and Excel formats.

Type of interactionwith the system

• Start by defining user preferences

In this category we include all the systems that gen-
erate design solutions based on initial user require-
ments and users can change the requirements to
achieve different solution until they are satisfied. Ex-
amples of such systems are: Rabo de Bacalhau

Transformation Grammar (Eloy and Duarte, 2015)
that starts by the introduction of users requirements;
i_Prefab Home (Huang and Krawczyk, 2007), where
a user is defines the requirements through question-
naires and icon selection and then is able to select the
preferred solution and choose the finishes; MALAG
(Duarte and Correia, 2006), that generates on PRO-
GRAMA interface the design brief as a list of space re-
quirements tobe introducedonDESIGNA interface in
order to create the design solution; and Shaper-GA
(Taborda et al., 2018), that generates a bank of so-
lutions based on the requirements data introduced,
through which user can navigate until find the most
fitted or change the requirements to generate differ-
ent ones. Also the Web-based user-oriented tool
for universal kitchen design (Ma, 2002) is able to
generate solutions based on the information intro-
duced and update the results as the requirements
are changed. This tool also enables to drag and
drop universal design kitchen products and assists
the user with recommended solutions. The refin-
ing process of the design generated by the platform
for consumer participative design open buildings
(Mcleish, 2003) is made with physical models on an
interactive table and the system updates the design,
as the user moves the models, identifies problems
and suggests solutions. The HouseMaker (MVRDV
and Axis.fm, 2012) categorizes all the elements of
a house regarding materials, shapes, rooms, layout,
etc. Although there is not a mandatory sequence,
user starts by defining the room characteristics.

• Start not by defining user preferences

In this category we include all the systems that the
generation process does not start by the introduc-
tion of user preferences. ModRule (Lo, Schnabel and
Gao, 2015) and Group Forming (Ong, Janssen and
Lo, 2013) start by generating a grid with parameters
and spatial rules defined by the architect and then
multiple end users negotiate with each other to fill
the grid and define their houses. The interior layouts
are defined and ModRule also allows to drag room
types and make connections. In other mass housing
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systems, referred below, architects start with the def-
inition of the overall rules and characteristics of the
building, with fixed elements and common spaces,
and then the inhabitants define the interior of their
houses. Such systems are Barcode housing system
(Madrazo et al., 2010),ABCbased customizedmass-
housing generator (Benrós and Duarte, 2009). Also
Layout generation (Veloso, Celani and Scheeren,
2018) interaction is performed by steps where ini-
tially an open space is divided into smaller rooms and
then the system presents the next possible steps. In
commercial systems, as Room Sketcher [5], Sweet
Home 3D [1], and IKEA Home and Kitchen Plan-
ner [4] users can choose architectonic elements and
with them design a house in a semi random way.
A_Shaper (Santos et al., 2018) starts with the gen-
eration of a grid that represents the dimension of
the house, and the sequence of actions includes as-
signing in a specified order the entrance, the semi-
public spaces and, at the end, the private zones. Ar-
chitectures [6] starts with the definition of the ex-
ternal configuration of the building. The typolo-
gies of dwellings and interior layout are then de-
fined by the user and is also possible to control
the façade characteristics The authors of Bourgeois
Oporto houses transformation grammar (Coimbra
and Romão, 2013) do not define the type of interac-
tion although the process implies defining functional
zones and further the division into smaller rooms on
each floor until reaching the final result. Haiti gram-
mar design system (Benrós et al., 2011), Vernacular
Hayat houses grammar (Colakoglu, 2005); Favela
Rocinha houses grammar (Dias, Gani and Chokyu,
2013); Taiwanese traditional vernacular dwellings
grammar (Chiou and Krishnamurti, 1995); and Tra-
ditional Turkish houses grammar (Çadaş, 1996)
comprehends different stages of rule application al-
though the authors do not specify themode of inter-
action of the user with the systems.

Availability of the system

• Available online for free

IKEA Home and Kitchen Planner [4] is
available online for free at kitchenplan-
ner.ikea.com/au/UI/Pages/VPUI.htm. Room
Sketcher [5] can be used online at plan-
ner.roomsketcher.com, and it is possible to install
the application for using in the computer or a
tablet device. Sweet Home 3D [1] is also a free
system that can be used in two ways, online at
www.sweethome3d.com/SweetHome3DOnline.jsp
or using the application version.

• Available under request/payment

In Room Sketcher [5] not every feature is available
for free, the system has a premium subscription that
enablesusers tohaveaccess to every feature. Ademo
of Architectures [6] is available under request at ar-
chitechtures.com.

• Not available

Some systems have been implemented or partially
implemented as prototypes and are not available
online for free as well as not announced to be
available under request. Examples are A_Shaper
(Santos et al., 2018), Shaper-GA (Taborda et al.,
2018), ModRule (Lo, Schnabel and Gao, 2015), and
platform for consumer participative design open
buildings (Mcleish, 2003). Also prototypes of ABC
based customized mass-housing generator (Ben-
rós and Duarte, 2009) and Haiti grammar (Benrós
et al., 2011), developed to run on AutoCAD and Re-
vit Architecture software, respectively, are not avail-
able. Rabo de Bacalhau Transformation Grammar
(Eloy and Duarte, 2015), partially implemented by
Strobbe (Strobbe et al., 2016), HouseMaker (MVRDV
and Axis.fm, 2012), Web-based user-oriented tool
for universal kitchen design (Ma, 2002), i_Prefab
Home (Huang and Krawczyk, 2007) and LayoutGen-
eration (Veloso, Celani and Scheeren, 2018) are also
not available. Barcode Housing System (Madrazo
et al., 2010) is not available online as a design
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tool although the system explanation is available
at www.barcodehousing.net/english.html. Group
Forming (Ong, Janssen and Lo, 2013) prototype has
been implemented as a web application and is cur-
rently not available although an explanation about
the system is available at vimeo.com/26638743.
MALAG prototype (Duarte and Correia, 2006) was
envisioned to be used online or as a PC applica-
tion but the system is not available as a design
tool. There are also shape grammar systems that in-
tended to generate housing designs although they
have not been implemented as computational sys-
tems. Bourgeois Oporto houses transformation
grammar (Coimbra and Romão, 2013); Vernacular
Hayat houses grammar (Colakoglu, 2005); Favela
Rocinha houses grammar (Dias, Gani and Chokyu,
2013); Taiwanese traditional vernacular dwellings
grammar (Chiou andKrishnamurti, 1995); andTradi-
tional Turkish houses grammar (Çadaş, 1996) are
examples of such design systems.

Resume
This section presents a classification diagram, in the
form of a table (Table 1). The table summarizes the
characteristics of the systems analysed above, within
the defined criteria. The Av/Imp column shows the
characteristics analysed in the system availability cri-
terion; SM is a complement to the type of interaction
with the system criteria, and defineswhether the sys-
tems have (or not) the ability to directly manipulate
the space; Process refers to the analysis made to the
generation process; Users is for the target users; and,
finally, Outcome representation presents the type of
design outcome.

DISCUSSION AND CONCLUSIONS
The previously mentioned academic studies and
commercial tools were designed to help the cus-
tomization of housing. All of them have a general
aim of allowing the design of housing but they dif-
fer in the way they do it and to whom they were de-
signed to. Someallowadirect collaborationbetween
architects and inhabitants, others are designed only

for architects use, and others to be used just by in-
habitants. Different modes of visualization are used,
as 3D elements or schematic elements, that may not
be very effective in the perception of space by non-
specialists. Commercial examples allow 3D visual-
ization of different modes and angles since they are
generally intended to be used by inhabitants, who
have access to user-friendly drawing tools for di-
rect manipulation of space without needing techni-
cal knowledge. These tools generate designs that do
not yet comply either with architectural good prac-
tices orwithbuilding regulation, and therefore some-
what mislead users. Other commercial solutions are
intended for professional use, not including inhabi-
tants in the design process of their homes. We also
identified that most of the mentioned systems are
important contributions for themass-customizedde-
signproblem, but they are not available to the design
sector and therefore cannot beused in real life design
scenarios. We can then conclude that there is still a
lack of solutions that are cumulatively intuitive to be
used by the inhabitants, make it possible to gener-
ate a wide range of customized house designs and
comply with good architectural practices and con-
struction regulations. As saidbyKolarevic andDuarte
(2019) in the future it might happen that customers
can fully customize, via websites, their house layouts
and make all the decisions regarding the design of
their house. Such a possibility would democratize ar-
chitecture giving room for co-design and not mov-
ing away architects from the design process. Pre-
sented tools gave a step to allow this democratiza-
tion but the ones who include architecture knowl-
edge and intuitive interfaces are still not available to
the general public. The next step in making these
tools available is therefore to include more architec-
tural knowledge and make tools more user friendly
for non-designers such that inhabitants indeed can
take part in the housing design.
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Compliant composites are a new approach to composite systems that leverage the
semi-rigid properties of composite woven fabrics to create kinetic compliant
mechanisms. Simple fabrication and economic actuation principles are proposed
to transform planar fabrics into three-dimensional configurations without using
expensive molds, instead, relying on the millimeter-scale mechanical interactions
of woven composite fabrics. The relation between fabric type, weave, matrix,
laminations, and localized reinforcement was studied to achieve repeatable,
durable, and functional components that displayed instant transformations.
Woven compliant mechanisms were patterned to create adjustable surfaces
actuated uniaxially and biaxially producing different degrees of porosity. The
kinetic response is generated without the use of complicated mechanisms by
relying on material properties and smart geometries. Our system expands work
on kinetic surfaces with the advantage of the ease of actuation and fabrication.
These surfaces can be used in architectural applications such as facades, shading
mechanisms, and interior partitions where performative qualities are desirable.

Keywords: Compliant composites, Responsive systems, Material Intelligence,
Smart geometries

INTRODUCTION
Kinetic elements emerge from the need to adjust
to changing environmental or programmatic condi-
tions (Fiorito et al. 2016 & Fox 2016) or produce
aesthetic expressions. However, moving elements
in buildings remain a specialty application requir-
ing complex mechanisms. Compliant mechanisms
harness the inherent material flexibility (Howell, Ma-
gleby, and Olsen 2013) and offer new opportunities
for the design of kinetic systems in design and archi-
tecture.

Compliant elements, typically made with poly-
mers, have long been realized in the woven ‘vela’
shading systems of ancient Rome. Also, woven sails
on boats have been shaped by adjusting their ten-
sion anddirection in relation to rigid elements. These
techniques allow sailors to lend sails a desired dou-
bly curved geometry that best responds to particular
weather conditions. However, changes in sail curva-
ture remain relatively small. The goal of tensilemem-
brane designs in architecture has been the opposite
- minimizing shape change caused by changing load
conditions. Developments of technical textiles such
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as woven fiberglass have expanded the architectural
applications of woven fabrics.

This research on compliant composites inte-
grates digital and material technologies in kinetic
surfaces whereby woven composite fabrics trans-
form from flat into doubly curved configurations
merely in response to strains introduced in specific
directions relative to weave orientation. The ap-
proach exploits the combination of high Poisson’s ra-
tio and the small but significant in-plane surface stiff-
ness of certain composite fabrics. The deformations
are immediate and reversible and occur in a factor
of seconds for the centimeter-scale prototypes. Scal-
ing up will have to take into account force-increase
and the self-weight of the fabric. Utilizing the mate-
rial and geometric properties of woven fabric com-
posites, this work presents a new mold-less forming
technique offering the composite material industry
an alternative to expensive molds. Compliant com-
posites expandwork on ‘SmartMaterials’ (Addington
and Schodek 2004) and kinetic surfaces such as dif-
ferential swelling of thin wood elements (Correa et
al. 2013), buckling (Lienhard et al. 2011) and curved
folding (Korner et al. 2016) of composite laminates.

Background
Since Frei Otto’s form-finding experiments using
soap films and stretch fabrics in the 1960s, advances
in structural fabrics used in buildings have been
steady. For permanent applications, Teflon-coated
fiberglass (PTFE) fabrics dominate current architec-
tural applications (Koch et al. 2004). Most struc-
tural membranes are formed by prestressing into
anticlastic shapes to achieve load-bearing capacity
(Bechthold 2008) while non-structural applications
tend to be limited to interior uses. Kinetic appli-
cations featuring membranes are rare and do not
use woven fabrics but they focus on highly elastic
films such as ETFE (Cardoso,Michaud, and Sass 2007).
However, woven fabrics have a remarkable ability to
elongate and change shape, andmodern composites
have relatively high in-plane stiffness that could ad-
vantageously be used at an architectural scale.

In the composite industry, current automated
methods use expensive molds where woven fabrics
are infused with rigid matrices produce static forms
(August et al. 2014). This is justifiable by the high vol-
umes inmassproductionbutpresents a challenge for
form production at other scales. Formass customiza-
tion, however, robotics and flexible tooling present
potentials to tackle this (Land et. al 2015; Ginger Gar-
diner 2017). Additionally, research in programmable
materials proposes self- forming materials generat-
ing 3d shapes in response to stimuli (Tibbits 2017).
However, most of these are limited to non-structural
polymers that present slow behavior.

Some research effectively combines composite
stiffness with polymer matrix’s flexibility to form
compliant structures (Mark and Gozdz 2017) but
they focus on the static states without leveraging
the dynamic properties of woven compliant com-
posites. Examples of recent work by the Institute
for Computational Design and Construction, ‘Hygro-
morph’, and ‘Hydroskin’, successfully demonstrate
that moisture-responsive wood veneer with differ-
ential swelling creates large-scale shape transforma-
tions (Correa and Menges 2015). However, their
shape change presents slow responses that a user
cannot override, and any protective coatings would
reduce their response. The Instituteof Building Struc-
tures and Structural Design’s work successfully trans-
lates biomimetic principles into compliant mecha-
nisms (Schleicher et al. 2015) that respond in real-
time and on-demand. ‘Flectofin’ shows a reinforced
fiberglass composite shaped by a bending beam,
causing lateral-torsional buckling (Knippers et al.
2012; J. Lienhard et al. 2011,2014). ‘Flectofold’ in-
cludes GFRP components added together to form a
kinetic surface system. Using principles of curved
folding, linear actuation causes three-dimensional
deformation. Fabrication is complex as laminated
modules are equipped with air pockets that actu-
ate pneumatically (Korner et al. 2018). Both sys-
tems require the same number of actuators per flexi-
ble modules leading to costs associated with this ra-
tio. Smart composites using shape memory materi-
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als have been developed to produce unidirectional
deformation through bending (Lignarolo, Lelieveld,
and Teuffel 2011) while Shapeshift developed by the
Eidgenössische Technische Hochschule uses smart
materials but require high voltage to actuate elec-
troactive polymers (Kretzer and Rossi 2019).

The literature review shows opportunities to ex-
pand existing work on compliant surfaces systems,
establishing the following research goals:

• Shape change and actuation method are to be
decoupled to allow for any combination of en-
vironmentally driven (passive) and user deter-
mined (active) transformation.

• Designs should allow multiple elements to be
actuated with few and simple actuators.

• Complex, doubly curved formswere desirable in
order to produce stiff deformed shapes.

• Fabrication methods were to be simple empha-
sizing production of flat composite forms that
minimize mold costs.

METHODS
Geometry andMaterial Behavior
The underlying principle of the behavior of Compli-
ant Composites is the mechanical straining of se-
lectively infused flat woven composites to achieve
three-dimensional configurations. Observing thede-
formation of woven fabrics into double-curvature
surfaces in response to specific strain, we studied the
material’s weave orientation relative to the direction
of force applied to achieve maximum and controlled
deformation.

Figure 1
Woven compliant
composite
mechanism

Woven fabrics are anisotropic materials with differ-
ent elastic constants basedon thedirectionof the ap-
plied tensile force (Kilby 1963). On a larger scale, the
fabrics used in this research are stretchable in anypla-
nar direction other than along the orthogonal struc-
tural threaddirectionsu andv (Figure 2a, b). Poisson’s
ratio and Young’smodulus of fabric are highest when
the direction of tensile force is at forty-five degrees
relative to the weave direction (Penava, Penava, and
Knezic 2014). We refer to these diagonal axes as d1
and d2, where d1 is the actuation axis.

The in-plane deformation of the fabric at themil-
limeter scalemimics a series of pivoting strips. Micro-
scopic images (Figure 2c, d), confirm that the fibers
behave like apantograph (Zhou, Jin, andWang2008).
Under uniaxial force, the towof the fabric shears until
the yarns lock (Figure 2c and 2d) eventually exhibit-
ing out of plane shear buckling (Misra, Dixit, andMali
2014; Zhou, Jin, and Wang 2008). This behavior is
non-linear since resistance increases as the angle be-
tween threads decreases (Figure 9b).

When a square flat sample is strained along the
d1 axis, points P1 and P3 move apart while points
P2 and P4 move closer (Figure 3a,b). As the fabric
shortens along axis d2, buckling develops in that di-
rection, and leads to a secondary curvature along
the actuation axis d1. Buckling is the direct result of
the semi-rigid properties of the composite material
used. The deformed shape features a positive Gaus-
sian curvature surface with point M as its peak. Fig-
ure 3c shows a pseudo rigidmodel -often used to un-
derstand compliant mechanisms behaviors (Howell,
Midha, and Norton 1996) -with a semi-rigid slender
strut perpendicular to the direction of tensile strain.

SAMPLING AND TESTING
Following the geometrical analysis of woven com-
posite fabrics, a series of samples were produced
to fabricate durable composites that allowed con-
trollable and repeatable transformations from flat to
doubly curved surfaces. In our research, the intended
behavior of such samples is defined as the deforma-
tion necessary where vertices P2 and P4 touch under
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Figure 2
a) Plain woven
fabric not actuated
(a) and actuated
along d1 axis (b).
Electron
microscopic plain
weave carbon fiber
in initial (c) and
actuated stage (d).uniaxial load (Figure 1). Samples were characterized

by the following parameters: fabric type, weave type,
weave orientation relative to sample boundary, ma-
trix type, sample size, number of lamination layers,
and locationof reinforcedareas. Figure 4 showsama-
terial sample taxonomy of weave parameters.

After studying several boundary shapes, squares
were selected as the most neutral choice best
demonstrating the material-based deformation. 3”,
6” and 12” square samples were generated to ob-
serve a change in behavior relative to size. The com-
posite samples were fabricated by infusing the ma-
trix into the dry fabric to produce: single layer, lami-
nated, and selectively reinforced samples (Figure 5b).
For lamination, multiple layers of fabric were bonded
together with one matrix throughout. For reinforced
samples, materials with different elastic properties
were used (Figure 4). For some, the center was rein-
forced (Figure 5b), while for others, the lateral wings
(Figure 5c). The composition of the sampleswas doc-
umented and correlated with data obtained during
the deformation tests.

Each sample was tested using an Instron 5969 to
determine behavior type, sample durability, actua-

tion force required to operate the compliant mech-
anism, displacement of corner points, and transition
stages (Figure 5d). To test a sample, it was secured
flat by fasteners placed at opposite corners along d1.
A tensile force was applied along d1 while force and
displacementswere recordedatmaximumactuation.
Each was tested ten times to document repeatable
behavior.

RESULTS
The findings show the relationship between sample
composition and recorded data and reflect the re-
search criteria applied to architectural design. The
thread orientation in relation to elongation axis d1
is crucial to achieve a compliant behavior. Samples
with plain and twill 2/2weave fabrics elongated at 45
degrees in relation to the thread structure, showed
maximum strain values. As the rotation of tow in-
creases, θ gets smaller; this increases resistance and
related three-dimensional deformations of buckling
and bending. Consequently, compliance along the
actuation axis and subsequent stiffening, as force is
applied, are key for achieving the intended behavior
of woven compliant composites. Based on our ex-

Figure 3
Multi-view showing
Woven Compliant
Composite in initial
(a) and actuated
stage (b).
Pseudo-rigid model
simplifying
behavior of
complaint
mechanism (c).
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Figure 4
Taxonomy of
composite samples

Figure 5
a) Composite Fabric
Sample b)
Composite Fabric
reinforced along
linear axis d2 c)
Composite Fabric
reinforced at wings
(d) Testing using
Instron 5969

Figure 6
a) Dry Woven
Fabrics Sample
Comparison. b)
Sample 1-3
Comparison.

Table 1
Summary of Sample
geo-material
composition
parameters in
relation to intended
behavior
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Figure 7
Woven Carbon
Fiber Selected
Samples
Comparison

periments, material, and weave type determine fab-
ric stiffness. The twill samples are slightly stifferwhen
compared with the plain ones (Figure 6a). Although
dry fabrics (not matrix-infused) present compliance,
without a bonding matrix, unprotected fibers fray
compromising fabric integrity and performance. On
the contrary, silicone matrices provide a protective
coating. Presenting high elastic properties, M1, M2,
and M3 (Figure 3), worked best as they allow strain
along the actuation axis d1 while returning to the
original state, absent of force.

The intended behavior was achieved by either
using a stiffer woven fabric or by adding fiber rein-
forcement along axis d2 (Table 1). Sample 1 com-
posed of CF infused with silicone matrix M3, shows
inconsistent behavior (Figure 7). In contrast, Sample
2 shows the same matrix, but with a stiffer material
(GF_SA twill weave), so predictable results of the in-
tended performance were obtained (Figure 7). How-
ever, these types of samples had equal chances to
buckle either on the -z or +z direction. Placing cen-
tral fiber reinforcement creates a bias towards a buck-
lingmode in the positive z-axis as shown in Sample 3,
which has the same composition of Sample 1 except
for the addition of a prepreg uniaxial strip central re-
inforcement along axis d2. Conversely, localized stiff-
ness at the wings did not lead to wings uplift. Figure
6b compares all of these samples relating force to dis-
placement.

In terms of size, thickness was increased for
the larger 12” (Figure 8) unit samples to attain con-
trolled transformation in larger aggregations. Differ-
ent thicknesses were obtained by lamination, where
thread alignment between layers assured compliant
behaviors (Figure 8). As thickness increases, more
force was necessary for actuation.

Figure 8
Sample#4: 12”x12”
CF_Plain_M3_R_-
GF_SA Sample
prototype

Non-linear Finite Element Analysis
Woven fabrics are generally non-homogeneous,
anisotropic, and discontinuous objects that present
large deformations and displacements in propaga-
tion planes even under moderate loads (Hu 2004).
Since our fabrics consist of perpendicularly oriented
fibers immersed in a soft matrix, two constitutive
models, Neo-Hookean and Holzapfel, were tested
in the FEA simulations (Figure 9a). Although Neo-
Hookean models are used to predict non-linear
strain behaviors (Ogden 1984; Macosko 1994), the
Holzapfel model approximated the behavior of the
physical samples better as it describes the non-linear
and anisotropic behavior of soft tissues (Holzapfel
2001) (Figure 9). In our case, the parameters to define
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Figure 9
a) FEA simulations:
Neo-Hookean
model (top) and
Holzapfel (bottom)
b) FEA models and
physical prototype
comparison chart.

the matrices used for both models are the same, but
the Holzapfel accounts for fiber anisotropy. Abaqus
2017 was used to model a hyper-elastic anisotropic
material response with a uniform density of 1000
kg/m3. Figure 9b compares two curves from the
different FEA models employed and a physical pro-
totype. The Holzapfel model shows stiffening as the
applied force increases (a behavior observed dur-
ing the experiments). Given the close agreement to
physical tests, the Holzapfel model was used to sim-
ulate the compliant composite mechanisms (Figure
10).

Architectural Application Studies
This section covers architectural design proposals
where compliant composites are deployed as ki-
netic surfaces for facades and interior partitions. In
these applications, tessellations were generated us-
ing Sample 3 modules to achieve varying degrees of
porosity and change in the three-dimensional shape.
Two different types of actuation are shown: uniax-
ial (Figure 11) and biaxial (Figure 12). These patterns
canbe cut economically froma fabric, where areas for

central reinforcement are programmed and infused
with matrix throughout. External actuation is mini-
mizedby relyingon thebehavior ofwoven complaint
composites.

In scenario 1 (Figure 11), the pattern features
columns actuated vertically, independent, or syn-
chronized. Laminated prepreg central reinforcement
is orientednormal to the axis of actuation. In scenario
2 (Figure 12), a tessellation of perpendicularmodules
in rows and columns allows for biaxial actuation (ver-
tical and horizontal). Reinforced areas are oriented
normal to each axis of actuation. This pattern en-
ables actuating only the rows, only the columns, or
both at the same time (Figure 12d). Biaxial actuation
is possible due to the bidirectional structural behav-
ior of woven fabrics (Figure 2a and 2b). Figure 12b
and12c showa shadingmechanismdevelopedusing
this biaxial system of actuation. A physical prototype
of 18”x18” with a tessellation of four by four mod-
ules was produced and actuated showing the vari-
ous modes capable of the biaxial arrangement (Fig-
ure 12d and 13a). Figure 13b is a visualization of us-
ing that system in the design of a pavilion.

Figure 10
a) Physical
prototype of
Sample 3 b) FEA of
Sample 3 and
Physical Prototype
superimposed
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Figure 11
Scenario 1: a)
Uniaxial actuated
modules. Partition
with initial (b) and
actuated stages (c).
d) Gradient
programmed on
monolithic fabric
with same force
actuates different
size modules.

Figure 12
Scenario 2: a)
Bi-axially actuated
modules. Façade
showing initial (b)
and actuated stages
(c). d) Different
modes of biaxial
actuation in an
18”x18” physical
prototype.

Figure 13
a) 18”x18” physical
prototype featuring
samples 3
aggregation. b)
Visualization of a
pavilion with
woven compliant
composites,
bi-axially actuated
in its initial and
deployed stage.

86 | eCAADe 38 - D1.T2.S1. HEALTH AND MATERIALS IN ARCHITECTURE AND CITIES - Volume 1



CONCLUSIONS AND FUTURE RESEARCH
The interest in kinetic elements on buildings stems
from the need to adjust to environmental changes or
add animation but moving elements in architecture
often rely on complexmechanisms that hinge, rotate,
or otherwise shape in response to actuation. Employ-
ing woven fabrics offers significant potentials for the
design of efficient kinetic facades. Recent work on
tensile membranes has advanced the use of woven
fiberglass and other fabrics. However, their applica-
tion as kinetic elements in architecture is rare and
does not use principles of woven fabrics for actua-
tion. Most architectural membranes use double cur-
vature and biaxial prestress to increase load-bearing
capacity in fabrics. Other cases present highly elastic
films such as ETFE with a high degree of elastomeric
materials instead of relying on weave structure to
achieve kinetic responses.

This research uses composites to design kinetic
compliant mechanisms that behave as hybrids be-
tween a fabric and a surface. Undergoing shear buck-
ling, reversible three-dimensional configurations are
achieved by using fabric weave bias. The system
utilizes a combination of high Poisson’s ratio and
the small but significant in-plane surface stiffness of
composite fabrics. The fabrication method allows
flat composites to transform into doubly curved ki-
netic elements without the need for molds. The rela-
tion between fabric type, weave, matrix, number of
laminates, and localized reinforcement has a direct
impact on achieving repeatable, durable, reversible,
and functional components that display rapid trans-
formations. Surfaces were patterned by applying the
principles of woven compliant mechanisms to create
adjustable architectural components that displayed
different degrees of porosity, are easily and efficiently
actuated and are reversible. Being part of a woven
system, multiple elements are actuated with one ac-
tuator. The shape change and the actuation allowed
various modes of control that are determined by a
user and can potentially be tied to environmental
sensors.

This mold-less technique proposes an alterna-
tive for the composite industry and expands research
on adjustable skins such as differential swelling of
thin wood elements and buckling of composites by
proposing a simple actuation method based on the
mechanics of fabrics. Other possible applications in-
clude soft robotic grippers, textile prosthetics, con-
sumer products, toys, as well as elements in fashion.

Future Research
Applications will help further guide the decision on
what next steps to take, what problems to solve, and
on which to focus. Part of this effort will be research
to understand a more extreme range of scales for
compliant composites, both larger and very small.
This will require a more refined and elaborate com-
putational simulation strategy that models the semi-
rigid behavior even more reliably. Possible further
investigations include the use of multi-material 3d
printing whereby resin and elastomeric patterns are
deposited for additional customization of fabric per-
formance.
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Digital Tectonics of Fabric and Concrete
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Fabric formwork, known as the casting concrete with flexible fabric molds, frees
the nature of the material, which is fluidity; hence, its tectonics. This paper
examines the tectonics of concrete and fabric through computational design and
analog methods. During this examination, fabrigami technique is used to foresee
the intuitive act of concrete within the fabric mold concerning the computational
model. Fabrigami use in fabric formwork allows the emergence of a dynamic
fabric mold system revealing form variations.

Keywords: fabric formwork, fabrigami, folding, dynamic mold

INTRODUCTION
Concrete, one of the most widely used materials
of architecture, has become a material that pro-
duces repetitive architectural tectonics squeezed
into wooden molds in general. Although there are
flexibility and fluidity in the essence of concrete, the
limits determined by conventional formwork meth-
ods with concrete material are generally far from be-
ing flexible. Fabric formwork, known as the cast-
ing concrete with flexible fabric molds, frees the na-
ture of the material hence its tectonics. Researchers
and designers have been investigating the structural
and artistic performance of the fabric form concrete
on the architectural elements and design products
by using both analog and digital methods since the
19th century (Veenendaal et al., 2011, Veenendaal,
2016). Conventional concrete casting methods have
started to be questioned, starting with the integra-
tion of fabric formwork to design, especially through-
out the technological developments. As one of the
pioneers of the fabric formwork field and the founder
of Centre of Architectural Structures and Technol-

ogy (CAST)(2002) at the University of Manitoba, Win-
nipeg, MarkWest underlines that this integration de-
fines a new periphery for the entire “tree” of con-
crete architecture. West approaches to concrete ma-
terial as an entity that does not have any idea about
its form in the end. According to him, the flexibil-
ity of mold enables an ongoing relationship with re-
sponsive concrete material where the plasticity and
weight determine and define the final form (West,
2016).

The definition of the form in fabric formwork has
a grammar constructed upon gravity, flexibility, ma-
terial amount/weight, and supports/hinges. All these
elements can also be called as the vocabulary of the
grammar of the generated concrete form. Fabric
formwork differs from conventional formwork meth-
ods with its unpredictable nature. The result of fabric
form concrete casting can always differ even with a
well-defined or duplicated mold. The use of CAD/-
CAM technologies and robotic production methods
opened a gate for novel production methods for
molds, consequently for fabric formed concrete, es-
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pecially to foresee the result of the casting and to
raise the accuracy of the digital simulation models.
Regarding the destructive effects of the age of hu-
mans, the research in architecture has focusedmore-
over on material reduction and sustainable methods
in construction and design using computational de-
sign tools and methods. Fabric formed concrete re-
sponses to these needs most, but it could not have
been spread around the construction market yet.

While these concerns lead design research, re-
searchers also seek novel form-finding methods via
these technologies. Different form variations can be
produced with the flexible and fluid-structure of the
concrete. The relationship between the digitally de-
signed and applied leads to the continuous feedback
loop about the mold and generated form. While
the mold evolves during these feedbacks, the form
changes from one situation to another. Although
these inversion and transformation processes are un-
certain in conventional methods, they can be pre-
dicted by computational design methods.

CONTENT
Form generation via fabric mold is a production
method that will come to the forefront in the future
with developing technologies working on mostly
material reduction, computation, construction, and
sustainability topics. Therefore, the computable be-
havior of themolds andmaterials regarding the gen-
erated forms should be examined more to discover
the potentials of the tectonics of the fabric and con-
crete in digital realms.

In this paper, digital tectonics of concrete and
fabric is investigated through computational design
and analog methods. The relationship between
the material, mold, and digital model is questioned
through the technique of fabrigami (fabric origami)
during this investigation. A dynamic fabric mold sys-
tem is usedwhile seeking for novel tectonics of fabric
formed concrete besides. The study has four stages,
as listed below.

1. the investigation of fabrigami and its use in de-
sign in terms of geometry and form

2. the use of fabrigami as a patterning technique
via computational design methods

3. the design of the computational model of the
mold

4. the fabrication of the mold and casting the con-
crete

The experiment stages are compared to elaborate on
the behavior of the fabric mold both in analog and
digital realms. The reusability of the mold is also
questioned.

Fabrigami and Its Use in Design
Fabrigami means folding fabric by using origami
techniques. While the primary material is paper in
origami, in fabrigami, it is fabric (Stovall, et al., 2013).
Origami, which is a combination of two words; ori
(originated as oru)meaning “to fold” and kamimean-
ing “paper” in Japanese, is the art of transforming a
2D shaped flat paper through a recipe into a 3D form
by using solely fold operations (see figure 1). In this
paper’s context gami - rendaku sound of the paper
(Kubozono, 2008)- does not represent a material. On
the contrary, it represents the folding act. In this case,
gami is used as a morpheme and fabric, and gami
unites the word Fabrigami which can be defined as
the act of folding 2D fabric with a step by step pro-
cedure to generate a 3D form. While the geometri-
cal result of origami is predictable, the geometrical
result of fabrigami can both be predictable or unpre-
dictable.

Figure 1
An origami form
generated through
a waterbomb base
pattern produced
by the author

The static nature of a flat sheet of fabric turns into
a dynamic form through a mathematical recipe,
through an algorithm as in origami. However, the al-
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gorithm of the origami needs to change in terms of
operations for fabrigami, especially in actualization
phase. While origami depends on solely folding, fab-
rigami needs more hinge-like operations according
to the use purpose (see figure 2).

Figure 2
Fabrigami forms
generated through
the waterbomb
base pattern by
Dennis van
Rijsbergen, the
folding is generated
with dashed laser
cut lines.

Fabrigami and its use in design in terms of geome-
try and form depend on origami folding operations.
Origami is widely used in architecture and design for
form-finding, shell, and plate design and structural
design areas. It offers opportunities to explore var-
ious generative, kinetic, and deployable structural
behaviors as well as esthetic qualities with its from
simple to complex mathematical relations with form
(Sorguç et al., 2009, Coar, et al., 2016). As origami
techniques base upon transforming a 2D rigid sheet
or plate into a 3D rigid form, fabrigami uses anchor
points/edges and hinges as in tensile structures or
supporters like indeployable structures (seefigure3).

Figure 3
Studio Samira
Boon’s woven
self-supported
origami used fabrics

Figure 4
Fabrigami Project
by L. Coar, C.
Mueller, L. De Laet,
J. Hare, K. Wiese, S.
Oberlin, Winnipeg,
Canada. 2016

While Samira Boon focuses on using fabrigami by
digital weaving techniques, Lancelot Coar et al. ’s

Fabrigami named project is an accurate and contem-
porary example of tensile structure typology. The
study is also theonly research that uses theword Fab-
rigami in the architecture field. The designers use
origami both for form generation and structural per-
formance. It is a temporary warming hut project in
Winnipeg, using flexible fabric material. An ice shell
is created by wetting the fabric with water and then
by making it freeze to achieve a rigid structure (see
figure 4).

Fabrigami as a Patterning Technique via
Computational DesignMethods
Fabrigami uses origami techniques in terms of pat-
tern generation. It uses the samegrammar grounded
on a crease pattern, which is an unfolded diagram of
the form. In other words, it is a generative 2D de-
sign representation working as a reference for the
folding lines. A crease pattern references two types
of folding acts called mountain and valley as illus-
trated in figure 5. Origami form emerges by folding
the crease pattern according to mountain and valley
traces. These traces structure spine of the form (Lang,
2011).

The fabric should be strengthened in fabrigami
to achieve a self-supporting form. There are multiple
techniques to strengthen the fabric, such as 3D print-
ing the crease pattern on the fabric, digital weaving,
using tensile and deployable bar structure typolo-
gies, and material studies like creating a hybrid fab-
ric combined of textile and plastic. The subject mat-
ter is selected as the waterbomb base pattern to un-
derstand the essence of the origami geometry and
fabrigami pattern generation. Waterbomb base is a
fundamental pattern that can produce complex ge-
ometries with its tessellations. The parameters of the
waterbomb base are mountain, valley, edge anchor
points, center anchor point, mountain orbit, valley
orbit.(see figure 5) The generated unit from the wa-
terbomb base can act as the unit of a modular sys-
tem. One of the variations of the waterbomb base
tessellation can be seen in figure 6.
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Figure 5
The parameters of
the waterbomb
base

The Design of the Computational Model of
theMold
All these parameters can be controlled dynamically
through a computational model, and the variations
can be determined accordingly. To understand the
dynamic nature of folding, the waterbomb base pat-
tern folding motion kept symmetrical in the gener-
ated computational model. There is a spherical kine-
matic where all the action is determined through a
single input, which is the folding angle shown in YZ
coordinate direction in figure 7 (Hanna et al., 2014).
As the angle differs, the anchor points move along
the mountain and valley orbits, and the generated
form closes and opens dynamically. This folding act
opens a gate towards a dynamic mold system that
can be computed. Through one waterbomb base
pattern, many variations can be produced. Till to this
stage, the fabric plates are considered as flat sheets.
Hence the results of the folding act are predictable.

While the computational model of the mold is
generated with RhinoCeros software and Grasshop-
per plugin, the simulation of fabric formwork is con-
ducted with the Kangaroo plugin. Kangaroo en-
ables the physical simulations, but the accuracy of
the computed models is questionable in this study
in terms of material quality and behavior. Accord-
ing to that, two computationalmodels are generated
regarding the control tolerance. In the first model,
the anchor points all along the fabric edge have been

rigid as like a rib structure, and the foldedmountains
and valleys are considered as a hinge-like spine (see
figure 8). The first simulation created a controlled be-
havior that can be observed through the folding an-
gle variations, as seen in figure 9. It also enables the
creation of a two-way fold modular design unit, as
shown in figure 10.

In the second definition, the anchor points de-
termined as the corner vertices of the fabric, and the
crease pattern is considered as a hinge-like spine (see
figure 11). The results are unpredictable, and control
tolerance and the simulation accuracy is low. There-
fore, to foresee the unpredictable acts, the second
model definition is selected to produce the mold for
casting the concrete.

Fabrication of the Mold and Casting the
Concrete
Regarding the findings from the computational
model, a trial mold is designed in the home environ-
ment. The primary materials of the mold are felt for
fabric,metal bars as spines, cement, water, ropes, and
wood for the structure (see figure 13). The planned
dynamic mold could not be actualized due to ma-
terial limitations. However, the static mold works as
an exploration medium to understand control toler-
ances, and it sheds light on the dynamicmold gener-
ation. It has been realized that the symmetrical ki-
netic system of fabrigami is unstable due to fabric

Figure 6
The waterbomb
base tessellation
variations and their
crease pattern
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Figure 7
The dynamic
folding variations of
waterbomb base
pattern through the
angular changes in
ZY and XZ
directions

quality. As a result, the control points symmetry of
the fabric mold was not accurate, as in the computa-
tional model. More fabric types need to be tested to
understand this situation, and themold construction
needs to be more precise in terms of fabrigami and
fabric formwork parameters.

The final fabric formwork has proved the unpre-
dictable act of the fabric (see figure 14). As West
pointedout, the concretehasno idea about its shape.
Hence this situation can be interpreted as a creative
shift in the design process. According to that, the
computational model can be reevaluated.

Themetal bars as a spine technique also needs to
be elaborated, andmore variations need to be tested
by using multiple techniques to strengthen the fab-

ric. 3D printing the crease pattern on the fabric, dig-
ital weaving, using tensile and deployable bar struc-
ture typologies, and material studies like creating a
hybrid fabric combined of textile and plastic should
be researched and tested on a fabric form concrete
casting.

CONCLUSION
In this study, the intuitive act of concrete within
the fabric mold is explored by using fabrigami tech-
niques for form-finding and mold generation con-
cerning the computational model. The relationship
between the computationally designed and materi-
alized creates a continuous feedback loop about the
mold and generated form in a fabric formwork. This

Figure 8
The initial
computational
model in which the
anchor points
defined all along
the fabric edge
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Figure 9
The variations of
the generated form,
initial parameters
are folding angle
and material force
amount

Figure 10
Waterbomb base
pattern as the unit
of the modular
designed arche

Figure 11
The second
definition, the
anchor points
determined as the
corner vertices of
the fabric, and the
crease pattern is
considered as a
hinge-like spine.
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Figure 12
The variations of
the generated form,
initial parameters
are folding angle
and material force
amount

Figure 13
The production
steps of the fabric
mold from fold to
sewing and casting

Figure 14
Squences from the
final fabric form
concrete cast
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feedback loop feeds the exploration of potential tec-
tonics of the fabric and concrete in collaborationwith
the computational model.

This study also proposes the integration of fab-
rigami generally used in craft making to architectural
and structural design as a technique, especially in the
field of fabric form concrete. Fabrigami use in fabric
formwork hasmany potentials in terms of both form-
finding, structural design, and concrete casting fields
regarding its kinetic geometry. Fabrigami and fabric
formwork share a common ground in the form gen-
eration process by using simple inputs and achieving
complex grammars as outputs. Hence, the organic
nature of fabric formwork and well-defined proce-
dure of fabrigami also have the potentials to gener-
ate a new language of form. This language of form
is constructed upon the grammar and vocabulary of
fabric formwork and fabrigami, which are linked to
crease pattern generation, fabric quality, material,
and dynamic mold behavior. Therefore, a compari-
son of regular-irregular shape use on crease pattern
generation and symmetrical-asymmetrical construc-
tion of the dynamic mold using different folding an-
gles and fabrics are necessary to explore the possible
variations of form-material behavior.

As aforementioned, while the geometrical result
of origami is predictable, the geometrical result of
fabrigami can both be predictable or unpredictable,
as in fabric form concrete casting. The dynamic be-
havior of fabrigami allows the emergence of a dy-
namic fabric mold system revealing form variations.
The actualization of design representation is prob-
lematic due to the accuracy of computational simula-
tion. As technology develops more, the precision of
the actualization phase will increase in parallel. The
generation of a mechanical dynamic mold for fabric
form concrete casting has broad potential in terms of
collecting more data on the fluid nature of the con-
crete. The impact of this can have a reflection on
human-computer interaction (Forren, 2019).

Therefore, the results of this studywill be used as
input first for developing a dynamicmold systemand
afterward, an intelligent -learning- mold in the fu-

ture. Also, asymmetrical systems can be tested with
robotics to explore design precision and formal irreg-
ularity relation.
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Additive Manufacturing (AM) offers the potential development of novel
architectural applications of ceramic building components that can be engineered
at the level of material to the extent of designing its performance and properties
by density variations. This research presents a computational method and
fabrication technique emulating complex material behavior via AM of intricate
geometries and presents components with photocatalytic and climatic properties.
It proposes an innovative application of AM of ceramic components in
architecture to explore potential bioclimatic and antipollution performative use.
Lattices are defined and manufactured with density variation gradients by tracing
rectilinear clay deposition toolpaths that induce porosity intended for fluid
filtering and to maximize sun exposure. The design method for photocatalytic,
particle filtration and evaporative cooling local characterization introduced by
complex patterning elements in architectural envelope slat components processed
with radiation analysis influenced design are validated by simulation and
experimental testing on specimens manufactured by paste extrusion.

Keywords: Ceramic 3D Printing, Paste Extrusion, Photocatalytic Filter,
Performative Design

1 BACKGROUND
Initially intended for Rapid Prototyping, Additive
Manufacturing (AM) technologies are increasingly
being adapted to functional component production
(Sass, Oxman 2006). Its application in architecture
has been quickly growing (Malé 2016, Bock 2015)
since the public release of patents of the most popu-
lar AM technique, FusedDepositionModelling (FDM)
(Ngo, Kashani et al. 2018).

The process of 3D printing is founded on the
principleof stacking increasingly inheight layer upon
layer of a given fluidmaterial, typically thermoplastic,

deposited through a numerically controlled mech-
anism. Typically, FDM systems work by applying
pressure to extrude a fused thermoplastic and sub-
sequent vitrification along an addition of discrete
planes with continuous toolpaths, each toolpath
consisting of concatenated coordinates and electro-
magnetic commands (gCode) to approximate a 3D
modeled component by layers. Translating the vir-
tual model into a stacked set of toolpaths is called
“slicing” where, for purpose of rigidity, the interior of
themodel is infilled with a constant geometrical pat-
tern (Kulkarni, Marsan et al. 2000).
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Recent efforts in AM for architecture focus in cre-
ating functional large scale components, requiring
the development of novel computational methods
and adaptations to the standard 3D printing fabrica-
tion techniques (Labonnote, Rønnquist et al. 2016).
The complexity and precision possible with AM and
with automated construction processes present po-
tential to improve the architectural performance of
building components informed by simulation rou-
tines (Bard, Cupkova et al. 2019, Gospill, Shindler et
al. 2017). Infill design and the optimization aspects
of slicinghavebeen significantly overlooked and rep-
resents an area of opportunity to engineer complex
performances of AM components (Gao, Zhang et al.
2015) and of introducing novel architectural appli-
cations. Implementing simulation and robotic con-
struction workflows allows building components to
be architected at the level ofmaterial to the extent of
designing its performance and properties by density
variations (Loh, Pei et al. 2018).

The following article presents advances on com-
putational models and fabrication techniques that
emulate complex material behavior via spatial AM
of intricate geometries and presents functionally
graded ceramic componentswithphotocatalytic and
climatic properties. The ongoing research at Poly-
technic University of Catalonia proposes an innova-
tive application of porous ceramic components in
architecture to explore potential bioclimatic to an-
tipollution performative use, embracing its intrinsic
properties given by materiality and fabrication tech-
nique, porosity, thermal mass and rough finish con-
duits (Pardal, Lopez 2019).

Lattice structures with variable infill patterns in-
duce properties and the result of the technique al-
lows production of envelopes with climatic behavior.
This research uses the analogous 3D printing system
of extruding hydrated paste and subsequent dehy-
dration in layers, commonly referred to as Paste Ex-
trusion (PE), Liquid Deposition Modeling, Extrusion
Freeforming or Robocasting (Warnier, Verbruggen et
al. 2014, Cesarano 1998) and in order to produce
complex infill geometries (Fig. 1) utilizes the cus-

tom gCode principles of spatial 3D printing lattices
(Borunda, Ladron de Guevara et al. 2019).

Figure 1
Ceramic Additive
Manufacturing of
complex spatial
lattices for
photocatalytic
architectural
envelopes

AM in construction and architecture is advancing to-
wards design and production of highly sophisticated
form of highly complex behavior, which may inte-
grate various functionalities (Chen, García de Soto
et al. 2018). The purpose of this research is to ex-
plore the potential of non-standard AM of function-
ally graded components by PE in architectural appli-
cations and to explore the combination of new man-
ufacturing methods and traditional materials and
systems. By using AM and using clay as the base ma-
terial, a façade element capable of filtering and puri-
fying the air of impurities and contaminants by pho-
tocatalysis is built.

2 PHOTOCATALYTIC DEPURATION AND
AIR FILTRATION SYSTEM
A photocatalytic process is a chemical photoreaction
between photocatalytic material and incident light
producing oxidation and reduction of different pol-
lutants and volatile organic compounds. Current ad-
vances describe photocatalytic depuration systems
where a flow of fluid, such as ambient air goes
through porous photocatalytic slats.

This research presents an air filtration and depu-
ration system integrated in anarchitectural envelope.
Mechanical filtration is due to the deposition of par-
ticles suspended from air that passes through porous
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ceramic slats. Air depuration occurs by means of the
photocatalysis chemical reaction produced by a ti-
tanium dioxide compound (TiO2) applied to the ce-
ramic piece as paint.

The roughness of the internal cavities of
branched passageways and at its surface increases
the contact between the fluid to be treated and the
photocatalytic material. Small turbulences by the
non-flat shapes of its walls is beneficial for both purg-
ing processes.

The performance required from the slat changes
along its thickness, wherefore a spatial lattice lo-
cally differentiated densities is designed. The com-
plex topology of the slats is not easily manufactured
with comparative traditional extrusion techniques
forwhich the AMprocess because of its uncanny pre-
cision and capability of producing complex geome-
tries is an exceptional fabrication technique.

Table 1
Components and
factors that
influence the
photocatalytic
process

Ceramic photocatalytic slats produced for this re-
search are organized in two main sections:

• The upper section acts as fluid outlet and con-
sists of branching narrowing passthrough chan-
nels that maximizes radiation capture and mi-
croturbulences that allow deep incident light
penetration into the second side.

• The lower section acts as fluid inlet and consists
of a raft with discrete openings (pores), allows
mechanical support, impurities capture, evapo-
rative canals and creates radiation transmission
micro canals (Fig. 2).

The proposedmethod uses results attained from

different simulation routines to engineer anisotropic
architectural components by discretely determining
3D print infill geometries. The definition of a paste
extrusion workflow that draws valid 3D printable be-
spoke patterns is required. Radiation, air fluid dy-
namics and evaporative data are being evaluated
and considered in the infill geometry layout to lo-
cally engineer the composition and architectural be-
havior of tokens changing their density for creating
functionally graded tokens influencing the pattern of
deposition by simulation results, a technique more
commonly used in optimizing topology for mechan-
ical behavior improvement (Gospill, Shindler et al.
2017). The capability of establishing a positive feed-
back loop through simulation greatly enhances the
performance of ceramic 3D printed tokens by opti-
mization. This research focuses on the development
of a computationalmethod that traces optimal depo-
sition toolpath by sequence of coordinates and fab-
ricationmethod of stable spatial lattices that follow a
principle of incident radiation maximization porous
to air and water flow.

The research proposes an architectural applica-
tion of an integrated system of solar protection slats
with air purification properties, based on the types of
pollutants and the purification phenomena (chemi-
cal and physical) that act for this purpose.

1. It opts for a slat of purification by physical filter-
ing and oxidation by photocatalysis. The com-
bination of both systems determines the type of
support and its draft.

2. The filter acts at the same time as sun protection
since the exposure of the photocatalytic mate-
rial to the sun seeks to orient the slat according
to the maximum obstruction of direct radiation
to the interior.

3. No filter is disposable and therefore durabil-
ity and maintenance (cleanliness) must be con-
ceived.

The research presents a performative-design
methodology based on radiation simulation results
to maximize photocatalytic properties of 3D printed
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Figure 2
Photocatalytic
depuration system
for building
envelopes

slats and generate the spatial lattice toolpaths de-
scribed. After custom slicing a 3D model into geo-
metrically stable tessellations, a rectilinear discretiza-
tionmethod is employed to avoidoverlapof adjacent
toolpaths and better control the nozzle movement.
Subsequently, a connection criterion is established
to construct toolpaths based on augmenting photo-
catalytic properties. This process is employed on 6
experimental samples divided into several infill ge-
ometry tests and one large scale application device.

2.1 Paste extrusion custom infill geometries
design principles and simulationworkflow
The generalized process proposed for this research
follows:

1. First geometries are modeled in Rhinoceros 3D
software and discretized in sections of polylines
susceptible of being 3D printed where material
behavior parameters will be evaluated.

2. The infill designs traced by the polylines de-
veloped are evaluated and informed by subse-
quent optimization in Grasshopper Parametrical
Modelling tool with a simulation tool. Ladybug
plugin using Radiance and Energy Plus engines
for radiation analysis was employed in this re-
search.

3. Toolpaths are validated to comply with fabrica-
tion limitation by testing the manufacturability
of layer in sequencing continuous or discontin-
uous toolpath.

4. Spatial lattices are translated into coordinates,
and coordinates are sorted into types referring
to their requirement of deposition so that elec-
tromechanical commands activate the correct
flow, cooling and nozzle mechanisms of 3D
print, translating lattices to gCode.

5. Fabrication in PE 3D printer.

The PE technique is limited to the correct coordina-
tion of the following parameters: layer height, noz-
zle speed, pore spacing, nozzle flow and dehydration
(Fig. 3).

Rhinoceros 3D is used to delimit a volume for the
general shape where infill patterns are placed. It is
based on material behavior given by feedback loops
of previously printing trials where maximum devia-
tion angles for overhangs were tested.

Infills are developed based on thread material
thickness to delimit aminimumandamaximumpore
size. These parameters are applied for maximizing
light incidence without compromising structural in-
tegrity or air flow passing through.
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Figure 3
Informed infill
pattern

2.2 Design for fabrication
Elements fabricated by PE method present post-
printing contraction due to material properties and
points touching the printing bed tend to remain ad-
hered what could derive in a non-uniform shrinking.

Coordinates from the points located in space are
extracted and labeled in types according to their lo-
cation in the lattice, being adjacent to the extrusion
bed, knots in contact with previously printed knots
(intersections), kink with change in direction, or
lastly end of segment travelingmovement (Borunda,
Ladron de Guevara et al. 2019). If points in the lat-
tice do not fall into any of these categories these are
labeled as not 3D printable and do not comply with
stacking requirements.

Printing proceeds as described in Fig. 4, the xyz
print-headmobility for PE is themost common setup
and the extrusion may be continuous or discontin-
uous. Discontinuous extrusion is better for design
freedom, as it affords more flexibility to the process.

The printing has being carried out stablishing a
constant flow between points in the space, setting a
waiting time and upon reaching a break in the con-
tinuity of a line, (make a turn), to avoid undesired
creep material depositions and dragging of previous
deposited threads when reaching to corners.

Silkworm plugin for Grasshopper in Rhinoceros
3D software and a custom python gCode parser are
used for creating custom gCode (Fig. 5) with a set
of basic 3D printer parameters. Speed of extrusion

movement is set to 25 mm/s with constant flow for
the deposition extruder and 10% flow for a ram ex-
truder working as a paste material feeder.

Figure 5
Generalized Spatial
3D printing for
gCode output

2.3Manufacturability
A customextruder and 3D cartesian printer tested for
fabricating ceramic pieces. The extrusion system is
composed of a linear actuator ram for feeding mate-
rial to an auger extruder for the deposition control.

Several geometrical constraints and material
properties must be taken into account for successful
reproduction. With thepurposeof testing aworkflow
that integrates simulation and consequent additive
manufacturing of performative design components
the clay deposition technique is tested in the produc-
tion of 6 types of simulation-influenced spatial lat-
tice arrangements. Clay tests were manufactured in
white stoneware 100-1250ª distributed by Collet Ce-
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Figure 4
Section Design

ramics, produced for casting slip in powder basewith
a mix proportion of 100 gm of stoneware by 400 ml
of water. Although production for differentiated in-
fills is possible, manufacturing constraints limit sig-
nificantly the geometrical freedom. The factors for
infill design found to be most influential are:

• Impossibility to vitrify/solidifybridgesduringex-
trusion.

• No secondary structure is viable.
• For highly complex infill designswith overhangs

of 45º to 60º angles, up to 10-15% deformation
after curating in oven occurred.

Continuous toolpaths expose significantly better-
quality results, avoiding running into traveling rout-
ings and the creep produced by overflow after end
of line. The use of perpendicular superimposed tool-
pathswhile generating cavities generates better sup-
porting structure.

Tomake the printing of semi-liquidmaterial pos-
sible, it is necessary to ensure an adequate mate-
rial consistency that promotes the dehydration of
the thread along the extrusion to support the sub-
sequent threads. Tuning the flow of material due to
variations on its consistency during printing enhance
better results.

Due to the lack of a retraction system, to pre-
vent any stringing or dragging of deposited material
it is recommended to avoid kinks and curvilinear dis-
continuities in travelling routines at end of segment
deposition. non extruding traveling routines at end
segments Geometries presenting less overhangs and
having good supporting thread material under, tend

to have better stability during printing and shape ac-
curacy.

In order to mitigate the effect called “elephant’s
foot” where the first layers maintain a major dimen-
sion than the subsequent layers, a pieceof plastic film
is added to the printing bed acting as a contraction
facilitator as it shrinks with the material.

Despite the limitations for clay 3D printing, the
technique shows an exceptional reproduction speed
and, if constraints are met, high fidelity. Following
the limitations afore mentioning, locally differenti-
ated pore geometries can be achieved by varying the
array of consequent parallel paths in a perpendicular
superimposed X or Y axis manner.

The approach is to divide the pieces in two dif-
ferentiated sections, Rafting being under for filtering
and support andBranching in the upper acting as the
principal solar radiation receiver and photocatalyst
(Fig. 6).

Figure 6
Varying porosity
along branching
section and raft
section

2.4 Slatmaterial and internal structure
The pieces dimensions are 100x50x16.5 mm, divided
in 22 layers of 0.75 mm height (Fig. 7). Ceramic pho-
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tocatalytic slats produced for this research are orga-
nized in twomain sectionswith differentiated behav-
ior: the lower, “Raft section” of 14 layers, and the up-
per, “Branching section” of 8 layers.

Figure 7
Paste Extrusion slat

The lower section, fluid inlet, functions as suspended
air particle collector (filter) and where the micro-
containers of water would be located. This section
consists of a raft with discrete openings (pores). The
raft allowsmechanical support at the perimeters and
gives rigidity.

The Raft or lower section is designed as series
of orthogonal reticules of superimposed perpendic-
ular toolpaths. It has to meet different requirements,
among them is to provide the structural stability for
thewhole piece, therefore it has to have the sufficient
stiffness which is given by its higher density internal
structure and perimeter. The porous composition of
thematerial serves as particle capturer, this effect as-
sisted by the micro-structure given by the paste ex-
trusion fabrication system and the inner graded or-
ganization, are beneficial for the promotion ofmicro-
turbulences that increase the effect. Although on a
smaller scale, photocatalysismay result in this section
aided through the design of lower densities (bigger
openings) at its top and lower ends and densifying in
a gradient manner up to its core with a higher den-
sity (smaller openings). This gradient draft is bene-
ficial for maintenance and cleaning. This is also the
section to contain the micro-conduits as water reser-
voir for cooling evaporation.

The Branching or upper section, fluid outlet, is
the portion dedicated mainly to photocatalysis reac-
tion. It consists of branching narrowing pass through

channels that optimizes radiation capture by maxi-
mizing the surface in contact with incident light.

The contact between the air passing though the
piece touching the surface walls covered with tita-
nium dioxide (TiO2) and in interaction with the UV
radiation causes the photocatalytic effect, hence the
importance of the ratio of sun exposure and greater
contact surface. The spacing between the walling
patterning its of great importance because it also en-
courages sunlight filtration to the opening geome-
tries/pores in the composition of the Raft. The air will
cross it from the bottom to the top, leaving some of
the particles hooked on the walls of the channels by
friction. Even though the whole piece will be cov-
ered with photocatalytic material, is on the surface
where the chemical reaction of photocatalysis will be
greater. The air as it flows through slats becomes in-
creasingly sanitized.

The geometry in the branching section greatly
affects the amount of radiation and deep incident
light capture tokens can achieve, two different ap-
proaches are studied, a continuous toolpath strategy
with linear channel-like apertures (Fig. 8) and a dis-
continuous rectangular funnel-like apertures (Fig. 9).

Figure 8
Optimized token
with continuous
toolpath

Figure 9
Optimized tokens
with discontinuous
toolpath
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3 RESULTS ANDDISCUSSION
Typical aluminumextruded slats are compared to ce-
ramic slats fabricated by AM, exposed to solar radia-
tion and obstructing air ventilation capable of filter-
ing particles from air passing through them while fa-
voring its purification.

To confirm the photocatalytic capacity of
components 3D printed by the present radiation
optimization-based path strategy is higher than that
of components by traditional means, 6 types of spec-
imens are designed for incident radiation tests. The
dimensions of these specimens are shown in Fig. 10.

In this paper, a radiation capture based path
planning algorithm in view of maximum photocat-
alytic capacity is proposed to improve the climatic
properties of models fabricated by PE. Grasshopper
Parametrical Modelling tool coupled with suitable
software able to perform cumulative solar radiation
analysis such us Ladybug, DIVA and ArchSim plugins
can be used to test, inform, optimize and translate
the path planning of optimal radiation capture into
gCode for custom 3D printing production. The cal-
culation results and the results of performance tests
indicate that this algorithm can generate toolpaths
to extend the intrinsic properties of the current avail-
able printing techniques. To validate the effective-
ness of the proposed approach, specimens with dif-
ferent morphologies, continuous and discontinuous
branching geometries are printed by different tool-
paths and studied.

Compared to an equivalent aluminum extruded
slat alternative with 234 cm2 of surface (Fig. 2) initial
tests show that air flow interaction with slat surface
are improved almost 10 fold in their 3D printed coun-
terparts, with a total surface of 2100 cm2, creating an
improved airflow and allowing a better distribution
of incident radiation along the thickness of the slat.

3D printed tokens exhibit substantial opportu-
nity of optimization varying pore and geometry di-
mensions in their upper section. The optimization
of the branching geometry towards maximizing ra-
diation allows deeper radiation capture. Continuous
extrusion tokens (Fig. 8) exhibit less fabrication dis-

crepancies with the virtual model but capture less ra-
diation than discontinuous extrusion (Fig. 9) coun-
terparts.

4 CONCLUSION
The research studies an application of lattice struc-
tures with variable density patterns, to induce prop-
erties for innovative application of porous ceramic
components in architecture envelopes, to explore
potential bioclimatic and antipollution properties.
Thephotocatalytic, particle filtration andevaporative
cooling characteristics introduced by complex pat-
terning lattice structures with variable density pat-
terns result of the custom Paste Extrusion (PE) addi-
tive manufacturing technique. The main agent in in-
ducing photocatalytic activity in architectural enve-
lope is incident radiation.

Based on radiation analysis of the series of to-
kens, one of the best approaches is to not generate
self-shadowing by promoting upright linear patterns
with a separation of at least one time the height of
the wall and pointing towards sun direction. The re-
sults indicate that the Radiation Capture capacity is
augmented if the filament experiences discontinu-
ity, still this discontinuity is opposed to better fabri-
cation quality for which an algorithm with corrected
motor jerk, acceleration and deceleration when ap-
proaching kinks should be implemented. Allowing
acceleration variances along the extrusion, coupled
with wait digital outputs will allow for the filament to
dehydrate enough and to fuse with base to reduce
creep and pulling during travelling times. Anyhow,
specimen production results show that the currently
proposed path satisfies the required printing preci-
sion of functional slats.

Although implementation of the proposed tool-
path planning and paste extrusion technique im-
proves radiation capture for photocatalysis, this
methodology is still in a preliminary stage and re-
quires further exploration. For instance, measur-
ing the specific performance on the architectural
slat envelope system, optimize with generative posi-
tive feed loops strategiesmeetingmaximized perfor-
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mance andminimize material waste, and to evaluate
mechanical performance and shrinkage for correct
functionality with larger scale tokens. These chal-
lenges will be a focus of future research.

This research presents a novel PE method of 3D
printing complex spatial lattices with paste materi-
als that improves the printability of ceramic building
components performance by optimizing path orien-

tation varying density and porosity tomaximize pho-
tocatalytic performance of architectural envelopes.
The current computation method and manufactur-
ing technique improves fidelity, printing time and
material use in PE 3D printing a exploring novel ap-
plication in architectural envelope design.

Figure 10
Annual radiation
capture simulation
results
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Case Study of Ostia, Maritime ‘Portus’ of the Imperial Rome
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Computer aided examination methods for remains of previous human societies
support the study of past human behaviour, thus enriching the understanding of
our culture. With mostly limited budgets, finding the most effective use for the
limited resources for archaeological restoration is highly relevant for many
existing sites all over the world. Sites, that need to allow visitors to safely
experience archaeological heritage, even within natural landscapes. This paper
illustrates an innovative method, technically using Building Information
Modelling (BIM) and Virtual Reality (VR), for integrating the domain specific
parameters - at all various scales - of the historical asset into one shared digital
twin. To provide an effective platform for all project participants to share their
knowledge, and to jointly develop the best design decision. The information is
collected and displayed within the digital twin of the archaeological site, both for
the communication between the specialists, and facilitating practice of the
archaeological investigation, further analysis, conservative restoration and
reconstruction. The case study aims at implementing this tool into the ongoing
Portus project of Imperial Rome.

Keywords: Archaeological Restoration, Digital Design Support System, BIM, VR

INTRODUCTION
Examination of material remains of previous hu-
man societies supports the study of past human be-
haviour, enriching the values of our culture. One of
themost important remains includes the ruins of his-
toric buildings (Keay 2013). Digital tools in general,

and especially Virtual Reality (VR) and Augmented
Reality (AR), are verybeneficial for researchers to visu-
alize, to represent a ruined structure for conservation
restoration, reconstruction and further analysis. In
modern archaeology there has always been a strong
synergy between latest technologies and formalized
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information.
Connecting the visual representation of the his-

torical asset with a rich variety of analysis schemes,
notes from the field, reconstructionhypotheses, tem-
poral stratifications, etc., is one of the most effective
scientific methods for organizing contents, and facil-
itating the users archaeological investigation. Such
investigation, generally, is based on and oriented
towards the integration of multidisciplinary knowl-
edge, which assigns different attributes and mean-
ings to the same objects, commonly called “ruins”.

Strategic decision-making for preservation and
restoration of archaeological sites deeply depends
on developing methodologies, systems and tools for
the efficient integration of different domains, and
fostering theunderstanding for andbetweenspecial-
ists in all project relevant domains (Trento, 2017).

RESEARCH PROBLEM
All over the world, there are many archaeological
sites, facing the urgent need of managing archae-
ological artefacts/buildings preservation to prevent
further, irreversible decay, with only limited available
resources. Thus there is a strong need to identify the
most urgent actions to be taken.
Numerous sites, culturally relevant for the whole hu-
man kind, reside in large-scale areas. In order to
optimize the available resources, a selection of the
zones/artefacts must be made, in/at which interven-
tions are advised. Theanalysismust take into account
diverse categories of intervention: e.g. from the al-
terations and damage caused by biological origin, to
the spontaneous growth of natural vegetation when
not properlymaintained, from thematerials decay to
structural degradation, just to name a few (Mancini,
2017).

A decision making process must lead to con-
sistent solution for planning and further designing
effective sets of interventions, oriented to artefact
preservation and to human’s safety: on one side, the
goal is to mitigate the risk of artefact degradation
and damage and, on the other side, the goal is to
allow safe physical or visual access for technician-

s/operators during the restoration phase, as well as
for visitors after the restoration. An information ex-
change, and dataset interoperability are basically the
main vectors of this scenario, in which many disci-
plines converge into a shared framework that encom-
passes process management, domain-specific exam-
ination and digital representation, while preserving
their fundamental identities (Garagnani 2016).

So the question, driving this research is: Which
methods and technologies in the context of the ar-
chaelogical sites can be used to overcome the iden-
tified problems, to provide a platform for all project
participants to jointly identify, and develop the best
solutions within the given constraints.

LIMITATIONOF CURRENT STATE OF ART
Over the last decades, many researchers explored
the open possibilities offered by implementing ad-
vanceddigital technologies in the archaelogical field,
with valuable results for well-defined problems (Aga-
piou, 2015). Following is a short résumé of the state
of art regarding the aid of new technologies in the
field of archaeological restoration, underling relative
limitations.

Point clouds and photogrammetry are collect-
ing very accurate information about the artefacts sur-
face. These technologies are oriented to freeze the
morphology, the shape of the artefact, in the condi-
tion at the time of the survey. They are very benefi-
cial as one component for the research, and the de-
velopment of knowledge in the field of archaeology.
However the outcome is limited, only being the “sim-
ulacrum”, namely a representation of the artefact.

Agent Based simulation is used to “re-enact” and
“visualize” possible scenarios for a wider (generally
non-scientific) audience, based on scarce and fuzzy
data (Wurzer 2015). These technologies are often
used for hypothetical reconstructions, mostly for visi-
torswhoseonly experiential value is givenby the spa-
tial vision. Still it does not seem suitable to support
the collaboration between specialists in different do-
mains in the analysis and planning of the restoration
(Rua, 2011).
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Heritage-BIM, both has potentials and limits on
specific research and application fields (Cursi 2015),
since BIM is especially suited for managing standard-
ized entities, while archaeology restoration mostly
involves unique cases/artefacts.

GIS technologies are being used in archaeology
as mechanisms to collect the diverse spatial data
gathered in previous research. New geoinformation
technologies are enhancing the recording of archae-
logical information, but the application in archaeo-
restoration practice is still not focused on supporting
the integration of different domains perspectives.

Generally, if applied in well restricted problems,
point clouds, photogrammetry, agent based simula-
tions, heritage-BIM, and archaeo-GIS can cover spe-
cific research problems. But none of them is fully
suitable to support the collaborative exchange be-
tween different specialists in the planning, especially
in early design analysis/synthesis and strategic deci-
sion making for restoration interventions. Improv-
ing the quality of the connections betweenmorpho-
logical aspects (shape and form), and specialized do-
main information/knowledge is a focal point of this
research. How to enhance reciprocal understanding
between the specialists from different domains in-
volved in the project, and how to support the strate-
gic decisionmakers of theproject (byproviding them
an intuitive synthesis dashboard) is an urgent re-
search field for the restoration of archaeological sites.

APPROACH
This work illustrates a new approach, using BIM and
VR tools, for assisting project participants at early
phases for archaeological sites preservation and re-
functionalization in large scale projects. The tools
are used to support integrated analysis, combined
with enhanced representation of domain specific in-
formation and visualization of diverse evaluations.
Despite the evolvement of archaeological mapping
methodologies and techniques, a detailed mapping
is essential for systematic archaeological practice. It
is commonly conducted in five main stages: iden-
tification, evaluation and excavation, site preserva-

tion and documentation, analysis and interpretation,
education (Pettitt 2019). Recurrent in every project
is building on relevant documentation. Documen-
tation about the whole site, individual artefacts, or
even parts thereof, always in dynamic evolution, in-
cluding issues e.g. from historical evaluation to geo-
referenced point clouds.

Our investigation focuses on the stages that
come after identification, evaluation and excavation,
namely the enhanced mapping of further domain
specific documentation, analysis and interpretation,
mainly oriented to site preservation, and to the fol-
lowing exhibition/education aims. The interventions
needed, exemplified in the Portus project, can be cat-
egorized as follows:

• Preliminary safety operations
• Operations of consolidation of dangerous struc-

tures
• Operation of extraordinary management of

green areas
• Conservative restoration of wall coverings and

floors
• New visit pathway and resting spots

As a preparative step, the collaboration process be-
tween the relevant participants starts with an inte-
grated analysis. It is performed within an enriched
geometrical environment, showing both the visual
appearance of the artefacts, and additional infor-
mation - aiming to support multidisciplinary design
teams in the identification and classification of arte-
facts in order to efficiently manage resources avail-
able for the project.

The idea of preserving the image of the artefact
in a ruined state, showing the signs of ageing and
in order to ensure the reading after restoration, lead
to the adoption of different and integrated interven-
tion strategies. Just to name few: the criterion of
minimum intervention; the adoption of construction
techniques and materials appropriate to the appear-
ance of the ruins (similar, but distinguishable rein-
tegrations); the slowdown of the degradation with
punctual operations, such as water regimentation,
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vegetation control, grouting operations; control of
the degradation of materials and architectural struc-
tures with selected biological species and landscape
tools; site management with a maintenance plan.

In order to manage the complexity behind
strategic decision making for the optimisation of re-
sources, the authors observed and interviewed the
project specialists for identifying the main domain-
dependant parameters, e.g. the structural-biological
risks, archaeological-historical values, site accessibil-
ity, safety of the areas and of the artefacts as well as
financial and time resources.

Studying a typical workshop session, the follow-
ing parallel activities can be distinguished:

• Archaeologists perform the analysis, evaluate
and map the most relevant archaeological arte-
facts to be preserved and exhibited

• Engineers perform the analysis, evaluate and
map themost relevant Structural problems, also
identifying the artefacts subsystem relevant for
historical MEP techniques, to be preserved and
exhibited (engineering cultural values)

• Agronomists perform the analysis, evaluate and
map the most relevant vegetation, biological
problems, also identifying relevant natural sub-
systems for landscape aims, to be preserved and
exhibited (agronomic cultural values)

• Architects perform the analysis, evaluate and
map the most relevant exhibition sight spots -
nodes and connections -, taking into account
the other specialist’s domains such as cultural
values

To reduce the number of parameters shared among
all actors, details have to be filtered. Parameters have
tobe compared and commonoccurrences have tobe
spotted. Emphasize has to be laid on the following
four main indicators:

• Cultural relevance of the artefact
• Urgency of interventions
• Typology of interventions needed
• Estimated costs of interventions

The goal of the digital system in the first stage
is to assist project actors assigning domain specific
values in the digital twin to the aforementioned in-
dicators (evaluation matrices), both for each natural
and artefact system/subsystem/element. These val-
ues are assigned to “Smart Labels”, a specific Revit
family that can hold various types of information as
described in the following paragraphs. In the second
stage, these values are used for various simulations
of the integrated matrices to visualize domain spe-
cific evaluations, or part of it, and envision an intu-
itive representation of hierarchical priorities linked to
the 3D model of the artefacts.

The information is collected and displayed
within the digital twin of the archeological site, both
for the communication between the specialists and
later for the visitors. The following chapters describe
the application in a real case study, discussing the
pipeline for technological implementation.

CASE STUDY OF IMPERIAL ROMAN “POR-
TUS”
The presented work is oriented to support an on-
going project, currently in an early design phase,
whendecisions taken, deeply affect the quality of the
process and of the final results. The project aims at
the restoration of selected artefacts and at the reali-
sation of an exhibitionpath open to visitors for enjoy-
ing the entire archaeological landscape and its con-
tents in the preserved area of Portus, the maritime
port of Imperial Romewithin theOstiaAnticaArchae-
ological Park. The authors are challenged by study-
ing and developing a technological framework for
supporting domain specialist consultants by facilitat-
ing the integration of multi-disciplinary perspectives
during analysis and design activities.

For about 500 years, Portus was the commercial
hub that connected the Metropolis to the broader
Mediterranean. It was a very large complex cover-
ing approximately 3.5 square kilometres and which
encompassed 230.5 ha of harbour basins and quays,
as well as canals, warehouses, temples, churches,
houses and administrative buildings. Since it is also
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Figure 1
Example of
preliminary
structural risk
mapping: Orange
spots are for a
general
identification of
(part of )
recognisable
structural systems
that can be
consolidated and
preserved from a
near future collapse
or dangerous
degradation. The
selected systems
have been the
object of a
dedicated analysis
with a typological
intervention map.

one of the best-preserved Roman Mediterranean
port sites, and now lies inland, it can be readily stud-
ied to learn about how it was organized and worked,
the richness and volume of traffic and cargoes that
passed through it, and the rangeof its contacts across
the Mediterranean (Canina, 1838).

Digital technologies in the research work within
the Portus archeological site project have been used
since the last decades by Simon Keay (2009, 2013)
in collaboration with the Italian Ministry for Her-
itage Preservation - Soprintendenza del Parco Arche-
ologico di Ostia Antica and many prominent author-
ities (Ceccarelli, 2000). One promising experimen-
tation path is combining three-dimensional geo-
physics with laser scans and sections of excavations
to understand the development of the original site
and buildings [1].

“The Portus Project has two main objectives.
Firstly, it seeks to build a better understanding of Por-
tus itself. Secondly, it aims at developing techniques
that will enhance the ways in which highly com-
plex classical sites can be investigated and recorded,

and evaluate the impact of those techniques. Used
in combination, non-destructive survey, open area
excavation, and the computer graphic representa-
tion of excavated and graphically-simulated Roman
buildings are key components to achieving these ob-
jectives” [2].

In the present application work, available re-
sources (e.g. main artefacts point clouds), made ac-
cessible from the Soprintendenza and Portus Project
archives, are addressed to consolidate and preserve
a set of selected archaeological artefacts in a delicate
balancewith a gorgeous, butmany times dangerous,
natural environment. The goal is to design the exhi-
bition path, restoring selected artefacts and ensuring
the safety/comfort of operators during the restora-
tion and of future visitors.

To identify the most necessary actions, an over-
all structural risk map (figure 1) was created, show-
ing spots of interventions over the whole site. On an
object level, the Trajan Terrace, structural risks were
identified with a heat map (figure 2) showing vulner-
ability in case of an earthquake.
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Figure 2
Trajan Terrace and
Cryptoporticus
analysis: the heat
map represents
Structural Risk
Assessment, i.e. the
future damage
conditioned by the
vulnerability of the
building and the
intensity of an
upcoming
earthquake.

Figure 3
Preview of “Smart
Labels”, represented
by the red dots, are
attached to the
Cryptoporticus
point cloud visual.

CONCEPTUAL AND TECHNOLOGICAL IM-
PLEMENTATION PATH
As there is no one software system available to in-
tegrate and communicate knowledge from the dif-
ferent disciplines in the required structured way, the
authors develop a system combining BIM (Revit) and
VR (COVISE). It supports both the storing and access-
ing of the discipline specific knowledge, as well as

methodologies to support the communication be-
tween all involved participants from different disci-
plines.

Whereas in standard BIM usage, discrete physi-
cal buildingelements likewalls, doors orwindowsare
drawn in 3D, and are given specific properties (geom-
etry, thermal properties, etc.), this most likely does
not work for an archaeological site. In the archaeo-
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Figure 4
Examplary
screenshot of
placed Smart Labels
in 3D model

logical context, this parametric systemwould have to
geometrically represent non-standard elements, like
e.g. a broken vault, artefacts of a partly broken stone
wall, or a landscape with potential historic findings.
A standard BIM system typically is not not able to
model the complexity. Also due to missing informa-
tion, e.g. if parts of the artefacts are not excavated
yet. Furthermore, a substantial part of information
about the archaeological artefacts are given in differ-
ent representations like text, historic images, or as a
link to an external website.

Toovercome these restrictions, a layer of abstrac-
tion is applied. So instead of directly representing
the archeological elements within the BIM system, a
“Smart Label” (a specific Revit family) is used. The
“Smart Label” with its simple visual representation is
placed close to the artefact by any of the specialists,
in plan view or in 3D on the point cloud. This can
be either done in the BIM software itself or in the VR

environment. This label is then linked to the inven-
tory identifier of the archeological artefact, and then
overloadedwith thevariousdomain specific informa-
tions, as well as links to further external information
sources. (see figure 3)

Thus the “Smart Label” rather is a container for all
relevant anddifferent information,which then canbe
extractedwith standard and advanced BIMmethods,
and used for calculations as well as a base for the vi-
sual analysis. The “Smart Labels” allow for the use of
filters, search-engines, analytic algorithms, etc.

Some applied methods are:

• Finance heat map: Normalized pink/yellow
heat map over the whole terrain visualizes the
needed investments at certain locations

• Archaeology relevance heat map: Normalized
heat map, based on the traffic light system, to
visualize the position of the relevant artefacts
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• Structural interventions heat map: Normalized
heat map, based on the traffic light system, to
visualize the urgency of structural preservation

All involvedparties anddisciplines can individually or
jointly explore the site in VR (e.g. Head mounted dis-
play; CAVE; etc.), either in model scale or at scale 1:1,
andaugment thepoint cloud representationwith the
above described extended information, in order to
come to informed decisions.

Figure 5
Domain specific
parameters in
Smart Label

“SMART LABELS” AND EVALUATION
In order to store the domain specific informations,
a speciality equipment Revit family which we call
“Smart Label” is created. Copies of this family are
placed in the digital twin close to each artefact,
also to represent its geometric location (figure 4).
Within the parameter list, the inventory number is
the unique identifier for each artefact. For every dis-
cipline a set of parameters (e.g. costs, relevance, ur-
gency) is prepared (figure 5), the values can either be
set directly in Revit, in the VR environment or even in
a shared Excel sheet, linked with a Dynamo script.

Once the parameters are set, their values can be
evaluated from different discipline perspectives. By
adding a multiplying parameters “relevance”, the re-

quired actions of each discipline can beweighted. So
if for example archaeologists set a high relevance for
an intervention, itmightoverrule the relevance setby
other disciplines. Most calculations are already done
in the Revit schedules, and can be enriched by cou-
pling external data sources and calculations.

The evaluations are then interactively discussed
in the Virtual Reality environment (CAVE) in the point
cloud model at scale. With our bi-directional link be-
tween Revit and the VR software COVISE, changes of
the parameter values in the Revit file, even changes
to the calculation are updated automatically. Rele-
vant parameters are also linked to the tablet user in-
terface, to directly change them from within the vir-
tual environment.

Different visualization methods are then used to
represent the calculated results. Some examples are
previously described heat maps, that provide a good
overview over larger areas. Going more into detail,
closer to the artefacts, other visualization represen-
tations like the traffic signals (figure 6) e.g. showing
urgency of intervention appear to be effective.

CONCLUSION
Representation of, and planning for archeological
sites due to their size, diversity, and vastly incomplete
information about the artefacts, are a challenging
task. Additionally thediversityof information sources
like texts, external databases, or historic images are
reasons why there is no standardized software avail-
able yet, which supports project teams in making in-
formed planning decisions.

To overcome these restrictions, an approach
combiningBIMcapabilitieswithVRwas taken. Anad-
ditional level of abstraction with “Smart Labels” was
developed to make the relevant information accessi-
ble to all participants of thedifferentdisciplines in the
planning team. Various algorithms and BIMmethods
are used to extract this information in a structured
way, to foster the discussion between all project par-
ticipants. Using VR (from desktop to CAVE) simpli-
fies interaction with the model and fosters commu-
nication between all project participants. Render-
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Figure 6
Evaluated traffic
light visualization in
VR model

ing point clouds in a virtual environment at scale 1:1
andoverlaying themwith additional information, the
users perceive the site as if they were there and thus
discussion focusedandobjective,much like inon-site
meetings.

In the described prototype implementation
within the large scale ancient Portus project, first
promising results were achieved. However it still
needs further development. Within this framework,
the next step will be user tests evaluating our techni-
cal approach, and improving the overall usability.
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This paper presents a completed research project that proposes a new approach
for creating circular buildings through the use of biodegradable, in situ resources
with the help of computational design and digital fabrication technologies.
Common Reed (Phragmites Australis) is an abundantly available natural
material found throughout the world. Reed is typically used for thatch roofing in
Europe, providing insulation and a weather-tight surface. Elsewhere, traditional
techniques of weaving and bundling reeds have long been used to create entire
buildings. The use of a digital production chain was explored as a means towards
expanding the potential of reed as a sustainable, locally produced, construction
material. Following an iterative process of designing from the micro to the macro
scale and by experimenting with robotic assembly, the result is a reed-based
system in the form of discrete components that can be configured to create a
variety of structures.

Keywords: Phragmites Australis, Reed, Discrete Design, Robotic Assembly,
Circular Design, Biodegradable Architecture

INTRODUCTION
Background
In the simplest terms, a building is the result of ma-
terials being formed, combined and joined to cre-
ate defined space. Consequently, building materi-
als and the production and assembly methods cho-
sen during design can to a large extent determine
the sustainability of a building. Cement, steel, plas-
tics and aluminium account for 1.6 billion tonnes of
materials used per year in the European Union (I.E.A.,
2018). Finding renewable materials in substitute for
emission producing ones is an important challenge
for architects. In the European climate, plant-based
resources, such as timber and bamboo, have been

broadly investigated as quality materials that offer
good performance characteristics. Innovative appli-
cations of other plant fibers in building construction
are less widely studied. Common Reed (Phragmites
Australis) has traditionally been used for thatch roof-
ing, providing insulation and aweather-tight exterior
cladding. In other countries, such as Egypt, Peru and
Iraq, traditional techniques of weaving and bundling
reedshave longbeenused to create entire structures.
The research presented here investigates the use of
reed in architecture, beginning from reed growing
and harvesting through to the development of a sys-
tem of reed-based components.
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The research aims to promote the use of reed as
a sustainable construction material through the util-
isation of a circular, digital production chain in order
to improve quality, reduce labour costs and seek new
architectural expressions. The use of digital tools in
conjunctionwith considerationof theharvesting and
processing of the material, enables a level of com-
plexity that would not be achievable in traditional
processes.

Problem Statement
Despite the abundance of plant fibers and their po-
tential as circular, low cost construction materials,
they are often perceived as primitive architectural
materials, whichhas led to adecline in use in contem-
porary construction. Plant fibers offer many benefits;
they are locally available and abundant in most parts
of the world, they sequester carbon, are biodegrad-
able, non-toxic, non-irritant, have high thermal stor-
age capacity, and their thermo-hydric properties al-
low for breathable wall constructions (Piesik, 2017).
Bamboo is widely used, whereas other non-wood
plant fibers, such as reed, hemp, flax, or straw, are
rarely employed other than in composites or as in-
sulation material. Reed offers a sustainable, low cost
material for construction and is abundantly available
in many countries, growing on every continent ex-
cept Antarctica. However, the use of reed as a con-
struction material has declined and exploration of
new architectonic approaches, particularly through
the use of digital design and fabrication, is uncom-
mon.

Research Question
This paper aims to answer: how can digital design
and fabrication technologies encourage the use of
reed in contemporary architecture towards increas-
ingly circular built environments?

MATERIAL RESEARCH
Material Characteristics
Common Reed (Phragmites Australis) is a species of
grass from the Poaceae family. The native plant can

grow in a wide variety of habitats although it is best
suited to wetland habitats in fresh or brackish wa-
ter. The reed plant has a creeping rhizome system,
a modified, subterranean stem that produces roots
and shoots from its nodes. The shoots grow into long
upright basal stemswhich reach 1-3meters in height,
sometimes up to 7 meters, with temperature, envi-
ronment, and nutrient levels impacting productivity
(Packer, 2017). The stems are grouped in stands and
are covered with long leaves and topped with ‘feath-
ers’ scientifically known as the panicle; the flower-
ing part which produces seeds. Reed is resilient, and
sometimes considered invasive as it spreads mainly
through its extensive rhizome and from seeds while
preventing competition from other plants through
the density of the reed stand and root system (Iko-
nen, 2007).

Reed beds are not consistent in their composi-
tion, somearemadeupof dense reed stems, whereas
others have a mix of other vegetation interspersed
with the reed. Due to the wide variety of possi-
ble growing conditions, harvested reed stems vary
considerably in characteristics, and not all reed beds
are of high enough quality to produce stems suit-
able for construction material. The chemical compo-
sition of reed is approximately 52% crude cellulose,
27%hemicellulose, 12% lignin, 3%crude ash, and the
remainder made up of supplementary mineral sub-
stances, such as silicium and nitrogen (Wöhler-Geske
et. al., 2016). The decomposition rate of dead reed
stems is very slow, between 1-3 years in Nordic cli-
mates, due to the high cellulose content and lack of
nitrogenous proteins, resulting in a poor quality food
for herbivores and detritivores (Ikonen, 2007). The
subjection of reed tomoisture increases the speed at
which it deteriorates.

The exact structural properties of reed stems
are not easily ascertained, as the variation in diam-
eter and density of bundles of reed differ consid-
erably, even when limiting the study to Common
Reed sourced solely from Dutch and German sup-
pliers (Wöhler-Geske et. al., 2016). Reed has ex-
cellent acoustic and thermal properties and is very
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lightweight. The thermal conductivity is relatively
consistent, around 0.05 W/mK, and is not affected by
geometry, the acoustic behaviour is primarily depen-
dent on stalk configuration, with a longitudinal stalk
layout particularly effective in sound absorption (As-
drubali et. al., 2016).

Harvesting and Processing
The average density of a reed bed is between 40
to 100 shoots per square meter, but can be up to
300 shoots at its densest (Ikonen, 2007). Approxi-
mately 1,000 bundles of reed can be produced from
a hectare of reed bed. In the Europeanmarket, 60 cm
diameter bundles of reed are typically sold in lengths
ranging from1mto2.3m. The cost of abundleof reed
is in the range of 2-3 Euros, with locally harvested
reedoftenbeingmore expensive than imported reed
because of higher labour costs (A. Prosman, personal
communication, January 15, 2019). Reed sourced
from further away requires more energy for shipping
than reed sourced locally. Therefore, encouraging
the use of local reed requires the development of less
labour intensive processes.

The quality of reed varies and is not related to
the country of origin, but rather the growing con-
ditions, care of the reed bed and harvesting pro-
cess. Higher quality reed lasts longer, but determin-
ing the quality of the stems can be challenging. The
best reed for roofing is harvested in winter when the
stems are hard and the moisture content is low (Iko-
nen, 2007). Collecting reed is easier when the water
of the reed marsh is frozen, allowing equipment ac-
cess. Harvesting of reed is rarely done by hand as it is
much more efficiently achieved with purpose-made
human-operated machinery.

Use in Architecture
Theuseof reed in architecture canbe found in several
forms, particularly in traditional buildings. Thatch is
the most commonly known application for reeds in
the European context. In addition to thatched roof-
ing, thatching the exterior walls of buildings has be-
come common in contemporary architecture. Exam-
ples include the Yusuhara Market building in Japan,

for which architect Kengo Kuma used thatch as a fa-
cade panel [1], and the Wadden Sea Center by Dorte
Mandrup, with thatched walls [2].

The Mudhif, a traditional guest house built by
the Marsh Arabs in Iraq, is constructed entirely from
reeds (Broadbent, 2008). Bundled reeds form arches
to support the structure and woven reeds of varying
porosity create the enclosure. These buildings have
been constructed for thousands of years and con-
tinue to be constructed today. The potential of in-
dividual reeds to act together as a structure was re-
cently tested through the design and construction
of a temporary experimental pavilion in Japan. The
project, Design and Construction of Temporary Pavil-
ion Using Reed as Structural Material, utilised straight,
tied pieces of reed to form an arched structure. The
utilisation of reed is seen as an important issue in re-
gions of Japan, to preserve the culture and environ-
ment (Nagai, 2017). However, the resulting structure
is extremely lightweight, requiring stabilisation from
wind loads with sandbags.

Reed can also be used as insulation in the form
of panels made from reed stems tightly squeezed to-
gether and sewn with wire by machines. The pan-
els are fire resistant, lightweight, and insulate both
heat and sound. Reed panels 30 - 50 mm in thick-
ness have a Specific Heat Capacity of approximately
300 (c)(J/kg.K) (Piesik, 2017). Reed mats may be used
as an external wall cladding to protect from sun and
rain, or for providing shade in the form of screens. In
Peru, the Uru people live on floating islands formed
from Totora reed that grows abundantly in Lake Tit-
icaca (Ninaquispe-Romero, 2012). They construct
houses and boats from reedmats and bundled reeds.

Maintenance and Fire Safety
A thatch roof is weather-tight due to its thickness.
Only the top few centimeters absorb water, with this
sacrificial layer preserving the integrity of the reed
below. The need for maintenance and longevity of
the reed material can be improved through the de-
tailing. It is important to prevent water from collect-
ing and standing on the reed. For roof surfaces, a
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pitch of 45 degrees or more is typically required to
allow water to shed. Exposure to sun and wind al-
lows the reed to dry out, thereby prolonging its life.
Heavily shaded andnorth-facing surfaces are suscep-
tible to algae growth due to the lack of sun exposure.
Algae can form a permanently damp layer, precipi-
tating deterioration of the reed underneath as fungi
begin to grow on the damp surface and feed on the
cellulose in the reed.

Fire safety is a concern for reed structures, as fire
can spread quickly through dry reeds. However, reed
roofs are not as flammable as often assumed; this
is due to the material retaining a certain amount of
moisture in the outer layers which only dries out dur-
ing extensive dry periods. It is the underside of the
roof, where the material is dry that is most vulner-
able to the spread of fire. Additionally, when reeds
are tightly packed together, as in the case of insula-
tion panels, a higher fire resistance is possible (Iko-
nen, 2007).

RESEARCH BY DESIGN
Relevant Research Projects
Recent digital design and fabrication research rel-
evant to this research include; the design studio
taught by Jan Buthke at Aarhus School of Architec-
ture, Experiments in Robotic Thatching (Buthke, 2016).
TheRippleWall installation created for theDigital Arts
Center at theUniversity ofNorthCarolina at Charlotte
(Beorkrem, 2017). Biomimetic Robotic Construction
Process, in which beaver dams inspired the concept
of using an all-terrain construction robot equipped
with a 3D scanner (Cheng, 2016). And the robotic
timber construction projects at ETH Zurich, including
The Sequential Roof (Willman, 2016) and Robotic Fab-
rication of Bespoke Timber Frame Modules, which ex-
plores robotic assembly processes with the aim of re-
ducing the need for scaffolding and allowing for con-
struction of non-planar geometries (Thoma, 2018).

Case Study Context
Returning to themain research question, the primary
objective is to use digital design and fabrication tech-
nologies to encourage the use of reed in contempo-
rary architecture. As the project is highly focused on
sustainable, circular design, an ideal application is for
projects which need to be inserted lightly in natural
environments. As a case study, the design of a series
of nature observation buildings is proposed for the
National Park Duinen van Texel, an island in theWad-
den Sea in the northern Netherlands. The site is ideal
as a case study because reed already grows on the
island, there is a long tradition of thatch roofing, the
National Park is an ecologically sensitive area, and the
different landscapes require different types of nature
observation structures depending on the context.

A building that is customised to a specific use
and set of conditions is better suited to materials
which can be disassembled, reused, or biodegraded.
In the case of this project, the nature observation
structures are planned to exist for a period of ten
years or more after which they can be disassembled
or left in the landscape to deteriorate. This method
allows for adaptation as wildlife shifts to different lo-
cations, the landscapes change, and the number of
visitors to particular areas fluctuates. Through this
context, permanence in architecture is questioned.

Design Concept
Thedesign concept ismaterial-based; an increasingly
common design model that experiments with the
synthesis of new digital techniques and material de-
sign and fabrication technologies in an experimental
design model (Oxman, 2015). Currently the design
for the buildings is donemanually (Figure 1), with the
idea of future implementation of a parametricmodel.
While digital design is considered as part of the pro-
cess, the focus for this research is on the assembly
process. The ideal parametric model would generate
options for the form of each structure based on per-
formative requirements and site characteristics.
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Figure 1
Physical model of
proposed
discretized
reed-based
structure

Reed is an inconsistent material; each stem varies in
diameter across its length making it challenging to
work with in digital fabrication. Additionally, reed
performs best when bundled to form a block or sur-
face; combining many individually weak pieces to
create a strong component. Bundling the reeds into
compact, manageable components emerges as the
logical approach to working with the material in a
digital fabrication process. Mario Carpo argues the
newly emerging alternative model for digital design
is voxelizationor discretization; architecturemadeup
of fragments aggregated and informed by big data
(Carpo, 2014). These discrete methods use Cartesian
geometries that create surfaces through the com-
bination of orthogonal blocks, or voxels, capable
of forming curvilinear space through adjusting their
size and arrangement (Garcia, 2019). This methodol-
ogy provides the basis for a proposed system of bun-
dled reed components.

Components and Connections
Several geometries were explored for the reed com-
ponents. The shape of the cross-section is largely de-
termined by how the reeds are bundled together. If
tied with rope or wire the reed tends to form round
bundles. Round bundles were dismissed as their ag-
gregation would result in gaps, reducing the insula-
tive and weather-proofing capabilities. Conversely,
square or rectangular shapes can be aggregated to
create continuous, solid surfaces. One of the design

goalswas to use fully biodegradablematerials; there-
fore, a solution emerged utilising a wood sleeve to
create standardised square sections and provide a
point of attachment between adjacent bundles. Pro-
totypes were built by hand utilising two types of
reed; Chinese reed with a thin culm diameter and
shorter stem, and Turkish reed with wider culm di-
ameter and longer stem. The final 1:1 prototype was
built with laser-cut wood end-connectors and hand-
stitched reed (Figure 2).

Figure 2
Proposed
reed-based
component, 1:1
prototype

The proposed system follows a Cartesian logic, with
grids at 90, 45, and 135 degrees used to order the
components. By constraining the components to
these angles, a clarity is brought to the design which
may otherwise appear chaotic. The limited number
of positions and connection possibilities is indicative
of a discrete, digital system (Ward, 2010). In this sys-
tem, variation is provided solely through changing
the length of the reed bundles and their positioning
within the whole.

An octagonal joint was found to be ideal to al-
low for attachment of successive components at the
desired angles of 45, 90 and 135 degrees (Figure 3).
Each componentwithin the system is simultaneously
identical andunique as the only change to the form is
in theelongationor shorteningof the reedblock. The
woodends are designed to connect the reedbundles
to each other, but they also provide an appropriate
geometry for a robot to grip andmove during assem-
bly, thereby regularising the material.
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The proposed design consists of three parts; the
stitched reed bundle, the wood end connectors, and
hexagon-shaped pins used to join the components
together. The system is intentionally simple; most
anyone could figure out how the components slot to-
gether. The simplicity of the construction system al-
lows for a complexity in configuration. The reeds can
form solid and open areas and there is an underlying
pattern in their organisation. The keyhole connec-
tion allows for future disassembly or reconfiguration.

Figure 3
Proposed system
assembly:
Octagonal keyhole
joints allow for
standard end
connectors that can
be attached at 45,
90, or 135 degrees

Figure 4
A digital model is
required for the
fabrication and
assembly process to
capture the length,
location, and
orientation
information of each
component

Design and Assembly Sequence
The design, construction, and lifespan of the reed
structures are considered in a series of phases. The
first phase is the development of a digital model rep-
resenting the proposed building. The next phase is
the fabrication of reed bundles and the connectors.
The third phase is the robotic assembly of the struc-
tures, and the final phase is the end of life of the
buildings. The sequence is circular, as material is har-
vested andprocessedon the island and returns to the
ground once the lifespan of the structures is reached.

The generation of a digital model is necessary to
produce the component data, including the length
of the reed bundles and the specific location and ori-
entation of the component within the structure for
robotic assembly (Figure 4). As described previously,
this model is currently created manually, however a
parametric model could be explored as a future step.
Within the digital model, each discrete reed bundle
is uniquely identified and contains information about
its coordinates and length. The integration of this in-
formation with the assembly process allows for the
generation of a highly complex arrangement of es-
sentially simple components. Once the digital model
is complete, the data can be extracted for use in pro-
duction and assembly. From the outset, the amount
of material required and estimated production time
will be predictable.

Machines have been developed to automatically
bundle reeds as they are harvested, producing 60
cm diameter bundles, which are the ideal size for a
roofer to carry and work with. Additionally, large
format sewing machines exist to produce reed mat-
tresses and insulation panels. The automated har-
vesting and bundling of reeds for other uses in archi-
tecture has not previously been considered. The de-
velopment of a new harvesting machine is proposed
to combine the capabilities of these two existingma-
chines. The machine is imagined to directly harvest
reed and produce square, stitched reed bundles cut
to custom lengths.

For the construction of the nature observation
structures, the unique components would be assem-
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bled on site with an all-terrain robotic arm. The robot
would require cameras and scanners to accurately
navigate the environment and identify the location
of each component. The challenge in assembling
reeds with a robotic arm lies in the inconsistency of
the natural material. In developing a design which
could be robotically assembled, consistency had to
beadded in away thatwould allow for easy assembly,
as previously mentioned, this was achieved through
the use of a square end-connector at the end of each
reed bundle.

The process is considered from harvesting of
reed through to the end-of-life of the structures (Fig-
ure 5). Through designing a complete system, a cir-
cular solution was achieved. Once constructed, the
structures can later be expanded by simply adding
more components. After the buildings are no longer
maintained or used, they slowly fall apart or can be
disassembled. The reeds will likely deteriorate be-
fore the wood connectors. However, the reed bun-
dles can be maintained by removing the outer sur-
face and applying a fresh layer of reed to protect the
inner layers. It is difficult to predict the longevity of
the structures as such a system has not been tested
before, however it could be in the range of ten to
twenty years.

Robotic Testing
A Universal Robots UR5 robotic armwas available for
testing the proposed robotic assembly process. The
UR5 is amedium sized collaborative robot. The robot
has a reach of 850 mm and can lift a payload of up to
5 kg. With the limitation of the size and payload of
the robot arm, a 1:2 scale model was built for use in
robotic testing (Figure 6). In a real-world application,
a larger, all-terrain robotwould be required to assem-
ble structures directly on site. The scaled model was
built by hand and the assemblywas semi-automated,
with a focus on the customised positioning of each
component. RoboDKwasusedas the robotprogram-
mer for the simulation and physical testing. A man-
ual gripper was built from MDF. The gripper utilises
bolts with butterfly nuts to open and close the grip-

per around each part. In an ideal situation, an adap-
tive gripper, such as the Dahl DAG-M would be ideal
for automatic picking of parts. Another important el-
ement is the inclusion of a part feeder, which would
automatically place components in the same posi-
tion, one after the next for the robot to grab.

Figure 5
The harvesting,
component
production, and
robotic assembly
are designed as a
complete system

Figure 6
Robotic assembly
test setup utilising
the Universal
Robots UR5 robotic
arm with custom
built end effector
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Testing began with simple tasks, such as joining one
element at a 45 degree angle. Following this first
round of testing, a more elaborate setup was created
consisting of six components. This sequence was
programmed manually in RoboDK. As a next step for
this project, a script would need to be developed for
assembling elements in sequence based on the dig-
ital model. The main challenges here are in collision
avoidance and sequencing of the assembly of parts.
The most important takeaway from the robotic test-
ing is that thedesignof a robotically assembledarchi-
tectural joint must allow for tolerance. Even though
at first it seems that a robot allows for more preci-
sion, small inaccuracies can quickly add up, resulting
in a misaligned joint. These inaccuracies can result
from themanufacturing of the components, compu-
tation of the weight or center of gravity, the mount-
ing or calibration of the robotic arm, or in the setting
of reference points from the physical setup. For fur-
ther research, the joint would need some adjustment
to include more tolerance for the assembly. This be-
comes particularly important when considering that
the proposed design would be constructed in an en-
vironment that ismuchmore uncontrolled than a lab
setup.

CONCLUSIONS
Discussion of Results
The design process followed an iterative, nonlinear
sequence, with research occurring simultaneously to
design, resulting in continual adjustment to the ar-
chitectural concept, material tectonics and digital
strategies. Through this design-based research pro-
cess, there were certain unanticipated findings. Al-
though the project primarily focuses on robotic as-
sembly, the innovation lies in redefining the har-
vesting process and considering materials for con-
struction starting from the source; how they are
taken from the ground towards the requirements of a
robotic assembly process. Through questioning the
way that a construction material is processed, new
possibilities emerge. This is fundamental in exploring
sustainable strategies for the future. The proposed

machine that would harvest and stitch the reed bun-
dles is the cornerstone of this project as it enables the
localised production of a new type of building com-
ponent.

There aremanydeeply rooted associationswhen
it comes to using natural materials. While a mate-
rial such as stone feels rich and solid, plant fibers
have traditionally been viewed as weak and inferior.
The use of an inconsistent natural material brings
up many challenges for digital fabrication. However,
while the digital fabrication aspect adds some limi-
tations, it also opens up possibilities. Several parts
of the fabrication could be achieved through hand-
work, but beyond the time savings, the benefit of a
digital production chain is that data is embedded in
each of the components. This allows for each reed
bundle to be a different, precise length and the as-
sembly is rationalised through the location data. The
proposed project reframes reed as a digital material,
capable of containing embedded data straight from
harvesting.

Another innovative aspect of this project is con-
sidering reed as a material which can be discretized,
instead of used as a mass, as is common with thatch
roofing and insulation panels. Instead, the archi-
tecture is viewed as an assembly of components in
which theoverall form is impactedbyanyadjustment
to a single component. A singular reed is inherently
weak, but through dense bundling, components can
be created that are structural, insulative, and can act
as cladding.

The research by design method was appropriate
for this project and theproductionofphysicalmodels
at various scales validates the results, as the 1:1 pro-
totype showed the fabrication of components, the
1:2 model enabled testing of the robotic assembly,
and the 1:20 and 1:50 models display the aesthetic
quality and possible design variations. In consider-
ing how the research could be improved, testing of
the robotic assembly should have been performed at
an earlier stage in the research to better inform the
design of the connection between components.
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Limitations and Further Research
There are many directions in which this research
could be further developed. The research focused
on the design of the reed components to enable a
robotic assembly process. Additional study would
further verify the viability of the proposal as an ad-
equate solution for nature observation buildings or
other alternative structures. Testing the structural
performanceof the systemwouldbenecessary to en-
sure the ability to withstand the conditions on Texel
Island. Wind loading is of particular concern due
to the low weight of the reed bundles. The robotic
testing was focused on the use of a robotic arm as
the best available method. It would be beneficial to
consider other assembly options, such as the use of
drones to expand the ability to access higher, diffi-
cult to reach areas. Additionally, study on the devel-
opment of a new type of reed harvester and analysis
of the costs is needed todetermine the viability of the
proposed system.

The use of wood connectors enabled a
biodegradable structure. Some improvements can
be made to the connectors. More tolerance is nec-
essary to improve the viability of robotic assembly.
Additionally, the connection between the reed and
the wood could be further secured by adding more
stitching holes along the base of the connector to
ensure a tight connection. However, with the use
of machine stitching, this may not be necessary.
An improvement was made when the design pro-
posal switched from solid timber parts thatwere CNC
milled, to milling of planks which are later joined to-
gether as this greatly reduces material waste. An al-
ternative solution for endconnectorswouldbe touse
epoxy resin poured into moulds with the reeds em-
bedded. Epoxy resin is not bio-based or biodegrad-
able, but the concept is worth keeping in mind as
innovative materials develop in the future. A further
option would be to produce the connectors from a
moredurablematerial that canbe reusedmany times
with replacement of the reeds. This would be ideal
for using the structures for temporary installations,
such as exhibitions or festivals.
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If we strive for a de-carbonized future, we need to think of buildings within a city
as resources that can be re-used rather than being disposed of. Together with
considerations on refurbishment options and future building materials, this gives
a decision field for stakeholders which depends on the current ``building stock'' -
the set of pre-existing buildings which are characterized e.g. by building period,
location and material composition. Changes in that context are hard to argue for
since (1.) some depend on statistics, other (2.) on the concrete neighborhood and
thus the space in which buildings are embedded, yet again others on (3.) future
extrapolations again dealing with both of the aforementioned environments. To
date, there exists no tool that can handle this back-and-forth between different
abstraction levels and horizons in time; nor is it possible to pursue such an
endeavor without a proper framework. Which is why the authors of this paper are
aiming to provide one, giving a model of change in the context of re-using
material resource of the city, when faced with numerous abstraction levels
(spatial or abstract; past, current or future) which have feedback loops between
them. The paper focuses on a concrete case study in the city of Vienna, however,
chances are high that this will apply to every other building stock throughout the
world if enough data is available. As a matter of fact, this approach will ensure
that argumentation can happen on multiple levels (spatial, statistical, past, now
and future) but keeps its focus on making the building stock of a city a resource
for sustainable development.

Keywords: material reuse, sustainability, waste reduction, Design and
computation of urban and local systems – XS to XL, Health and materials in
architecture and cities
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INTRODUCTION
The city as an organism is ingesting and excreting
material resources in every year of its existence. Many
of these materials have to do with the built envi-
ronment, e.g. reinforced concrete as a basis for all
currently-built structures, leading to a mixture of
steel/concrete when demolished, bricks and mortar
which form the baseline ofmany historical cities, and
add-on materials such as styrofoam and glass wool
which form themain insulationmaterials that are cur-
rently used.

All of these materials have different time hori-
zons with regards to when they need to be replaced;
they also differ in terms of reusability and effort for
recycling or disposal. However, these factors do not
influencepeoplewhoareactually building; it is rather
economical reasons that form the basis formost con-
siderations in that context - which underlines the im-
portance of policy-making in that context. To this
end, we have established M-DAB, a coupled simula-
tion/visualization that shows different building ma-
terials in the city-scape and predicts future waste re-
sources and likely re-use/recycling paths. However, it
does not simply stop at predicting these factors but
also offers to enter different options for material em-
ployment during the building phase together with
economic incentives, leading to less material con-
sumption and/or better utilization of the waste ma-
terial for other uses. The proposed framework works
with policy scenarios, i.e. AS-IS as the baseline, and
a selection of customizable future scenarios where
materials can be shifted to a variety of possible re-
use paths - thereby becoming the basis of a political
discussion focused around “what possible future sce-
nario provides the best overall performance for city
development” as a whole.

In more detail, our contribution consists of the
following parts:

• We take a thorough statistical look at the annual
material output of the city (“waste” resulting
from refurbishment, demolition and new build-
ing activity, which happens with a certain prob-
ability; see Section ‘Material Output of the City’).

Our data show that this depends largely on a
building’s year of construction, which implies a
certain material composition.

• In a second step, we useGIS to identify buildings
of different construction era and their neighbor-
hoods, so as to act as data basis for a concrete
city. We turn this data into a hierarchical rep-
resentation (see Section ‘City Representation’)
that contains all relevant data for our later sim-
ulation.

• The temporal dynamics and future scenarios are
capturedwithin a simulation that uses the statis-
tic and representation presented earlier and
computes a yearly material output depending
on the probability for demolition, renovation
and new building activities (also depending on
the respective building era of the buildings in
question). Specific scenarios such as an increase
or decrease in housing need are furthermore in-
troduced via a set of parameters that control city
development (see Section ‘Simulation’).

• In a last step, we present the output of the simu-
lation both as statistical visualization (charts) as
well as spatially, within a city model; since our
predictions are aggregated e.g. for a whole dis-
trict of a city, we also present the latter data in
an abstracted manner using extruded volumina
rather than concrete locations (see section ‘Visu-
alization’).

Our framework is intended for use by political stake-
holders which may have widely different views on
further development. It is therefore necessary that
everyone can build new scenarii out of the given
simulation parameters we offer, which implies a
certain level of personalization; we have follow a
User-Centered Design approachwith stakeholders in
which this point was a major outcome (see Section
‘Discussion’). The framework is part of an ongoing
research project which is still underway, the imple-
mentation is currently under development and uses
the concepts presented herein.

128 | eCAADe 38 - D1.T2.S1. HEALTH AND MATERIALS IN ARCHITECTURE AND CITIES - Volume 1



RELATEDWORK
We are not aware of any simulation/visualization/-
planning efforts on this (city) scale, and thus our re-
lated work is based on previous work in material re-
use (Kleemann 2018; Kohler and Yang 2007; Lichten-
steiner and Baccini 2008; Swart, Raskin and Robinson
2004; van der Voet et al. 2017; Wittmer and Lichten-
steiger 2007). For an introductory overview of ma-
terial stock analysis, the reader is advised to consult
Augiseau and Barles 2017 aswell as Lanau et al. 2019.
Our approach is specifically tailored around the use
of GIS data, as in Kleemann et al. 2017.

MATERIAL OUTPUT OF THE CITY
In previous work (Lederer et al. 2020 [in press], Klee-
mannet al. 2017), theproject teamhas collecteddata
on the material output of construction and demo-
lition sites, based on the year of construction. Fur-
thermore, new building constructions have been re-
searched by the use of BIM data, for typical housing
types, which are nowadays common. In more detail,
we have used IFC to extract the bill of materials and
aggregate that to our specific material classes (e.g.
concrete, brick, wood and so on).

On the one hand, this gives us a mapping from
historical data tomaterial outputs, on the other hand
a possible future extrapolation for current building
types. This serves as a basis for computing the actual
output of materials according to probabilities (ren-
ovation, demolition, new buildings) under the influ-
ence of simulated growth and the concrete building
park being investigated (see next sections).

Further points for consideration in this context
are:

• The neighborhood context including zoning,
norms and preservation regulations

• Existing extensions of a building (including
rooftop extensions), which make demolitions
less likely

• Potentials resulting from unused or not fully
used building volumes, since that makes further
building activity more likely

All in all, we obtain material output according to
three probabilities: demolition, renovation and new
building activity. The first two are based on the cur-
rent building park (see section ‘City Representation’),
the last one on our simulation (see section ‘Simula-
tion’).

Figure 1
Time-attributed
building volumes as
a basic element of
the city
representation on
which the
simulation acts. For
visualization, these
bits are aggregated
into building
blocks,
neighborhoods and
districts.

CITY REPRESENTATION
Since we are based on the construction year of each
buildingwithin the building park, we first have to ob-
tain a spatial model where each basic entity repre-
sents a building volumewith such an attribute. To do
this, we extract extruded polygons from a GIS, where
each suchpolygon represents abuildingpart of a cer-
tain era. Further data, such as zoning regulations and
preservation restrictions are then accumulated into
these basic bits of information. In the next step we
aggregate these volumes intobuildingblocks, neigh-
borhoods and districts. The simulation will happen
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Figure 2
Different parts of
the simulation

on the level of the original basic volumes; visualiza-
tion uses the aggregated representation (figure 1).

SIMULATION
The simulation computes annual demolition, renova-
tion, and new building activities and, from that, the
predicted material output. During that task it refer-
ences the lower layers - statistical analysis of material
outputs and the city representation (see figure 2) - in
order to update its state. The actual city dynamics are
encoded as multiple communicating modules, each
dealing with a specific aspect:
Housing demand: Computes the change in build-
ings depending on demographic growth (growth,
decline, or stagnation).
Urban sprawl: Controls the location where changes
to housing are taking place predominantly (outer
perimeters, inner core, or both).
Unit size per capita: Computes the change in m²
which an average person needs (increasing, decreas-
ing or same).
Future material preference: Simulates develop-
ment tendencies in material choice, as e.g. sup-
ported through financial incentives and policymak-
ing. Choices include concrete, wood and bricks.

The parameters named above are defined on a
non-technical level and presented as such to the user
(see e.g. the slider “space requirement target” left
in figure 3, which controls the unit size per capita
named before). These settings are defined on a

global level (e.g. 38m² mean unit size throughout
the whole city) but need to be translated to per-
district values (districts have differentmean unit size;
if 38m²=100%, one can express the mean unit size
per district in a relative fashion). Also, some values
are “targets”, i.e. they are to be reached at the end
of the simulation interval (2020 ... 2050 in our case).
We accordingly use linear interpolation to achieve
the actual value of a parameter in a certain year. De-
pending on the parameter in question, we may fur-
ther need to translate a parameter on the user in-
terface according to a building’s construction period
and usage (residential, industrial, service or “other”).
Because of the complexity of the translation process,
weoffer detaileddocumentationoutlining thewhole
process for each parameter (see “book icon” to the
left of each slider in figure 3).

A scenario is the set of all parameters with their
specific values. Each scenario has a name (e.g. “Sus-
tainable materials”) and can be compared to a base-
line scenario that represents the status quo. The user
may change individual parameters on the user inter-
face and save the changed parameter set as a new
scenario (further see section ‘Discussion’).

VISUALIZATION
The results of the simulation are visualized both spa-
tiotemporally as well as statistically:

• For the spatiotemporal case, a 3D city model
with a time slider shows extruded volumes ac-
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cording to districts and neighborhoods. These
volumes represent spatially aggregated simula-
tion data for a specific year (also see section ‘City
Representation’).

• For the statistical case, we show results as a
chart, one category at a time. We depict the
whole time axis (in our case until 2050) and
canmake use of several chart visualization tech-
niques (e.g. line and bar charts).

The ability to compare scenarios (e.g. with the cur-
rent baseline) and to define own scenarios gives
stakeholders a powerful tool for discussion. Such a
comparison can be achieved by a side-by-side visu-

alization (scenario A vs. scenario B) or by depicting
relative differences in the produced values.

DISCUSSION
Our frameworkwas developed using a user-centered
design approach. In more detail we hosted a work-
shop in which potential stakeholder could state their
expectations and their views on such a simulation/vi-
sualization. The main observation from that activity
was that

• Users need to change and adjust parameters
without having to know the exact technical (un-
derline) details.

Figure 3
Preliminary
implementation.
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• Users wanted to save and compare their param-
eter sets, in order to be able to asses the perfor-
mance of the outputs.

This has led to the introduction of scenario, logically
modelled after the “euCALC” project [1]. So far, we
are implementing the model described herein and
will present first results on user-tests at the confer-
ence. One of the questions in this context is whether
the spatial-temporal visualisation makes sense for
our stakeholders, who are more used to see statis-
tics as charts. Nevertheless, we feel to superimpos-
ing projected outputs from the simulation onto the
cityscape might be a way to show results also to a
wider public who are not trained in reading statistics.

CONCLUSION
We have presented a framework that combines visu-
alization and simulation for predicting material out-
puts of a city. The goal is to shift material use tomore
sustainable modes, e.g. re-use instead of disposal.
To make that possible we are simulating several di-
rections of development that can be parameterized
by political stakeholders easily. Results can be com-
pared either to a baseline or to other “scenarii”, which
are sets of parameters that are stored under a logical
name.

In future work we will further look at the gap be-
tween political actions and their translation into the
formalized parameters of the simulation. Political ac-
tions include taxes and incentives, which must be
translated into concrete annual increases/decreases
concerning the “building stock”, which forms the ba-
sis for our approach.
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This research project presents a meteorosensitive kinetic façade system that
passively responds to environmental Relative Humidity (RH) fluctuation by
employing wood's natural hygroscopic behavior. The global shape-shifting
performance is based on the combination of a series of predetermined local
hygroscopic behaviors and modified by designated surface configuration. The
façade system will pack itself when the environmental RH increases and unpack
itself when the environmental RH decreases. This research project entails five key
stages: (1) material system research; (2) development of a computational tool for
simulation and iterations; (3) development and examination of joinery system; (4)
prototyping with the maple-spruce bilayer in different scales; and (5) the final
development and fabrication of a mesoscale hygrosensitive façade.

Keywords: Building envelope system, hygroscopic behavior, adaptive
architecture, bi-laminated wood material, kinetic façade

INTRODUCTION
Wood is a commonly available material, yet there is
little discussion around its environmentally respon-
sive behavior, which is inherited from its biologi-
cal system. As a result of the unique structure of
thematerial, wood presents its special characteristics
and properties when exposed to a natural environ-
ment. It appears there are dimensional changes with
the corresponding environmental Relative Humidity
(RH) variation: it absorbs moisture and swells when
the RH increases and conversely it releases moisture
and shrinks when decreasing the RH. Consequently,
this anisotropic property has long been conceived

as problematic in architecture and building indus-
tries when compared to isotropic materials (Menges
2010).

With the various emerging computational ap-
proaches, researchers and designers can now doc-
ument and simulate material behavior almost per-
fectly (Wood et al. 2016; Abdelmohsen et al. 2018).
Designers establish and feed the computational ap-
proach with designated parameters and outcomes.
Consequently, the computer is informed and trained
on how to process the raw data and can generate the
possible outcomes in digital format. Once this kindof
computational tool is created, it can provide design-
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erswith thepossible design solutionsusingpredeter-
minedbut not experimental data or informdesigners
about the probable inputs for the desired outcome
(Wood et al. 2016). Materializing the computational
design, by which designers can be freed from labor-
intensivework and instead devote themselves to dis-
covering design potential.

To capitalize on the hygroscopic behavior of
wood for architectural applications, this research
project focuses on the development of a mesoscale
prototype as a proof of concept and a parametric
model for intuitive design iterations and fabrication
processes. Theparametricmodel is basedon theTim-
oshenko Equation and is calibrated by physical ex-
periments.

BACKGROUND
WoodHygroscopic Responsiveness
Recent research studies on wood material respon-
sivity have investigated the exploitation of the hy-
groscopic behavior of wood in architecture, such as
self-shaping timber cladding for the Urbach Tower
(Wood et al. 2020) and a meteorosensitive building
skin for the HygroSkin Pavilion (Correa et al. 2013).
Some of the researchers (Wood et al. 2016; Rügge-
berg and Burgert 2015; Wood et al. 2018) have
focused on the production of wood bilayer com-
positions featuring two different species (hardwood
and softwood) laminated in a cross-grain orientation.
This bilayer composition creates an active layer (hard-
wood) which is allowed to shrink and expand with
variations in its moisture content (MC), and a pas-
sive layer (softwood) which remains relatively sta-
ble regardless of its MC changes (Rüggeberg and
Burgert 2015) (Figure 1). Hardwood and softwood
present different reactions to the environmental hu-
midity changes due to their distinct cellular struc-
tures (Menges 2009). The bilayer composition in-
tegrates two different material reactions from hard-
wood and softwood, thereby creating a tension of
forces which causes directional bending. Changes
in environmental RH also affects how a bilayer com-
position behaves. When increasing RH, the bilayer

absorbs water and bends towards the passive layer,
whereas decreasing RH causes the bilayer to lose MC
and bends towards the active layer.

Figure 1
Bilayer composition
hygroscopic
behavior.

The hygroscopic behavior of wood has been uti-
lized in several architectural applications, including
building skins (Abdelmohsen et al. 2019; Abdel-
mohsen et al.2019; Holstov et al. 2016; Reichert et
al. 2015; Schleicher 2011), space frames (Forestiero
et al. 2018), and shell structures (Wood et al. 2018).
In particular, the paper by Reichert et al. (2015)
explores the application of hygroscopic behavior in
building skin systems. The installations and long-
term experiment introduced in this paper support
a reversible and repetitive hygroscopic quality in
an outdoor environment. The recent paper (Ab-
delmohsen et al. 2019) exhibits a series of façade
prototypes that make use of the hygroscopic prop-
erty of wood. Further, a grammar has been devel-
oped to describe the relationship between the pa-
rameters and the motion for further research (Ab-
delmohsen et al. 2019). In both papers, the hygro-
scopic elements deform in fixed positions or fixed
frames. The summation of each local deformation
achieves the shape-shiftingmanner of thewhole sys-
tem. The development of the Urbach Tower employs
hygroscopicity in timber manufacturing. This marks
a shift fromhigh energy consumption and heavyma-
chinery intensive processes to a process where the
material shapes itself to a pre-determined configu-
ration with no energy and machinery requirement
(Wood et al. 2020). This project shows the po-
tential of applying wood’s hygroscopic behavior to
a large-scale architectural application. Another re-
search project, Augmented Grain also investigates
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the combination of various programmed principle-
curvature compositions by interconnected joints as
a means to achieve the intended integral form and
bending performance (Wood et al. 2016). This re-
search project, as a proof of concept, unveils the
possibility of reversible global hygroscopic shape-
shifting performance through the contribution of di-
verse individual local predeterminedhygroscopicbe-
havior (Wood et al. 2016).

Adaptive Kinetic Facade System
In recent years, architects have raised awareness
about making buildings sustainable. As a corol-
lary, there has been an interest in incorporating ad-
justable technologies that can respond to shifting
environmental conditions. Building envelope sys-
tems greatly contribute to a buildings‘ carbon foot-
print and thus, have been widely studied and re-
searched by designers (Luo et al. 2019). With a tra-
ditional static façade system, all kinds of environ-
mental conditions have been carefully considered,
nomatter howhot the summer day or heavy the rain,
have been carefully considered to fit the building
perfectly (Napier 2015). An adaptive kinetic façade
system will optimize itself to both enhance the ex-
perience of the people inside the building and im-
prove energy efficiency. The Arab World Institute is
among the first buildings to employ a mechanical
actuation façade system, which includes 240 motor-
ized apertures controlled by photo sensors (Hraska
2018). The Al Bahar Towers’ Mashrabiya shading sys-
tem (Attia 2017) and the One Ocean Thematic Pavil-
ion for EXPO 2012 (Knippers et al. 2012) are two
other classic examples that use a mechanical actua-
tion system. Further, some designers have even in-
vestigated material-based actuation façade systems,
which leverage materials that alter their properties
due to external stimuli, such as moisture, heat, or
light conditions (Kolarevic and Parlac 2015). The
Homeo Static Façade System (Decker 2013) and the
Smart Screen (Salvo 2018) are two examples that fall
under this category. These adaptive façade systems
transform themselves by responding to environmen-

tal changes not only leaving a visual experience to
audiences through thebeautyof shiftinggeometries,
but also reducing solar gain inside a building while
leaving gaps for natural light to enter, thereby main-
taining the internal illumination (Kolarevic and Parlac
2015).

Research Aims
By employing the hygroscopic property ofwood, this
research project aims to create a hygrosensitive ki-
netic envelope system that passively responds to en-
vironmental humidity fluctuations; packing and un-
packing itself. In comparison to active facade sys-
tems, which apply actuating and regulating mecha-
nisms in façade architecture, the aimed passive sys-
tem is self-actuated and requires neither amicrocon-
troller sensory system, nor an additional actuator sys-
tem. The preceding design and research projects ex-
tend the scope of understanding that interconnects
the defined local hygroscopic behavior with one an-
other to form a global reversible performance. At its
crux, this project capitalizes on wood’s hygroscopic
behavior through a computational method that re-
lies on an understanding of the complex structure
of wood in order to manipulate the bilayer com-
position’s shape-shifting performance to ultimately
achieve a predetermined configuration. Here, the
computational method dealing with parameterizing
physical material into digital data sets is regarded as
a bottom-up strategy, which integrates wood’s ma-
terial characteristics and constraints. Such shapes
the basic rudiment of the project. The subjective in-
tended surface scheme, on the other hand, as a top-
downapproachpolishes the physical formandmate-
rializes the proposed configuration, ensuring it is ap-
pealing and attractive.

METHODS
Material System
The material system of the shape-shifting façade is
composed of the hygroscopic wood bilayers, which
are connected by a joinery system. At the micro-
scale, the hygroscopic wood bilayer property is in-
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vestigated through a series of experiments. The ex-
isting projects (Wood et al. 2018), set references for
material selection and fabrication methods. Maple
and spruce are chosen as the materials for the active
andpassive layer due to their performance andmate-
rial availability. The fabrication set up for the micro-
scale experimentation is as follows: (1) both maple
and spruce veneers are put inside a humidity cham-
ber for 24 hours to absorbmoisture from the environ-
ment - they achieve an MC level of about 20%- 21%;
(2) cross-grain lamination, whichmeans the grain ori-
entations of maple and spruce pieces are perpendic-
ular to each other, is implemented to produce the
maple-spruce bilayers; (3) the maple-spruce bilayers
are vacuum-sealed to strengthen the lamination; (4)
all samples aremoved to an indoor environmentwith
a lower RH for deformation; and (5) the bending pro-
cesses are captured by a position fixed camera and
the final deflections are measured by analyzing the
images. The bilayers bend due to a loss in MCs. Mea-
sured by a pin-type moisture meter, the MC roughly
equals to about 7% at the end.

In order to understand the material behavior,
three sets of univariate experiments have been con-
ductedbasedupon similar researches (Abdelmohsen
et al. 2019; Reichert et al. 2015). The parameters ex-
amined are aspect ratio, geometry, andgrain orienta-
tion. These experiments aim to find the relationship
between the values of these variables and the mag-
nitude and direction of the bending curvature.

1. Aspect Ratio (Figure 2): the aspect ratios (edge
along the grain orientation to edge perpendicular to
thegrainorientation) of the samples are1:0.5, 1:1, 1:2,
and 1:6 respectively. The deformation outcomes in-
dicate a negative correlation between curvature and
aspect ratio.

Figure 2
Aspect ratio
experiment.

2. Geometry (Figure 3): square, hexagon, and bow-
tie shape samples cut from the square are examined
in this experiment. Both irregular shape samples dis-
play a larger curvature than the square one. The pos-
sible explanation for this is that the decrease of the
continuous passive layer area reduces the restriction
of the bending force.

Figure 3
Geometry
experiment.

3. Grain Orientation (Figure 4): the angle between
grain orientation and the short edges are set as 0 °,
20 °, 40 °, 60 °, and 90 °. The samples depict a clear
result: the curvature of the bending is perpendicular
to the grain orientation.
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Figure 4
Grain orientation
experiment.

These experiments demonstrate the correlation be-
tween each parameter and the bending behavior
which can be manipulated in the design process. It
also provides the appropriate range for reference to
achieve effective performances. These results are
a comprehensive understanding of wood’s hygro-
scopic behavior and render a database for the ensu-
ing investigation.

Computational Tool
The computational model is developed based on the
aforementioned real-time physical experiments and
the Timoshenko Equation (Timoshenko 1925) which
was developed to calculate bilayer metal curvature
and adopted to simulate the wood bilayer’s hygro-
scopicbehavior (RüggebergandBurgert 2015; Schle-
icher 2011; Wood et al. 2016). Given the specific
wood species, the curvature is related to the change
in MC and the thickness ratio of the active and pas-
sive layers. Guided by the Timoshenko equation and
the aggregation rules of the system, a computational
model of the façade is developed to simulate the
shape after hygro-expansion.

Moving from single wood bilayer pieces to a dig-
ital simulation model of the larger system provides
chances to foresee and examine the proposed scale-
up development. The local behavior of individual
strips can be effectively manipulated by changing
grain orientation and the level of MC. After experi-
menting with the various local behaviors and the ag-
gregation of such behaviors, the desired global per-
formancewhichwill laterbeexaminedandcalibrated
by the digital simulation emerged.

Joinery System
The joinery system is developed to connect the small
wood bilayers together, transferring the micro-scale
local behavior to a mesoscale aggregated system
(Figure 5). Finger joints are used to ensure the tan-
gent connection between the flipped pieces. For the
final scale-up model, the proper number and size
of the fingers are examined and determined (Figure
6). Fixed knots occur where the rows are touched,
tightening them together and allowing later defor-
mation performance. Fixed knots are tested to en-
sure the efficiency of the system. As part of this, leav-
ing sufficient tolerance space to allow the bolts to
slightly slide up and down, changing the material of
the knots, and changing themethodofmaking knots
is essential. Elastic string knots are tested and used in
the final scale-up model because of their adaptabil-
ity to the whole system, expansibility when force is
applied, and efficiency during shape-shifting perfor-
mance (Figure 7).

Figure 5
Mesoscale
prototype: The
façade system is
composed of
maple- spruce
bilayers which are
connected by finger
joints and string
knots.
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Figure 6
Dimensions of the
finger joint.

Figure 7
Elastic string knots
test.

Prototypes
The objective of the project is to design a kinetic
façade system that can passively respond to the envi-
ronmental humidity changes. Through the novel ag-
gregation method, the hygroscopic behavior of sin-
glewoodpieces transfers to the shape-shifting of the
whole system. The small bilayer pieces are alternately
flipped and interconnect by finger joints to form the
vertical rows. Then, the rows are connected horizon-
tally by the fixed joints to an integral envelope façade
system. The deformation behavior of each individual
piece will accumulate and contributes to the expan-
sion or contraction of the whole system (Figure 5).

Several mesoscale prototypes are developed
(Figure 8) to explore the possibilities and constraints

of the parameters as well as the joints’ performance.
The first prototype is a four-rowmodel to test the ba-
sic aggregation (Figure 8a). Each row has six flipped
pieces. This model expands in a low RH environment
after assembly, and it is the cumulation of local defor-
mationwhich induces a global shape-shifting perfor-
mance. The second set of prototypes are several sin-
gle rows that explores the impact of the configura-
tion of both grain orientation and the irregular shape
of the rows (Figure 8b). The single pieces curl accord-
ing to their grain orientation, shaping the morphol-
ogyof the entire connected strip. The third set of pro-
totypes are the connected rows. This set portrays the
effect of a combination of parameters, including dif-
ferent combinations of grain orientation and geome-
try in the system (Figure 8c). The fourth set is a single
row that consists of five 4’ X 8’ pieces (Figure 8d). This
set endorses the practicability of the final upscaling
model.

Figure 8
Mesoscale
prototypes: (a) A
prototype of basic
aggregation; (b)
Prototypes of single
row with variation
in geometry and
grain orientation;
(c) Prototypes of
aggregated rows
with variation in
geometry and grain
orientation; and (d)
A prototype to test
scale-up model
practicability.
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Final Design and Fabrication
The prototypes demonstrate how this system aggre-
gated by the simple aggregation rule can have var-
ious forms. These models also suggest having an
operation from the global scale. The final design
combines a bottom-upmaterial system investigation
and a top-down proposed morphology configura-
tion. The basic façade system has six pairs of rows.
Each row has 8 or 9 pieces of bilayers. Grain orien-
tation and change of MC are two major parameters
of the façade system. By adjusting these two param-
eters, the expansion width after shape-shifting and
the proportion of the shading and the opening area
can be defined. The angles between their grain ori-
entation and the horizontal plane controls the ex-
pansion size of the system. The Timoshenko Equa-
tion simulation indicates the positive correlation be-
tween MC changes and the magnitude of the curva-
ture. In this system, the shading ability of this façade
is twofold: the rows function as a vertical shading
device; and second, to supplement this, the defor-
mation caused by grain orientation enables this sys-
tem to allow part of the systems to directly block the
sunlight. The rows with larger angles have a smaller
horizontal expansion and exhibit larger areas that di-
rectly block the sunlight. These assist in developing
a better shading ability. The rows with higher lev-
els of MC after equalization present larger openings.
The combinationof these twoparameters creates the
possibility of manipulating the façade configuration
and shading ability. After testing different combina-
tions of grain orientation and MC in the simulation
model, the grain orientations are finally set to 0 °, 15 °,
30 °, 45 °, 45°, and 30 ° respectively. ThewoodMC lev-
els are 18%-20% for the four pairs of rows on the left
and 22%-23% for the two pairs of rows on the right
(Figure 9).

Figure 9
Design simulation
and two major
parameters, grain
orientation and MC.

Designing the global shape of the façade constitutes
the top-down process in this project, which attempts
to add one more layer of variation to it. Several
different surfaces have been considered for use as
the trimming surface, including repetitive patterns
and surfaces in different morphologies. Trimmed
by two proposed wavy surfaces, the dynamic form
corresponds with the shape-shifting function of the
façade. This operation results in the creation of dif-
ferent local conditions. These single pieces behave
differently in shapes, curl directions, and curvatures
(Figure 10).

Figure 10
Global performance
of the physical
model and local
behaviors.

The shape-shifting performance is actuated by the
embedded hygroscopic property and the design is
intended to amplify this property by aggregating the
local deformation to create a whole system perfor-
mance. Therefore, a fixed frame has been developed
to showcase this environmentally induced behavior.
A wooden framewith an aluminum rail on top hangs
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the façade and allows free sliding. This frame sys-
tem enables the movement generated by façade it-
self. The forces from each row push the adjoining
rows tomove. The summation of these forces causes
the expansion and contraction of the façade system
as a whole.

Several characteristics of wood, such as the un-
evenly distributed grain texture have not been con-
sidered in this model, which could generate unpre-
dictable results. The operational limitations, such
as the precision of the operation also cause unpre-
dictability. However, measures have been adopted
to mitigate such unpredictable behaviors. First, the
parameters are limited to grain orientation and MC.
Second, the distances between the front and back
cutting surface are relatively stable so that the aspect
ratio of eachpiece is similar. Third, elastic string knots
are designed as the joints to make up the difference
in dimensional changes of each strip.

Figure 11
Design and
fabrication process.

The fabrication process is customized according to
the computational model where the principles of
mechanics and corollary parameters are taken into
consideration to design the final installation (Figure
11). The final installation presents a building en-
velope as a façade system, which self opens and
closes given changes in environmental humidity. The
fabrication process starts with the production pro-
cesses of the small-scale wood bilayers. A 4 ¼ ’X 4
¾’X 6 ½’ wood frame wrapped with plastic sheets
is built as a humidity chamber, allowing the wood
pieces to achieve the expected MC levels. During

this phase, the RH in the chamber is controlled to
99% to let the wood slabs absorb moisture. Both
maple and spruce are cut to relatively large slabs.
These pieces stay inside the chamber for 36 or 48
hours to achieve the designated MC levels, which
are 18%-20% and 22%-23% respectively. Subse-
quently, the maple and spruce pieces are laminated
by polyurethane glue and sealed in a vacuumbag for
12 hours to strengthen the adhesive. Later, these bi-
layer pieces are laser cut into the designed configura-
tions. To prevent moisture loss during the laser cut-
ting process, the active layer sides are taped before
cutting. The cut bilayer pieces are then connected
into rows by finger joints where polyurethane glue
is applied. These rows are sealed in a vacuum bag
for another 12 hours to strengthen the adhesive and
keep the rows stable. Finally, the separated rows are
connectedby elastic strings through theprecut holes
to assemble the façade system, which is hung on a
wood frame with rolling wheels in order to support
and smooth the transformation during the dehumid-
ification process.

RESULTS AND REFLECTION
Shape-shifting Performance
The façade expands to approximately 3’ wide during
the first 36 hours (Figure 12). Afterward, it contin-
ues responding to the low humidity in the indoor en-
vironment where the RH is around 20% and gradu-
ally expands to 4’ wide after 30 days. It remains sta-
bilized thereafter. When the whole facade is placed
into 99% RH conditioned environment again, it per-
forms a radical shape-shifting morphology transfor-
mation in 36 hours, closing to 1/2’ in width. However,
the facade behaves unevenly afterward and even-
tually start to crack and fracture. This is due to an
operational mistake: the RH at different heights of
the façade is unequal, thereby causing the different
contraction and expansion behaviors on each part of
the façade. Hence, this experiment exhibits both the
possibility and the limitation of the reversible pack-
ing and unpacking performance. This reverse exper-
iment indicates that the façade requires an environ-
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Figure 12
Façade
shape-shifting
performance.

mentwhere the RH is equally distributed throughout
the environment.

CONCLUSION
This research project provides a proof of concept for
a meteorosensitive envelope system. A mesoscale
façade that is passively responsive to environmen-
tal humidity changes has been constructed. Notably,
this façade system scales up from a micro-scale ma-
terial structure and characteristic to form a global
shape-shifting performance structure. The combina-
tion of material study, the development of compu-
tational designmorphology, and the performance of
the systematic behavior represent the key features of
this research project. However, given time and ma-
terial limitations, the reverse feature of this kinetic
façade system has not been convincingly tested. A
foreseeable problem is thatwhen placed in a high RH

environment for long enough, the curvatures of all
bilayers could be completely reversed. The joinery
system requires further study to adapt to this situa-
tion so that the proposed façade system can function
with the utmost efficacy in an outdoor environment.
Furthermore, in this presented project, the specifi-
cally designed scale and thickness of thewoodpieces
provides strength to the system. This self-supporting
ability is worth further investigation and exploration.
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Investigating the Effectiveness of AR-enhanced Signage in
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Focusing on response time to directional signage
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The aim of this study was to investigate next level digital signage utilizing
augmented reality for multi-purpose commercial complexes. Recently, despite the
rapid growth of the urban solution, mixed-use commercial complexes have
experienced significant problems in terms of wayfinding. As a potential solution
to the problem, this study sought to determine the effectiveness of state-of-the-art
augmented reality (AR) on wayfinding. Focusing on the response time to
directional signage, this study compared wayfinding through traditional signage
with AR-enhanced signage. The response time in milliseconds was measured
using a program developed with Python. In all, 30 sign images were presented to
48 participants in random order. A third of them included existing signs as the
control condition, and the others were AR signs with half graphic and half text.
The results of this study demonstrated that AR-enhanced signage had tremendous
potential to improve wayfinding performance in multi-purpose commercial
complexes. Results revealed that response time to directional signage was
reduced in AR environments. In particular, the AR signage system combining text
and graphics was useful in terms of both response time and cognitive appraisal.

Keywords: Augmented Reality (AR), Signage, Wayfinding, Multi-purpose
Commercial Complexes

INTRODUCTION
In order to enhance customer experience in retail
environments, the concept of a multi-purpose com-
mercial complex has been promoted. As the expe-
rience has been highlighted, a future type of retail-
ing has been replacing traditional shopping malls
(Gensler, 2019). Mixed-use buildings perform diverse
functions, such as shopping, dining, culture, office,

and entertainment. For this reason, traditional sign
systems are not enough to support wayfinding in
these complex circumstances, as has been demon-
strated by previous research investigating wayfind-
ing in shopping malls (Chebat et al., 2005; O’Neill,
1991; Bolen, 1982; Gibson, 2009). To solve this prob-
lem, this paper investigates a method of utilizing
augmented reality (AR) into a sign system for amulti-
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purpose commercial complex. AR is away to connect
the virtual and real worlds on a deeper level so as to
providemore personalized experiences and enhance
engagement beyond physical limitations (Poushneh
and Vasquez-Parraga, 2017; Scholz and Smith, 2016).
In particular, by focusing on the decision-making
time to directional sign among four types of signs
(Gibson, 2009), this research discusses the effective-
ness of AR signage in improving the wayfinding ex-
perience.

RELATEDWORKS
Wayfinding and Signage
Wayfinding is a dynamic problem-solving process,
which aims to reach a destination using decision-
making, decision execution, and information pro-
cessing (Passini, 1984; Passini, 1996). The cognitive
process concerns all environmental factors. Themain
environmental factors influencing wayfinding are (1)
plan configuration, (2) perceptual access, (3) archi-
tectural differentiation, and (4) a sign system (Weis-
man, 1981). Among themajor environmental factors,
the sign systemhas not been emphasized sufficiently
compared to others (An, 2004; Montello et al., 2006).
However, the sign system is themost economical and
universal way to effectively enhance the wayfinding
experience, providing the most explicit information
(Conroy, 2001; Zwaga et al., 2003; Vilar et al., 2014;
Vilar et al., 2015). It is a necessary system that pro-
vides information to change behavior in wayfinding.
Especially in complex indoor environments, it greatly
influences the ease ofwayfinding (Gibson, 2009). The
shape and location of signs vary depending on their
function. In terms of built environments, signs are
categorized according to several categories: identifi-
cation, direction, regulation, andorientation (Gibson,
2009). Directional Signages are essential for wayfind-
ing in large and complex environments. Thus, this
study focuses on directional signage and decision-
making processes.

Augmented Reality inWayfinding
AR is a technology that overlaps three-dimensional
virtual images in real environments. It entirely re-
places the real space with virtual objects. Thus, it
changes the perception of the real-world environ-
ment, providing an enriched immersive experience
and improving user engagement (Azuma et al., 2001;
Scholz and Smith, 2016). In addition, AR can be eas-
ily applied to various fields without a head mounted
device (HMD). Previous studies related to commercial
spaces have outlined the application of AR inmarket-
ing (Poushneh and Vasquez-Parraga, 2017). Further-
more, AR has been mostly studied and developed
in terms of its technical aspects. Therefore, there is
a lack of consideration for actual users. In terms of
wayfinding, AR has been developed to support direc-
tion finding, especially outside. For example, Google
Map launched their own AR view for walking navi-
gation (Google Official Blog, 2019). In addition, AR
navigation systems for indoor maps have been stud-
ied; however, these studies have also highlighted the
technical issues associated with AR (Mulloni et al.,
2011; Gerstweiler et al., 2016; Neges et al., 2017). Be-
sides, existing literature related to wayfinding in in-
door environments have mainly focused on virtual
reality. With the help of virtual reality, many stud-
ies have investigated the improvement of evacuation
in an emergency (Mantovani et al., 2001; Sun and de
Vries, 2013). Likewise, most AR applications are lim-
ited to technical aspects and hardly consider design.
Therefore, this paper seeks to investigate the behav-
ioral and cognitive effects of AR-enhanced signage
based on visual type.

RESEARCH HYPOTHESIS
The present research looks into the effectiveness of
AR-enhanced sign systems in multi-purpose com-
mercial complexes. The major research question ex-
plores decision-making time when traditional sig-
nage and AR-enhanced signage are situated. In
addition, in terms of wayfinding, the visual types
of AR-enhanced signage are also called into ques-
tion. Therefore, the following six hypotheses were
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proposed and investigated to verify whether AR-
enhanced signage was more effective in finding di-
rection. This research explores both actual and cog-
nitive improvement in wayfinding.

Comparison of AR-enhanced and traditional sig-
nage.
• H1-a: AR-enhanced signage allows people to

get directions faster than traditional signage.
• H1-b: AR-enhanced signage allows people to

feel as if they find directions faster than tradi-
tional signage.

Comparison of graphic and textual signage in AR
environments.
• H2-a: In an AR environment, graphic signage al-

lows people to get directions faster than textual
signage.

• H2-b: In an AR environment, graphic signage
allows people to feel as if they find directions
faster than textual signage.

Effectiveness of AR signage by the level of diffi-
culty in wayfinding.
• H3-a: The longer the response time in the

current sign system, the more effective is AR-
enhanced signage in wayfinding.

• H3-b: The greater the difficulty in the current
sign system, the more effective is AR-enhanced
signage in wayfinding.

METHODOLOGY ANDMETHODS
In order to verify the proposed research hypothe-
ses, this study adopted both quantitative and qual-
itative approaches. In detail, in a departure from
conventional experiments comparing differences
in decision-making time for traditional and AR-
enhanced signage, a questionnaire was imple-
mented to investigate subjective experience.

Experiment
Response Time Measurement. An experiment to
compare the difference in response time for tradi-
tional signage and AR-enhanced signage was estab-
lished. The response time measurement was pro-
grammed with Python. Figure 1 illustrates the pro-
cess of response time measurement. The monitor
and keyboardwere set up in front of the participants.
The sign images were presented through the screen.
They were asked to press arrow buttons on the key-
board as soon as the direction was determined. At
the same time, the decision-making time for each
sign image was measured and documented in mil-
liseconds on CSV format. The experiment took ap-
proximately 5 min on average, including guide and
practice.

Figure 1
Response Time
Measurement

Stimuli. The purpose of the study was to verify
the effectiveness of AR-enhanced directional signs
in decision-making time by dividing them into text
and graphics. Thus, the experiment measured the
decision-making time for a fixed-point-of-time AR
sign image so as not tobe influencedbyenvironmen-
tal factors in anAR setting. Figure 2demonstrates the
stimuli for the experiment. In total, 30 sign images
were presented to the participants in random order.
Therewere three types of stimuli: traditional signage,
AR-textual signage, and AR-graphic signage. A third
of them included existing signs as a control condi-
tion, and the others were AR-enhanced signs that
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Figure 2
Stimuli for the
Experiment

were half graphic and half text. For AR-graphic signs,
pictograms and brand logos in the current site were
used. A total of 10 destinations that were only ex-
pressed in existing signs were applied, including the-
atre, bookstore, toilets, elevators, and so on.

In the experiment, all conditions except the type
of signage were controlled. Firstly, the design com-
ponents of AR signage were controlled to be the
same as those in the current site. All visual elements,
including font, layout, color, and graphic elements,
were kept the same as the existing signage. Sec-
ond, the environmental factors illustrated in the pho-
tos were controlled because wayfinding ability can
be influenced by environmental affordances. The en-
vironmental affordances, such as landmarks, spatial
elements, depth cues, audio, lighting, point-of-view
(Dondlinger and Lunce, 2009), were all controlled.
To be specific, the image brightness, point-of-view,
and arrangement were unified on the premise of the
same condition. All photographs used in the exper-
iment were taken directly from the actual point of
view. The locations were selected only where the ex-
isting directional signs were installed. The order of
the image presentationwas randomized, so as not to
affect perception.

SiteSelection.The scopeof this researchwas limited
only to the concerned wayfinding in multi-purpose
commercial complexes. Therefore, this study se-
lected a conventional mixed-use building (IFC) as a
site for the experiment. It was built within a com-
mercial mixed-use project and was composed of a

shopping mall, three office buildings, and Conrad
Hotel. It performed diverse functions, such as shop-
ping, dining, culture, and business. The gross floor
area was 76,021 square m, and it includedmore than
110 stores across three floors, making it a rather diffi-
cult place to find directions.

Survey
An online survey was conducted immediately after
the experiment (seven-point scale). Through a ques-
tionnaire, the appraisals toward the three types of
signs were collected: traditional signage, AR-textual
signage, and AR-graphic signage. The questionnaire
mainly focused on subjective opinions about the
level of difficulty in determining directions according
to signage type. Additionally, the participants freely
expressed their views on the AR-enhanced signage.

Sample
The primary target of IFC was workers in their 20s
through 30s (IFC Mall Homepage). Thus, the 48 par-
ticipants (22 males and 26 females) eligible for the
main target were recruited as volunteers. Further-
more, those who knew nothing or little about IFC
were selected, as they did not already have fixed
memories of the space; as a result, solely sign types
could influence their response time.
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FINDINGS ANDDISCUSSION
Comparison of AR-Enhanced Signage and
Traditional Signage
Through the course of the experiments, a total of
1,440 response time data were collected. When look-
ing at AR-enhanced signs, participants were able to
determine direction faster compared to traditional
signage by an average of 0.862 seconds (Table 1).
This result supports H1-a, which posits that AR-
enhanced signage allows people to get directions
faster than traditional signage.

Furthermore, as illustrated in Figure 3, when
asked “Did the signage help you to get direction
faster?,” the majority of participants in this study re-
sponded that AR-enhanced signage in the case of
both texts and graphics, helped them to determine
direction faster.

Figure 3
Survey Results (1)

Figure 4
Boxplot of
Response Time

Table 1
Experiment Results
(1)

Table 2
Experiment Results
(2)

Therefore, this result supports H1-b, which states that
AR-enhanced signage allows people to feel as if they
find directions faster than traditional signage.

Comparison of Textual Signage and
Graphic Signage in AR environments
Table 2 shows the result of comparing response
time for AR-textual signagewith AR-graphic signage.
Participants found direction faster when looking at
graphic signs in AR environments. They determined
direction approximately 0.160 seconds faster on av-
erage. Thus, this research also supports H2-a, sug-
gesting that graphic signage allows people to get di-
rections faster than textual signage in theARenviron-
ment.

Moreover, the standard deviation of response
time was 1.262 s in the case of traditional signage,
whereas it was reduced to 0.883 s for AR-textual sig-
nage and 0.926 s for AR-graphic signage. In the case
of both textual and graphic signage, the deviation
of response time was relatively smaller than for tra-
ditional signage (Figure 4). In other words, response
speed increased by reaching a similar level due to AR
. This result suggests that AR standardizes response
time by reducing differences among people.

Although graphic signage allowed participants
to grasp direction faster than textual signage, there
was a difference in subjective opinions (Figure 5). In
all, 65% of participants (n = 31) responded that AR-
enhanced textual signage helped them to read eas-
ier and faster. The other 33% of participants (n = 16)
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responded that AR-enhanced graphic signs were the
easiest to understand. Only one participant selected
traditional signage as the clearest to understand di-
rectional information. Many participants considered
it was easiest to find directions when viewing textual
signage in AR environment. Therefore, H2-b was not
supported, suggesting that textual signage allowed
people to feel as if they find directions faster than
graphic signage in AR environments.

Figure 5
Survey Results (2)

This result shows that in AR environments, text is
critical in making signs easier to understand. Thus,
even though graphic signage appears to be effective
enough, textual signage is required for legibility.

Effectiveness of AR-enhanced Signage
The correlation between the following two fac-
tors was analyzed to verify the hypothesis that AR-
enhanced signage would be helpful for those who
usually have difficulty in wayfinding.

First, the correlation between the response time
to traditional signage (X) and the effectiveness of AR-
enhanced signage (Y) was analyzed. The response
time to traditional signage (X)was an actual response
time value to current signs. Thus, the longer it took,
the harder wayfinding was. The effectiveness of AR-
enhanced signage (Y) meant the effect of reducing
time on decision making due to AR. It was calculated
by subtracting the average response time for the AR-
enhanced signage from the average response time
for the traditional signage. As a result of the initial

analysis, one case was determined as an outlier , be-
cause it showed exceptionally fast response speed
when viewing the traditional signage. Therefore, this
value was excluded from the analysis.

As illustrated in Figure 6, the response time to
traditional signage (X) and the effectiveness of AR-
enhanced signage (Y)demonstrateda strongcorrela-
tion (β = 0.625, t = 7.009). In other words, the longer
it took for a person to find a direction, the greaterwas
theeffectiveness ofAR-enhanced signage. This result
suggests the possibility that AR-enhanced signage is
more effective for those who usually are not able to
find their way. Thus, this result supports H3-a, indi-
cating that the longer response time in the current
sign system, the more effective is AR-enhanced sig-
nage in wayfinding.

Figure 6
The results of
correlation analysis
between response
time to traditional
signage and the
effectiveness of
AR-enhanced
signage

Second, the correlation between the level of dif-
ficulty in wayfinding (X) and the effectiveness of AR-
enhanced signage (Y)was analyzed. The level of diffi-
culty in wayfinding (X) represented a subjective feel-
ing, not an objective value. It measured the level
of difficulty, frustration, or stress in wayfinding. As
shown in Figure 7, the level of difficulty in finding
directions (X) and the effectiveness of AR-enhanced
signage (Y) demonstrated a relatively weak correla-
tion (β = 0.112, t = 2.807). The outcome also sup-
portsH3-b, which states that thegreater thedifficulty
in the current sign system, the more effective is AR-
enhanced signage in wayfinding.
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Figure 7
The results of
correlation analysis
between the level
of difficulty in
wayfinding and the
effectiveness of
AR-enhanced
signage

Results indicated that AR-enhanced signage had the
effect of improving the response speed of people
who had difficulty finding directions in the current
sign system. Although the impact was relatively
weak in terms of the subjective level of difficulty in
wayfinding, it was significant in terms of reducing
decision-making time.

Summary of Results
Table 3 summarizes the results of the hypotheses
testing of this research. All research hypotheseswere
supported except H2-b.

CONCLUSION
This study examined the potential use of AR to
solve the problem of wayfinding in multi-purpose
commercial complexes. Results indicated that AR-
enhanced signage wasmost likely to improve indoor
wayfindingability. It is evident thatAR-enhanced sig-
nage allows participants to finddirections faster than
traditional signage. Moreover, this study suggests
that the combinationofgraphic and textual elements
in the implementation of AR-enhanced signage is ef-
fective in improving wayfinding. When using text to
increase legibility, it is supposed that the active use of
graphic elements will improve both wayfinding and
cognitive appraisal. In addition, AR-enhanced sig-
nage can be effective for those who have difficulties
in wayfinding. The effectiveness of the technology
still needs to be validated in the real world because
this research only focused on decision-making time
to find direction with an image-based experiment.
Despite this, it can be argued that AR provides an al-
ternative solution for wayfinding. If applied to the
real world, it is expected that its effectiveness would
be greater than the results of the current study.
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The stock renovation has become an important area of study. As customized
design becomes increasingly popular, the design methods with occupants'
participation are increasingly valued. The designers need an intuitive,
understandable design method that allows non-professional occupants can also
participate in the design process. Therefore, the proposed system explores the
applicability of integrating the Building Information Modeling (BIM) model into
the Mixed Reality (MR) environment to display realistic and interactive design
plans. Occupants who involved in the renovation design wearing head mounted
display (HMD) would experience the same MR environment. All of them can use
gestures to interact with each other and control all the virtual structures and
objects. This MR experience can help users to better understand other's
intentions, and they can evaluate the design plans more easily. This paper will
introduce a prototype of the integrated co-designing system using multiple HMDs
connected in a local area network (LAN).

Keywords: Mixed Reality, Diminished Reality, Building Information Modeling,
Co-Designing, Stock Renovation

INTRODUCTION
Background
With the growing popularity of digital design meth-
ods, customized design has become increasingly
popular. Many digital design tools appear to be blur-
ring theboundaries betweendesigndisciplines. New
design tools fundamentally change the way in which
designers create physical products, thereby creating
a seamless, human-centered experience (Novak and
Loy, 2018). People who do not possess professional
skills can also participate in the design process. Oc-

cupants prefer to build their own style of indoor en-
vironment. Furthermore, communication with occu-
pants helps designers to launch their ideas andmake
adesignmore suitable for them (Jonson, 2005). Com-
municating with occupants has always been an im-
portant issue for designers. Every designer hopes
that their design will be accepted by consumers, and
meets the personal requirements of occupants, pro-
viding a healthy and comfortable indoor renovation
plan for them.
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The role of computer-aided architectural design
is seen as being the basis for the development and
further improvement of the architectural design pro-
cess. Virtual reality (VR), an artificial virtual environ-
ment which is generated by computer graphics (CG),
can reproduce the human sensory experience in a
virtual world (Mel and Sanchez, 2016). This demon-
strates great potential for the support of architec-
tural design and is often used in the early stages of
environmental design. Initially, a user interface was
created, and people could observe the design in a
VR environment from a computer monitor (Daniel
and Irizarry, 2018). Next, with the advent of head
mounted displays (HMDs), an immersive interactive
3D virtual environment was developed in order to
provide residents with a much better understand-
ing of urban environmental parameters which a lim-
ited number of people can experience at the same
time (Bondakji et al., 2019). In addition, a VR based
co-design method allowing simultaneous multi-user
participation inworkshopshasbeenproposed (Dem-
bski et al., 2019). However, the problems are the high
cost and low portability of the equipment.

Compared with virtual reality (VR) where you are
totally immersed in a virtual world,mixed reality (MR)
is a technology which blends digital content with
physical content, enabling users to experience the in-
teraction between physical and virtual worlds in real-
time (Milgram and Kishino, 1994). Furthermore, di-
minished reality (DR) has the function of visually di-
minishing existing physical objects, and can provide
an intuitive and easy-to-understand solution to dis-
play design plans. This can improve the communica-
tion efficiency of design participants during the de-
sign process. A method using MR with a DR func-
tion to display indoor renovation plans has been pro-
posed (Zhu et al., 2019). However, multiple users
cannot interact in the same MR environment simul-
taneously. A collaborative design system that allows
multiple people participation is needed. In addition,
communication between design participants cannot
be directly reflected in an MR environment, and this

greatly affects feedback efficiency during the design
process.

Objective
This research focuses on creating 3D indoor environ-
ment models using point clouds, which are capable
of large-scale mesh generating of a physical environ-
ment, and BIM data, which are capable of realistic
3D modeling of complex objects. The combined 3D
environment will then be used to create a DR back-
ground. The reason explains as follows.

The point cloud data is a cluster which contains
the 3D coordinates and RGB information of each
point. A sufficient amount of point cloud data can
generate a mesh with acceptable accuracy. The gen-
eratedmesh can be applied to indoor renovation de-
sign projects (Fukuda et al., 2018). However, due to
insufficient computing performance and the amount
of point cloud data for some physical objects with
complex shapes, the surface of the generated mesh
is partially missing. Conversely, for larger-scale phys-
ical objects with basically flat surfaces, mesh gener-
ation using point cloud data can provide sufficient
accuracy. In addition, the period between scanning
the point cloud data and generating the 3D model
is short, and the cost is low, which leaves more time
and resources for evaluation and modification, and
this greatly improves feedback efficiency during the
early design stage.

On theother hand, for physical objectswith com-
plex shapes, we plan to use a BIMmodel directly. BIM
are ordinarily used for the evaluation of different de-
signs, particularly in terms of a specific environmen-
tal impact (Haibo et al., 2019). Combining informa-
tion from BIM with other tools reduces the workload
during the design process. However, the produc-
tion and the modification of the BIM model will re-
quire more time and resources than the point cloud
method. Additionally, DR backgrounds constructed
using a large number of BIMmodels can cause a bur-
den to the systemdue to a large number of polygons.
Therefore, only physical objects with a lot of shape
detail or new items proposed in the design which
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Figure 1
System workflow

cannot collect point cloud datawill bemade into BIM
models.

We intend to use a lightweight co-design ren-
ovation design method, providing a realistic, inter-
active, and real-time MR environment which gives
the same opportunity to all participants to demon-
strate and exchange their ideas during the early de-
sign stage. This will enhance feedback efficiency dur-
ing the stock renovation. To accomplish this, we have
developed a prototype MR system with DR function
to display the renovation plan, which provides a plat-
form for design participants to discuss and evaluate
different renovation plans.

THE PROPOSEDMR SYSTEM
As shown in Figure 1, this system consists of three
steps, namely, background generation, construc-
tion of the shared network, and system integration.
Equipment of the proposed system consists of sev-
eral see-through HMDs, depth cameras, and one
router.

The depth cameras can scan the surrounding en-
vironment to obtain point clouds data. Then using
that data, we can generate a mesh of the scanned
room. Formost of the surface in a real environment is
not flat objects, we manually build models for them.

Finally, use those Mesh and 3D models to create the
virtual target room to meet the requirements of the
DR background. The completed DR background is
uploaded to each HMD waiting for registration and
occlusion correction. All the HMDs are connected via
wireless local area network (LAN) which is built via a
router, as seen in Figure 1. HMD with code number
one is used as the server to establish the port, and
other HMDs are used as clients to connect to the host
through the IP address and port number. The host
will unify the initial coordinates of all clients by es-
tablishing a world anchor to synchronize the MR ex-
perience of all users. Finally, the occlusion is gener-
atedbyeachHMDthrough thedepth cameras in real-
time. Therefore, the DR result observed by each user
may be a different perspective from one’s viewpoint.

The entire MR system operates on the HMDs,
where users can watch the renovation plan from its
see-through display, just like communicating in a
room that has been renovated.

Generating DR background
The creation of the DR background scene is divided
into two parts: objects with basically flat surfaces
(such as walls, floors, bookshelves) and objects with
a large number of polygons (such as tables, chairs,

D1.T3.S1. DIGITAL PERCEPTION OF SPACE – CYBER-PHYSICAL SYSTEMS (VR, AR) – DESIGN STRATEGIES - Volume 1 - eCAADe
38 | 155



chandeliers). In the usual way, theDR approaches are
based on in-painting methods which mainly rely on
the algorithm to use the surrounding environment
data to patch the DR target.

One of the approaches realized an entire image
completion pipeline without relying on pose track-
ing or 3D modeling (Herling et al. 2010). However,
the DR target is limited to simple and small-scale ob-
jectswithout a complex structure. Therefore, another
kind of DR approaches named background observa-
tion utilize pre-captured data of a background scene
to rebuild the DR background has been frequently
used in recent years. An advanced 3D reconstruction
system using multiple RGB-D sensors to generate a
stable triangle mesh has been proposed (Meerits et
al. 2019). However, due to the reason of real-time
generation, the generated result is rough with many
missing parts. Therefore, this method is suitable for
small-scale, unidirectional reconstruction, andobser-
vation.

In this study, depth cameras on the HMD were
used to scan the room as the DR background in ad-
vance. We use HoloToolkit, which is a set of tools
packaged by Microsoft based on Unity game engine
built-in API, to realize 3D space reconstruction based
on spatial mapping function. After using HMD to
scan the target room, export the point clouds data
file in obj format to theUnity project. InUnity project,
use the object surface observer (Script) component
in the SpatialMapping function to load point cloud
data, thenuse a shader to color, visualize the environ-
ment, then analyze the spatial mapping data to find
the plane and remove the triangle, and finally use the
plane to place the hologram. For some physical ob-
jectswith a large number of polygons, or newobjects
proposed for the first time in the plan (there are no
original objects and cannot be scanned), we choose
to manually build the BIM model and import it into
the MR environment.

Building shared network
Enhancing interaction during communication helps
improve the feedback efficiency. Encouraging oc-

cupants and designers to enter the same MR envi-
ronment to evaluate the design plan and interact in
real-time is one of the important criteria of this study.
Unet is designed for converting single-player games
to Unity multiplayer games (Unity documentation
2020). In a LAN established by the router, use Unet
tomake an HMD (No.1) the host and keep broadcast-
ing. The world anchor for initial coordinate point de-
termined by the No.1 HMD will be sent to the clients
through the LAN to unify the coordinate system of all
HMDs. Besides, during the communication between
the occupants and the designers, if any virtual object
such as a desk and chair, is moved, a new world an-
chor will be added to the object, and its latest coor-
dinate changes will be transmitted to the host and
unified to all clients.

Occlusion and registration
Occlusion happens when one object is in front of an-
other object from a view. The correct occlusion will
make the MR experience more realistic, and can cor-
rectly show the visual effects of thedesignplan to the
experiencer. With a correct occlusion, the virtual ob-
ject interacts with the physical object, and the virtual
worldmerges with the physical world to produce the
MR environment.

The incorrect occlusion makes the DR result un-
real, which can be seen in Figure 2: left. For the occlu-
sion with a higher frequency of change around the
DR target, our proposed system uses depth cameras
scanning thephysicalworld occlusion in real-time. At
the same time, because the occlusion result gener-
atedby real-time scanning is basedon theuser ’s field
of view, for a relatively fixed large-area occlusion, add
maskmodels in theUnity project inpre-processing to
achieve correct occlusion.

Figure 2
Left: Incorrect
occlusion; Right:
Corrected occlusion
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System integration
Everymodule is integrated into agameengine, Unity,
which supports Universal Windows Platform (UWP)
development. We use the Unity game engine to ad-
just the position, angle, and scale of the mesh, BIM
models, andmaskmodels to accurately place it in the
MR system. Moreover, programs developed using
UWP can operate on all Windows 10 devices, which
guarantees that the Unet network module can oper-
ate on the HMD.

SYSTEM EVALUATION
In order to validate the advantages of the proposed
system, a case study was carried out in room 411
and room 410, M3 building, Suita Campus, Osaka
University. The area of room 411 was 150 m

2

and room 410 is 42.4 m
2 (Figure 3). The equip-

ment consists of one router (IEEE 802.11ac up to
867 Mbps; IEEE 802.11n up to 300 Mbps), one PC

(i5-7500, 16GB DDR4, GTX1060,) for development,
and two HoloLens which installed several environ-
mentunderstanding cameras that belong to a kindof
depth camera, one RGB camera, and one Gyro sensor
(Microsoft-HoloLens 2020).

In the case study, the renovation plan is to in-
crease the field of view to connect the two rooms. As
part of the plan, the proposed system will simulate
a window on the wall, and the observers could see
the effect of the virtual window on wall with the cor-
rect perspective and occlusion, as shown in Figure 4.
From the observers’ perspective view, the part of the
wall will be diminished, the room behind the phys-
ical wall will be displayed in front of the observers,
and as the observers can walk back and forth, the oc-
clusion of the background room and the physical ob-
jects around the diminishedwall will be correctly dis-
played.

Figure 3
System layout
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Figure 4
System experience
scenarios

Figure 5
Diminished target
(room 411 real
scene)

Results
The observational area was set in room 411 where
twoobservers (A, B) canmove freely around the room
(Figure 3). And the real scene of the target wall is
shown in Figure 5, where the red frame shows the
DR area. The experimental results which use the pro-
posed MR system are shown in Figure 6, which con-
tains 2D segmentation maps, where the dark areas
are real-world objects while the blue areas belong to
the background scene. The point cloud data gener-
ated mesh and BIM models of room 410 are coordi-
nate coincident in the real-world position. Therefore,
when users view from different positions and angles,
they can experience the correct perspective relation-
ship between the virtual room 410 and room 411.
The DR area in Figure 5, which is observed through

HMD, makes users feel that the rectangular area has
disappeared. Through the “window”, users see the
room virtually as if it were a genuine one. The reg-
istration function is stabilizedwhile the virtual object
exhibits no drift and disappearance. Occlusion also
contributes to a more realistic MR experience.

The two observers share the same MR environ-
ment, and the position, angles, and occlusions of the
design plans are fundamentally the same. During
evaluation, users can simply move, rotate, and zoom
the virtual objects within the MR environment, and
all users can observe the full operation process.

Discussion
As described in section 3.1, the proposed MR system
can present the renovation plan as a virtual model
during the pre-processing stage and then add real-
time occlusion and registration components, shar-
ing the plan to all participants simultaneously using
HMDs. In this MR environment, participants can ob-
serve eachother’s behavior,moveor zoomvirtual ob-
jects, add new designs (prepared model), and even
remove a wall and throw it on the ground (need pre-
processing). Sharing vision, listening to design plans,
and expressing opinions will enable others to under-
stand your ideas more quickly. Moreover, if neces-
sary, the proposed system can invite more partici-
pants by increasing the number of HMDs.

However, there are still some issues which need
to be resolved.

Due to the hardware performance limitation of
the HoloLens, the generate mesh contains system-
atic errors, and the transmission speed is limited by
its bandwidth. This, in turn, lowers the frame rates.
Insufficient hardware performance is also one of the
reasons why the DR background is produced during
the pre-processing stage, rather than being gener-
ated in real-time. As the data capacity and band-
width will affect the HMD’s frame rate, in order to
achieve a smooth experience, the real-time genera-
tion method is abandoned. Another solution is to
compress point cloud data in real-time, but this has
not yet been implemented.
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Figure 6
DR result

CONCLUSIONS AND FUTUREWORK
In this study, we demonstrated a novel MR system
with DR function which supports real-time interac-
tive communication between multiple people. For
designers, design concepts can be intuitively dis-
played in an MR environment. For occupants, the
MR experience helps them to fully understand the
designer’s intentions and observe a clear concept of
the renovation results. Both can perform some sim-
ple modifications to the renovation plans in order to
more easily evaluate the pros and cons of the design.

Currently, the system is operated in LAN with
only two participants, while the system is designed
to support more participants in the program. How-
ever, sharing bymore peoplemeans that the amount
of data transmission increases, so network optimiza-
tion, and data compression are essential. Regard-
ing future work, for the purpose of data compres-
sion and network optimization, a low-latency multi-
person shared MR environment could be created.
LAN will be extended to WAN, and local sharing will
be extended to remote sharing. In addition, more
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complex modification methods and interactive ges-
tures could also be implemented.
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Auralizing Acoustic Architecture
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There is a need for architectural design tools that enable designers to understand
how spaces sound. This project aims to develop a method by which architects can
gain experiential acoustic feedback on existing and proposed projects through the
use of ambisonic spatial auralization. This research proposes that the creation of
a fully three-dimensional soundfield can be a tool for architectural acoustic
design. The use of ambisonics has largely been limited to virtual reality
applications; however, with the growing support in a variety of popular software,
opportunities for using spatial audio as a design tool are beginning to make
themselves apparent. This paper reports on an experimental setup for a
12-channel, speaker-based auralization system that plays recorded and simulated
ambisonic tracks. Novel uses for this setup are proposed.

Keywords: Architectural Acoustics, Acoustic Simulation, Auralization,
Ambisonics

INTRODUCTION
All architecture has an acoustic quality. Whether ar-
chitects consider it or not, all spaces have sound and
react to the sounds that wemake. Unfortunately, the
ability to design, to explore, or to communicate sonic
experience is notwithin the ability ofmost architects.
A wide variety of acoustic simulation software exists
today, providing architects and engineers with tools
that allow them to predict the acoustic properties
of an environment. Computational and parametric
models can generate 3D models that can be used as
input to acoustic simulation software; however, the
tables and numerical values given by simulations of-
fer little in the way of a perceptual or experiential
feedback on the acoustic qualities of space. Much

current research in acoustic architecture looks at how
geometry and materiality can be specified to create
specific acoustic conditions, which is of course very
important, as it is these qualities that determine the
acoustic qualities of architectural spaces; however, to
enable sound to be a driver for architecture, design-
ers must be able to gain a perceptual understanding
of the spaces they are proposing.

Computed acoustic simulation can create “aural-
izations”, the acoustic equivalent of “visualizations.”
Much progress has been made in the generation of
auralizations from these simulations, allowing a user
to listendirectly to their virtual acoustic environment.
Today, state-of-the-art algorithms for room acoustic
modelling are mostly able to provide plausible, but
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not entirely authentic auralizations of real-world en-
vironments when strictly operating from a 3D model
of the space as an input (Brinkmann et al. 2019). The
perceptual validity is typically assessed using meth-
ods similar to that described in the Spatial Audio
Quality Inventory (SAQI), which is a common vocab-
ulary used to describe the perceptual qualities of au-
ralizations (Lindau 2015). While there are certainly
benefits that come with improving realism, it’s im-
portant to consider the practical use for auralizations
in architectural design. Interviews conducted with
users of auralization brought up the point that due
to the subjective nature of sound, clients listening to
simulated auralizations generally don’t perceive sub-
tle differences that may invalidate an auralization ac-
cording to SAQI criteria (Thery et al. 2019). For au-
ralizations to be realistic the spatial orientation of the
sound sources is critical, andwhile spatializing sound
using headphones is possible, this approach has lim-
itations on the understanding of the spatiality of the
soundfield. Ambisonics mimic the way humans lo-
calize sounds in front of, behind, above, and below
us, and provides the ability to reproduce or create a
fully 3D soundfield that is an immersive representa-
tion of an acoustic environment, existing or yet to be
built. To examine perceptual validity, most acoustic
researchers rely on binaural audio delivered through
headphones rather than ambisonic speaker setups
(Thery et al. 2019). Our research seeks to evaluate
changes in room design variables that are perceptu-
ally audible on an ambisonic speaker setup.

The primary goal of this research is to develop
a method and workflow for the auralization of am-
bisonic B-format sound files that can be listened to
on a 12-speaker ambisonic sound system. Using as
much free and open-source software as possible to
aid in the accessibility of these techniques, this work-
flow aims to bewell-defined such that it can easily be
reproduced by others. Once this system is set up, the
second goal is to identify and describe the methods
by which architectural designers can use this system
productively to createbetter sonic environments. We
develop three design strategies to create and experi-

ence 3D architectural soundusing our ambisonic sys-
tem. The first strategy is to record existing urban and
architectural soundscapes using a specialized am-
bisonic recorder. The second is to use acoustic sim-
ulation software to generate ambisonic impulse re-
sponses and auralizations of virtual environments. To
do this, we use Rhinoceros 3D to create a 3D model
of an enclosed environment and the acoustic simula-
tion software Odeon to create auralization files from
the 3D model. Our auralization workflow will be ca-
pable of taking in either a B-format impulse response
from the simulation software and convolve this in the
audio software with a chosen anechoic sound (thus
simulating the effect of the sound being played at
the designated source location in the virtual space),
or simply play the B-format auralization directly. We
will compare the results of these processes for per-
ceptible differences. The third strategy is to use audio
software to create new architectural acoustic sound-
scapes and use the ambisonic system to test these
spatial audio propositions.

BACKGROUND: AURALIZATION
Auralization is “the technique of creating audible
sound files from numerical (simulated, measured, or
synthesized) data” (Vorlander 2008). There are a va-
riety of ways of collecting the data required to pro-
duce a reasonably accurate auralization of an envi-
ronment. The main component that is required to
produce an auralization is an impulse response. The
impulse response is the output when a dynamic sys-
tem is effectedby abrief input signal. In acoustics the
impulse response is like an acoustic fingerprint of a
space; it contains all of the information of reflections
and energy absorption across all frequencies. An im-
pulse response is valid for a single source-receiver lo-
cation pair. Computational simulation methods al-
low for more flexibility simply due to the ease of cal-
culating impulse responses for a variety of source-
receiver pair locations. Once an impulse response
is produced, it can be convolved with a dry sound,
which is any sound recorded in an anechoic cham-
ber. Anechoic chambers provide an entirely non-
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reflective, non-echoing environment in which purely
direct sound can be recorded without any room ef-
fects. The convolution of this soundwith the impulse
response produces a simulation of what the listener
at the receiver position would hear.

After this data is generated, the sound is played
through a listening system. Typical this is head-
phones and loudspeaker arrangements. Binaural
representations are typically generated for head-
phones, which use the auralization data in combi-
nation with a Head-Related Transfer Function (HRTF)
to accurately account for the additional audible ef-
fects of a listener’s head, torso, and ear structure
on the sound (Vorlander 2008). Generalized HRTF
datasets areused in applications suchas videogames
to provide binaural sound to users without requir-
ing personalized measurements, although the per-
ceived accuracy of these auralizations depends on
how closely the characteristics of the listener’s ears
match the HRTF in use. HRTFs may also be used
with stereo loudspeaker arrangements in order to
achieve the perception of surround sound. Loud-
speaker arrangements using a greater number of
speakers positioned around the listener don’t require
the HRTF processing step. Most research around sim-
ulated auralization has been focused on comparing
and increasing the analytic and perceptual accuracy
of acoustic simulation techniques (Postma and Katz
2016). While continued research in this field has sig-
nificant merit, many existing techniques are already
able to produce perceptually valid auralizations. Au-
ralizations for the purpose of acoustical design are
typically used in a demonstration context for show-
ing the audible results of the design to a client (Thery
et al. 2019).

BACKGROUND: AMBISONICS
Ambisonics was developed specifically for the film
and music industry, however, it has rarely been used
as a tool in architecture. The evolution from stereo
format to ambisonics can date back to the Paris Ex-
hibit of Electricity in 1885, when Clement Ader used
multiple sets of telephone transmitters and receivers

to play sounds from other areas of the expo; and, in
the1920s, abinaural sound systemwasdevelopedby
Harvey Fletcher and his team at Bell Telephone Lab-
oratories, better known today as headphones (Mal-
ham and Myatt 1995). Little progress was made until
Disney’s famous Fantasia movie sparked a new rev-
olution for sound in cinema as the sound design-
ers, with the help of Leopold Stokowski, developed a
nine-track recorder that used nine separate synchro-
nized optical recordings (Malham and Myatt 1995).
Cinema and sound design for films began a chain-
reaction of events which lead to the rapid develop-
ment of sound systems and how audiences experi-
enced movies through the aural architecture/sound
designs of the film. Although the idea has been
around for multiple decades, it has never been com-
mercialized until recently due to advances in tech-
nology, relating to virtual reality, 360-degree videos,
game designs, and cinematic experiences in the-
aters. Ambisonics is a method of recordings, mixing
and playing back sounds in a 360-degree soundfield.
British engineer Michael Gerson developed the tech-
nique during the 1970s (Gerzon, 1980), see Figure 1.
It recreates the three-dimensional soundfield by al-
lowing the listener to hear sounds in front, behind,
below and above them.

Figure 1
Gerzon’s examples
of loudspeaker
arrangements with
the listener at the
center: [Left]
Cuboid; [Center]
Octahedron; [Right]
Birectangular; (LF)
left-front speaker,
(RF) right-front
speaker, (LB)
left-back speaker,
and (RB) is the
right-back speaker.
(from Gerzon 1980)

Ambisonics is a surround sound format that allows
for positioning of sound sources both horizontally
and vertically relative to the listener. Ambisonic
listening setups utilize loudspeakers typically posi-
tioned on the surface of an imaginary sphere and fac-
ing the center, with the listener’s head positioned at
the center (Lee 2007). The primary distinction be-
tween ambisonics and other multichannel formats is
that channels in an ambisonic file do not correspond
directly to speaker signals. They contain a represen-
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tation of the sound field using components of the
pressure gradient in a set amount of directions, de-
pending on the order to which the sound field is to
be reproduced. The encoded file, which is referred to
as a B-format file, must be decoded before it can be
played on a speaker system. The decoding step uti-
lizes a linear combination of the ambisonic channels
to generate the signal to be played on each speaker.

In theory, an infinite number of spherical har-
monics are required in order to perfectly recreate a
given sound field. In practice, a finite length of the
series is used based on available hardware and soft-
ware resources. For a chosen finite order n, (n+1)2
channels are required to represent the sound field.
First-order ambisonics are therefore represented by
4 channels, second by 9, etc. To get the full effect
when listening to a given ambisonic order, the num-
ber of speakers in the setup must at least equal the
number of ambisonic channels. As such, practical-
ity and cost may limit the use of higher order am-
bisonics in loudspeaker setups at present. Addition-
ally, the area in the center of a speaker-based am-
bisonic system in which the sound field can be recre-
ated accurately (the “sweet spot”) increases in size as
the order of the ambisonic playback increases (Frank
2014). An important distinction when discussing the
practical use of B-format files are the differences be-
tween existing standards regarding channel order-
ing and normalization. The two most common con-
ventions are Furse-Malham (FuMa) andambisonic Ex-
changeable (ambiX). For first-order ambisonics, FuMa
uses a channel order of WXYZ, whereas ambiX uses
WYZX ordering (Nachbar et al. 2011). The omnidirec-
tional W channel is also 3dB stronger in ambiX than
in FuMa. The ambiX channel ordering is also referred
to as ambisonics Channel Numbering (ACN), where
channels are simply referred to numerically (W corre-
sponds to 0, Y to 1, Z to 2, etc.) (Blue Ripple 2020).
While these differences are subtle, they are incredi-
bly important when decoding the file. ambiX seems
tohave thewidest use today, althoughmost software
for the processing of ambisonics supports both con-
ventions.

The primary benefit of ambisonics is that the
required decoding step means a single source file
can be decoded to a wide variety of listening lay-
outs without loss of information. A sound designer
who wishes to perform vertical placement of sounds
doesn’t need toworry about loss of information if the
listener only has a stereo speaker setup - the sound
field will be recreated as accurately as possible with
the given listening setup. With virtual reality appli-
cations entering the mainstream market, ambison-
ics have managed to gain traction through binaural
renderings for headphones (a known and common
listening configuration). Low-cost ambisonic micro-
phones and greater support for B-format recordings
have also contributed to the recent success of am-
bisonics. Binaural renderings utilize a virtual set of
loudspeakers positioned around the listener, which
somewhat circumvents the practical limitations of
higher order Ambisonics. The limiting factor for Am-
bisonic order then becomes the number of audio
channels supported by a given playback system, and
this limit is rarely reached due to the low perceptual
discrepancy between orders past amoderate thresh-
old. Much of the research on acoustical simulation
utilizing ambisonics contains rather sparse details on
the practical setup and implementation of the lis-
tening system, instead focusing on more theoretical
aspects. What follows is a description detailing the
hardware and software implementation of a speaker-
based auralization system.

THE AURALIZATION LISTENING ROOM
A 9 ft. x 13 ft. room for ambisonic auralization
has been set up, utilizing twelve Yamaha HS5 speak-
ers configured as shown in Figure 2. These speak-
ers are controlled using a MOTU 16A audio inter-
face, which performs the digital-to-analog conver-
sion of the 12 audio channels sent from a laptop con-
nected via USB. Yamaha HS5 speakers were chosen
for their exceptional price-performance ratio and rel-
atively small size. The MOTU 16A interface has 16
analog outputs and was chosen based on the min-
imum requirements of our twelve-speaker listening
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configuration. It also allows for future expansion of
the layout up to 16 speakers, which would allow for
an accurate representation of up to third-order am-
bisonics. The current speaker layout can accurately
represent up to second-order ambisonics. The room
is outfitted with acoustic absorbing panels on the
walls around the listening area in order to reduce the
effect of room acoustics as much as possible. While
the panels help to “deaden” the sound in the room,
sound dampening could certainly be improved, par-
ticularly in the lower frequencies which was easily
noticeable when speaking in the room. As this is a
small, rectangular space, room modes are percepti-
ble. Speakers were hooked up to the analog out-
puts of the receiver with channel numbering start-
ing from the center-front-up speaker, with number-
ing proceeding clockwise around each ring from the
top to the bottom, see Figure 3.

Figure 2
The Ambisonic
Auralization Lab

Figure 3
The 12-loudspeaker
arrangement: (LF):
left front, (RF): right
front, (CFD): center
front down, (CFU):
center front up,
(LU): left up, (RU):
right up, (LD): left
down, (RD): right
down, (LB): left
back, (RB): right
back, (CBD): center
back down, (CBU):
center back up

AMBISONIC ENCODING AND DECODING
WORKFLOW
This section outlines the process by which ambisonic
audio from a variety of sources can be listened to on
the 12-speaker system described above. The entire
encoding and decoding process is performed using
the Reaper Digital Audio Workstation (DAW). Reaper
was selected due to its free evaluation period, low
cost for educational and personal use (60 USD at
present),multi-platformsupport, andpowerful archi-
tecture for routing audio through virtual channels on
a per-track basis. Like most other DAWs, it supports
all versions of the VST standard, allowing the use of
an enormous selection of free and commercial plug-
ins. All plugins describedbeloware part of the ambiX
v0.2.10 ambisonic plugin suite and mcfx v0.5.9 mul-
tichannel audio plugin suite, which are both free to
download and use (Kronlachner 2020).

The audio interface is first selected as the out-
putdevice to expose the availableoutput channels to
Reaper, see figure 4. A track is added to the project,
and the software channels 1-12 in the track are as-
signed to hardware output channels 1-12. All plugins
from theAmbiX andmcfx plugin suiteswere installed
- note that ambiX provides pre-compiled downloads
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for order 1, 3, and 5 versions of the plugins. If other
ambisonic orders are desired, those will need to be
compiled. Details on the compilation process are
outlined in the ambiX Github repository. The base
track with configured inputs and outputs was then
copied multiple times and modified, with each track
providing amethod of listening to or generating am-
bisonic audio from different types of source files.

Figure 4
Annotated Reaper
interface

The first track allows for anymono anechoic sound to
be convolved with an ambisonic impulse response,
see figure 5. This is performed utilizing two plug-
ins - the first is a multi-channel convolution reverb
“mcfx_convolver” which takes an impulse response
and anechoic recording and convolves the two. The
output of this plugin is ambisonic in B-format and
is used as the input for the second plugin “ambix_-
decoder” which decodes the file to channels neces-
sary for the speaker layout based on a decoder ma-
trix. To generate a decoder matrix, you need the ex-
act azimuth and elevation of every speaker in the
layout. Ideally, all speakers should be the same ra-
dial distance from the listening point, although delay
can be added to specific channels to compensate if
speaker distances vary. MATLAB’s higher order am-
bisonic (HOA) demo functions was used to generate
the decoder matrices for 1st, 2nd, and 3rd order am-
bisonics. The second track, see figure 6, allows for a
recording in B-format to be played back. The setup
is the same as the first track, except the convolution
plugin is disabled.

The third track allows for simulated positioning
of an anechoic sound around the listener, which is
helpful for testing and validation of the setup and
workflow, see figure 7. A positional encoding plugin
“ambix_encoder” is used to encode themono source
to B-format and has settings to adjust azimuth and
elevation of the sound as well as the motion rate if
you wish to automate the movement of the sound
around the listener. The output of this plugin is sent
to the decoding plugin to be played on the speaker
layout. This track has been essential in the validation
of the hardware and software elements of the listen-
ing system. The sound was positioned at all combi-
nations of azimuths and elevations in 45-degree in-
crements and played back. Channel volumes were
monitoredat eachof these settings to ensure that the
sound was being played through the correct speak-
ers, and the setup was listened to in order to confirm
the perceptibility of the sound positioning.

Figure 5
Track 1 flow
diagram.

Figure 6
Track 2 flow
diagram.

Figure 7
Track 3 flow
diagram.

AMBISONIC RECORDING
The second track described in the previous section
requires a B-format file. One method of obtaining
such a file is to use an Ambisonicmicrophone such as
the Zoom H3-VR, which we used in our testing. This
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microphone can capture 1st order recordingsdirectly
to B-formatWAV files (Zoom2020). Great care should
be taken when obtaining recordings of spaces to en-
sure that themicrophone is sufficiently isolated from
vibrations that could adversely affect the captured
audio. The easiestway todo so is tomount themicro-
phone on a sturdy tripod. This microphone also has
the benefits of being very small, light, and portable,
allowing for it to beused in a variety of environments.

AMBISONIC SIMULATION
Auralizations can be produced in acoustic simulation
software using a 3D digital model of a space and se-
lected source and receiver positions. We usedOdeon
for this research. Odeon exports 1st and 2nd or-
der ambisonic auralizations and impulse responses.
If recordings and simulated auralizations of a space
are obtained with identical positions for the source-
receiver pair, the audio can be compared both ana-
lytically and perceptibly to examine differences be-
tween the auralizations. The comparison of sim-
ulated auralizations with real recordings is already
the focus of many research projects, and is typically
done with the intention of comparing acoustic sim-
ulation software or developing novel acoustic simu-
lation methods that more accurately resemble real
environments. This is extremely valuable research,
but is only beneficial to designers by informing them
on which acoustic simulation software is the best to
use for simulated auralizations. This research aims to
create a listening environment in which the spatial
acoustic qualities of different architectural designs
can be listened to, studied, and reflected upon.

PERCEPTUAL OBSERVATIONS
Preliminary perceptual testing of the auralization sys-
tem was performed, primarily using the simulated
positioning of a mono sound (Track 3 as described
previously). Perceptual determination of horizontal
positioning seemed to work quite well, even when
using 1st order Ambisonics. As expected, 2nd and
3rd order Ambisonics slightly increased the percep-
tual positional resolution of the sound. This could

also be seen objectively by looking at the volume
levels in the various speaker channels - higher Am-
bisonic orders showed less “spill” of volume into
neighbouring channels. However, vertical positional
determinationwas quite difficult. Given that humans
naturally have better horizontal positioning in com-
parison to vertical positioning, it’s hard to determine
whether this was the fault of the auralization system
or a failure of humanperception in the absence of ad-
ditional sensory cues, such as visuals.

DISCUSSION AND CONCLUSIONS
The speaker-based auralization system outlined in
this paper has several notable benefits. Users can
turn their head as they normally would to better
assess sounds coming from the system, whereas a
headphone auralization system would require head-
tracking to perform in a similar manner. Additionally,
no HRTF is required when using a speaker-based sys-
tem; since the user is already listening to the sound
as if they were sitting in the environment that it was
recorded. Our setup also has the benefit of utilizing a
single piece of software for encoding, decoding, and
playback, providing great ease-of-use. There is min-
imal to no adjustment required once the system is
set up - new source files can simply be dropped into
the existing tracks and immediately played back. The
biggest requirement is the up-front setup, when the
decoder matrix must be generated and all of the plu-
ginsmust be installed. Workingwithin a DAWgeared
towards music production allows for many great fea-
tures that can be used for comparison and testing
purposes. More tracks can be set up similar to those
described in the previous section to perform side-by-
side tests with different ambisonic orders by “solo-
ing” tracks back-to-back, allowing users to flip be-
tween different settingswith virtually no delay to ob-
tain the most accurate perceptual comparisons be-
tween auralizations.

The primary goal of this project was the devel-
opment of a method for generating and listening to
spatial audio. In this paper we have communicated
a method for the auralization of ambisonic audio us-
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ing an accessible software andhardware system. This
12-speaker system uses the Reaper DAW for the ma-
jority of the softwareworkflowandMATLAB togener-
ate the decodermatrix for our speaker configuration.
The goal of this system is to facilitate the design of
architecture that is concerned with the spatial qual-
ities of sound. As all architecture is spatial and con-
tains sound, this could potentially be of benefit to a
great number of projects. The testing of this system
for specific projects is beyond the scope of this paper,
which is focused on the specification of the design
tool.

While much future work can be done using
this system in its application on new spatial audio
projects, there are also several areas of research that
should be carried out with regards to the system it-
self. Confirming the perceptual validity of the sys-
tem is important, and this could be done by compar-
ing recordings with one’s own experience of an ex-
isting environment. This would involve using simu-
lations of a modelled existing environment to com-
pare the validity of the simulations to real record-
ings. An upgrade to the auralization system would
be the addition of a VR headset paired with a game
engine to allow for a user to have both visual and au-
dio cues while experiencing auralizations, and build-
ing on this, it would be particularly interesting to
examine the perceptual resolution of sounds when
comparing the auralizations with and without VR.
A perceptual comparison of headphones with the
speaker-based systemwhen using VRwould be valu-
able given that virtually all current VR systems rely on
headphones. After this system has been used on a
few architectural projects, this knowledge could be
used to develop a set of guidelines for the design of
architecture with spatial acoustic qualities. A benefit
would be to give designers a knowledge base of how
the adjustment of various qualities of a space will af-
fect the acoustic properties of that space, and what
it might mean to have acoustic qualities that are di-
rectional, ormulti-directional, andhowthat could im-
prove communication, experience, or well-being.
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The shift from computer-aided design (CAD) to building information modeling
(BIM) has made the adoption of augmented reality (AR) promising in the field of
architecture, engineering and construction. Despite the potential of AR in this
field, the industry and professionals have still not fully adopted it due to
registration and tracking limitations and visual occlusions in dynamic
environments. We propose our first prototype (BIMxAR), which utilizes existing
buildings' semantically rich BIM models and contextually aligns geometrical and
non-geometrical information with the physical buildings. The proposed prototype
aims to solve registration and tracking issues in dynamic environments by
utilizing tracking and motion sensors already available in many mobile phones
and tablets. The experiment results indicate that the system can support BIM and
physical building registration in outdoor and part of indoor environments, but
cannot maintain accurate alignment indoor when relying only on a device's
motion sensors. Therefore, additional computer vision and AI (deep learning)
functions need to be integrated into the system to enhance AR model registration
in the future.

Keywords: Augmented Reality, BIM, BIM-enabled AR, GPS, Human-Building
Interactions, Education

INTRODUCTION
Augmented reality (AR) is one of the classes of mixed
reality in the virtuality continuum (VC), a concept of a
continuous scale developed by (Milgram & Kishimo,
1994) that spans from the real environment and ends
with the virtual environment. Anything in between
is a possible composition of real and virtual objects.
(Azuma et al., 2001) define an AR system as an inter-
active system that runs in real time and displays vir-
tual objects contextually aligned with the real world.
AR technology has recently offered tangible bene-

fits in different fields, including medicine, manufac-
turing and assembly, maintenance, robotics, military,
entertainment, tourism and navigation (Carmigniani
& Furht, 2011; Mekni & Lemieux, 2014).

The shift from computer-aided design (CAD) to
building information modeling (BIM) has made the
adoption of AR promising in the architecture, en-
gineering and construction (AEC) field (Krakhofer &
Kaftan, 2015; J. Wang et al., 2014), since it allows
one to access information more than the geometri-
cal type, e.g., material, function, cost, and mainte-

D1.T3.S1. DIGITAL PERCEPTION OF SPACE – CYBER-PHYSICAL SYSTEMS (VR, AR) – DESIGN STRATEGIES - Volume 1 - eCAADe
38 | 169



nance date, which could be beneficial. BIM-enabled
AR on construction sites can improve communica-
tion, management, quality assurance, productivity
and efficiency (X. Wang et al., 2012). In addition, AR
could also be used to guide laborers in construction
tasks (Ahn et al., 2019; Kivrak & Arslan, 2019), clash
and defect detections (Park et al., 2013), as-built doc-
umentation (Asadi et al., 2019) and maintenance op-
erations (K. Chen et al., 2019).

Despite the potential of AR in this field, it has
still not been fully adopted by the industry and pro-
fessionals due to registration and tracking limitations
and visual occlusions in dynamic environments (Del-
gado et al., 2020; Meža et al., 2014; J. Wang et al.,
2014). In this paper, we present our first prototype
(BIMxAR), which is part of ongoing research into en-
hancing human-building interactions. The objective
of this research is to develop amobile AR application
that utilizes existing buildings’ BIM models and con-
textually aligns geometrical and non-geometrical in-
formation with the physical buildings. The proposed
prototype aims to solve registration and tracking is-
sues in dynamic environments by utilizing tracking
andmotion sensors already available inmanymobile
phones and tablets nowadays.

The research begins with a review of different
AR systems in the domain of architecture and con-
struction. It discusses their registrationmethods, BIM
integration and applications. Then, reviews AR ap-
plications in architectural education and emphasizes
their advantages and limitations. Thereafter, the pa-
per documents the steps for developing our proto-
type and presents both the results of our tests and
the possible applications of the prototype.

RELATEDWORK
RegistrationMethods
Tracking the real-world environment and register-
ing virtual information in a real-world environment
are core functions of an AR system (Li et al., 2017).
Trackingmethods can be classified into three classes:
vision-based, sensor-based and hybrid based (Chat-
zopoulos et al., 2017).

The vision-based class can be further separated
into two sub-classes: marker-based and marker-less
methods (Cao et al., 2019). The first sub-class uti-
lizes 2D images, such as markers, which the AR sys-
tem detects to enable a device to determine its rela-
tive position and orientation to the marker and then
project the virtual model according to the location
of that marker in the real world and its reference in
the virtual world (M. Chu et al., 2018), as seen in Yan
(2019). Marker-based methods could be beneficial
for specific applications; however, they are not suit-
able in real-life scenarios, suchason construction and
operational sites, because marker detection might
be disturbed by people, furniture, tools and machin-
ery (Palmarini et al., 2018). The second sub-class
takes advantage of computer vision to spatially un-
derstand the real-world context in order to correctly
register virtual information in the real world. Sato
et al. (2016) proposed a marker-less method that
utilizes point clouds generated using the structure-
from-motion (SfM) technique to reconstruct building
façades and then use it in local feature-based image
registration. However, the method requires multiple
steps of preparation and its prone to errors due to the
SfM limitation in capturing the whole façade. Kop-
sida and Brilakis (2016) proposed another method to
overlay a BIMmodel on a real-world context through
the use of an estimated camera pose and a spa-
tial mapping mesh, which are calculated and con-
structed by RGB-D data obtained from a Microsoft
Kinect V2 sensor, and an iterative closest point (ICP)
algorithm to register the virtual model. However,
the adopted method requires slow movements as it
could affect the tracking process. Another method
introduced by Wang et al. (2018) to aid in mechani-
cal assembly used a) features extracted from scanned
3D models of mechanical parts from multiple views
and b) features extracted from camera images, to es-
tablish correspondences between the two features in
order to find the camera pose and complete the reg-
istration. Furthermore, Kumar et al. (2019) combined
point clouds obtained from a light detection and
ranging (LiDAR) sensor, pre-collected point clouds
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from a BIM model and camera images to estimate
the camera pose and overlay virtual information in
a real-world context. Baek et al. (2019) utilized con-
volutional neural networks (CNNs) to match features
extracted from images taken on an AR camera with
pre-captured images to determine the location and
orientation of the user. Spatialmapping is performed
usingHoloLens to overlay virtual information accord-
ing to the user’s location and orientation. Most of
the marker-less methods cannot perform well or are
prone to fail in contexts that have a high level of oc-
clusion, are clutteredwith objects or have insufficient
depth variation (Kopsida & Brilakis, 2016; Y. Wang,
Zhang, Wan, et al., 2018).

Sensor-based tracking methods employ differ-
ent technologies, such as GPS, Bluetooth, ultra-
wideband (UWB), Wi-Fi, radio frequency identifica-
tion (RFID) and inertial sensors (Williams et al., 2014).
For example, Meža et al. (2014) used GPS, in addition
to an electronic compass and a gyroscope, to regis-
ter a BIM model on a construction site. However, the
adopted method did not deliver accurate registra-
tiondue toGPS accuracy limitations. Another sensor-
based method was adopted by Chen et al. (2019)
to develop a BIM-enabled location-aware AR appli-
cation using Wi-Fi fingerprints to obtain a user’s lo-
cation. However, the accuracy of the system did not
reach less than1m, and it thus cannotperformwell in
areaswith lowornoWi-Fi coverage. Furthermore, the
LANDMARK system is a prototype developed by Ni et
al. (2003) that utilizes RFID to locate building compo-
nents in indoor environments. Still, the system suf-
fered from latency and accuracy issues because RFID
is not designed for accurate location sensing.

Hybrid tracking combines multiple tracking
methods, for example vision- and sensor-based
methods (Chatzopoulos et al., 2017). InfoSPOT
(Irizarry et al., 2013) is an AR system that utilizes a
marker-based method for device calibration, com-
bined with sensor-based methods, including Wi-Fi,
digital compasses, three-axis gyroscopes and ac-
celerometers, to align virtual models and labels with
the physical world. However, this method might

be limited to few applications, since it requires a
user to be situated in a specific location in the mid-
dle of the room after calibrating the device using a
marker. Ratajczak et al. (2019) employed Bluetooth
low-energy beacons (Esimote® beacons), depth per-
ception and feature detection (such as edges and
corners) to precisely overlay BIM models with the
physical world on construction sites. Although the
accuracy of thismethod ranges from 0.4 to 1m, it has
some limitations due to the use of computer vision;
especially when getting closer to building surfaces
and depth thus diminishes, misalignment can occur.
Moreover, i-Tracker is another hybrid registration
method that combines cameras (depth-sensing) and
inertial measurement unit (IMU) sensors. However,
the method does not perform well in increased dis-
tances from the origin as well as in lower luminance
environments (Mutis &Ambekar, 2020). Hybrid track-
ing seems to be themost reliable method in terms of
accuracy and stability as it tries to integrate multiple
methods that complement one another to overcome
their limitations (Chatzopoulos et al., 2017).

AR and BIM
X. Wang et al. (2012) proposed a framework to
make AR ”an extended version of the BIM on site”
and a unified platform for project management that
supports planning, communication, evaluation and
decision-making. An early BIM-enabled AR example
for construction sites is theAR4BCprojectwhere a 4D
BIM model was integrated into the AR application to
enable instant as-planned and as-built comparisons
(Woodward & Hakkaraine, 2011). Moreover, Meža et
al. (2014) created an AR prototype that utilizes up-
to-date BIM models retrieved from a remote server,
and they tested it on a real construction site. Simi-
larly, Mirshokraei et al. (2019) integrated their qual-
ity management (QM) system with a commercially
availableBIM-enabledAR, namely, GammaARPro [1].
The prototype enables inspectors to update tasks’
statuses and input quality evaluations at the site. A
more comprehensive solution is an application called
AR4C, which is a BIM-enabled AR that can allow for
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quick access to up-to-date context-specific informa-
tion, for example materials of building components,
a task’s progress, status, assembly instructions and
performance metrics (Ratajczak et al., 2019). More-
over, an experimental study that investigated the use
of AR to enhance accessing BIM information from
drawing sheets concluded that AR could speedup in-
formation retrieval by 50% (M. Chu et al., 2018). BIM-
enabled AR has also been employed in maintenance
and operation management, as seen in Baek et al.
(2019) and K. Chen et al. (2019). Furthermore, recent
studies have investigated the implementation of AR
and BIM in the domains of architecture and construc-
tion education (Cuperschmid et al., 2016; Messadi et
al., 2019; Vasilevski & Birt, 2020).

AR in Architectural Education
AR has the potential to reshape the education of ar-
chitecture, construction and engineering (Shanbari
et al., 2016). It has been employed in various areas in
architecture and construction education. However,
the literature shows little emphasis on the use of AR
to teach students building systems and material as-
semblies. Furthermore, the level of interaction with
the content that allows students to inspect building
components or experience changes is very limited.
For example, ecoBlox is an AR application developed
to teach sustainable building design. The application
utilizes physical models, where each component of
thephysicalmodel is considered amarker that canbe
recognized by the application and relevant informa-
tion will be superimposed on the component (Vas-
sigh et al., 2014). However, the visualization of the
application is limited to superimposing axonomet-
ric illustrations and does not provide immersive ex-
periences. Another approach was proposed using
AR-videos of real construction sites in class to teach
students roof and masonry construction and assem-
bly (Shanbari et al., 2016). The approach overlays
additional information using virtual models of build-
ing components on real images of under construc-
tion structures to illustrate and help students com-
prehend construction processes. The approach lacks

core features of AR experience, physical and the vir-
tual worlds alignment. Sánchez et al. (2015) uti-
lized AR and a physical building to teach students
construction issues andprocesses related to concrete
structures, e.g. rebar arrangement. The application
enables students to view the hidden components of
a load-bearing wall through creating a virtual void.
Nevertheless, the proposed application provides lim-
ited visualization modes and interactions with the
virtual model. AR-Skope and VR-Skope are educa-
tional applications that utilize BIMmodels of existing
buildings to demonstrate building systems and their
integration (Vassigh et al., 2018). However, due to the
adopted registration method, the virtual model in
AR-Skope cannot be aligned with the physical build-
ing. Instead, the virtual model is visualized outside
the physical building. Similarly, Vasilevski and Birt
(2020) examined the student experience of using AR
and VR to visualize BIM projects but their systems
do not facilitate interactions, such as information re-
trieval and deep building inspection, with the vir-
tual content. Messadi et al. (2019) utilized Microsoft
HoloLens to enable students to contextually visu-
alize structural analysis, building envelope compo-
nents, and HVAC and structural systems. Addition-
ally, their proposed application allows students to
overlay to 2D section drawings on their physical lo-
cations. However, the application provides limited
interactions, for example, 2D section drawings are
only designed to be viewed at specific physical loca-
tions and users cannot manipulate the section plane
location to further explore the roof-wall connection
or roof system details. Furthermore, information re-
trieval and visualization modes are limited to what
the application is designed to offer, for instance, the
visualization of themodel with all building systems is
only visualized at small scale (miniature model).

PROTOTYPING
In this paper, wepresent our first prototype (BIMxAR),
which is part of ongoing research into enhancing
human-building interactions. The objective of this
prototype is to design a mobile AR application that
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utilizes the BIM model of an existing building and
contextually alignsgeometrical andnon-geometrical
information with the physical building. The pro-
totype uses the Autodesk Revit BIM project file of
the Memorial Student Center (MSC) building on the
Texas A&M University campus in College Station,
Texas. To develop our prototype, we decided to use
Unity [2], which is a common AR platform and gam-
ing engine. Moreover, Unity houses AR Foundation,
which contains core features of ARCore and ARKit.
Programming in Unity was done using the C-Sharp
language, and the developed prototype is an iOS ap-
plication deployed to iPhone 7 Plus as a case study.

Model Preparation
For testing our prototype, only a small portion of the
BIM filewas utilized. It includes two building façades,
an external stair, the main entrance, and a terrace.
In addition, building components were grouped into
larger objects to reduce the number of objects in the
AR application. The typical hierarchy of the BIM com-
ponents was flattened, and model organization was
simplified consequently.

Model preparation underwent multiple steps.
First, the geometry components of the BIM model
were exported from Autodesk Revit into the FBX for-
mat. In the next step, the components were im-
ported into 3ds Max to group building components
and position a known reference of the model at the
origin [Fig.1]. Since the BIM model organization was
simplified due to the grouping step, new object IDs
were manually assigned to the grouped objects. The
last step involved exporting the model into the FBX
format for use in Unity, where the model’s orienta-
tion was corrected according to the actual orienta-
tion of the physical building. Moreover, the field of
view (FOV) of the virtual camera was matched to the
device’s camera to ensure correct perspective align-
ment.

Figure 1
Floor plan depicting
the reference point
and the location of
testing points

RegistrationMethod
Wedecided to employ a registrationmethod that can
be used in dynamic environments with high levels
of occlusions and that does not require markers or
heavily depend on computer vision. This decision
expands the use of our application to various fields.
The proposed method takes advantage of tracking
andmotion sensors already available inmanymobile
phones and tablets. It utilizesGPSand the IMUofmo-
bile devices, specifically, gyroscope, accelerometer,
and magnetometer. GPS as a registration method is
known for its limited accuracy, especially in indoor
environments (Rajeev et al., 2019). Therefore, our so-
lution takes into consideration this limitation by (1)
initializing the application outdoors, where satellite
signal is most reliable, and (2) including translation
sliders to allow for themanual alignment adjustment
of virtual models when needed.

To enable tracking through GPS in Unity, a Unity
asset, namely AR+GPS Location [3], was used. It al-
lows virtual models to be positioned in reference to
their actual location in the realworld by assigningge-
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ographical coordinates to the models. Since the im-
ported model in Unity has a known reference posi-
tioned at the origin, the geographical coordinates of
that reference in the physical world were assigned to
the model reference point.

Figure 2
Virtual model
(green) and
highlighted
building object
(red) with related
information table
(Object ID, Family
Name, Element
Name and Material)

When initializing the application outdoors, the track-
ing system will start to position the virtual model ac-
cording to the assigned geographical coordinates via
GPS and correct its orientation through an electronic
compass and a gyroscope through the use of ARKit.
Since thedevice altitude information (elevation level)
is not reliable, the application automatically defines
its ground through ground plane detection near the
reference point. The prototype is programmed to
limit the number of location updates acquired from
satellites to four times with 2 seconds between each

update for the following two reasons: first, to enable
the user to use manual alignment adjustment, and
second, to extend the use of the application in in-
door environments without the device updating its
location with weak signals. Once the virtual model is
correctly aligned, the application will depend on the
device’s IMU tomaintain the virtual model alignment
[Fig.2-3].

User Interface
The user interface of ARxBIM allows a user to inter-
act with the virtual model within the physical envi-
ronment. First, it allows for the adjustment of model
andbuildingalignmentduring initial registrationand
in indoor use. The adjustment can be performed
through four sliders: (1) translation on x-axis, (2)
translation on y-axis, (3) translation on z-axis and (4)
rotation around z-axis (vertical axis) at the model ref-
erence point. Second, it allows the user to scale the
model using a scale slider. This feature allows the
user to see objects of interest without the need to
walk towards them. The third type of interaction al-
lows the user to retrieve related information about
objects of interest. If the user touches a building
component, it will be highlighted, and a small ta-
ble with relevant information will pop up on top of
it showing, for example, object ID, object family, ele-
ment and material information [Fig.2].

The information retrieval function takes advan-
tage of BIM metadata, which could be exported di-
rectly from Revit in XML or CSV format. Since the
BIM model organization in our prototype was flat-
tened for simplification purpose, we created dummy
tables in the CSV format to test the Unity readability
of these tables. The dummy tables contain ID names
that match the names of the simplified building ob-
jects. Furthermore, assuming that the next version of
our prototype will utilize real tables, we developed
a script that retrieves the object-related information
through its ID.

For better visualization and interaction experi-
ence, we decided to use a wireframe shader for the
virtual model. The wireframe shader allows for im-
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mediate comparisons between the physical and the
virtual. Compared with opaque shaders which will
make the virtual model to occlude the physical ob-
jects, the wireframe shader also prevents users from
colliding with static objects and passing people. The
interface displays the GPS accuracy information, ori-
entation information (compass), and geographical
coordinates, which are all provided from the GPS+AR
Location Unity Asset.

TESTING
Our prototype’s performance was tested to assess
whether it maintained its alignment. Since the de-
vice will only depend on the device’s IMU when in-
door, minor misalignment (drift) of the virtual model
with the physical building might be expected due to
the accumulated errors in the IMU calculations. Four
tests were conducted to verify the alignment perfor-
mance and measure the drifting errors; all of them
were carried out after the virtual model was correctly
aligned with the physical building. The test defined
three points of locations: the first point was located
outdoors, near to the reference point, and the sec-
ond and third pointswere located inside the building
[Fig.1]. The aimwas tomeasure the drift of the virtual
model at the reference point aftermoving frompoint
(A) to another point and returning to point (A). The
measurement was done by recording the amount of
drift at the reference point (physical column) using a
ruler and manual measurement. The first two tests
started from point (A) to (B), with a walking distance
of 12m between them, and the total round-trip jour-
ney was 24m. The other two tests started from point
(A) to (C), with a total round-trip journey of 48 m.

The results of the tests indicate a significant drift
of the virtual model, especially in longer distances
between point (A) and (C). The average drift in the
first two tests was approximately + or - 0.90 m. How-
ever, the average drift in the other two tests was ap-
proximately + or - 2.00 m. This means that relying
solely on the device’s IMU might not be sufficient.
Although the alignment cannot be maintained from
the initial registration, themanual translation and ro-

tation sliders can still be a secondary solution to fix
the drift issue.

Figure 3
Virtual model
(green wireframe
model) alignment
inside MSC building

APPLICATIONS
ARhas been implemented in theAECfield in an effort
to provide better communication, collaboration and
work efficiency (Ratajczak et al., 2019; X. Wang et al.,
2012). Our prototype can be beneficial in fields that
require instant access to information related to abuilt
environment when needed.

AR has also been widely used and researched in
the education sector, and several studies have docu-
mented its benefits, such as improved learning gains,
motivation, collaboration and spatial abilities (Bacca
et al., 2014; Radu, 2014). Likewise, AR has the po-
tential to reshape education regarding architecture
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and construction (Shanbari et al., 2016). It attempts
to shorten the gap between theory and practice (R.
Chen&Wang, 2008; H. C. Chu et al., 2019; Diao& Shih,
2019; Vassigh et al., 2018); however, AR applications
focusing on human physical building interfacing are
limited in the domain of architecture and construc-
tion education (Vasilevski & Birt, 2020). A traditional
learning approach that can link theory and practice
involves learning from physical buildings and con-
struction sites (Akin, 2002; Gewirtzman, 2017; Wen-
dell & Altin, 2017), but knowledge extraction from
these valuable resources can be difficult because of
the limited available information about these build-
ings (Grover et al., 2018). Moreover, buildings hold
much information that cannot be directly obtained
unless through BIM models, 2D and 3D drawings or
specification books. The synergy between BIM and
AR is expected to help create a convenient educa-
tional tool that can immediately and contextually
leverage the information embedded in buildings. We
foresee possible uses of our prototype that can en-
hance the learning experience during site visits or
inside classrooms. Moreover, future development
of our application may facilitate further capabilities,
such as the following:

• Contextual visualization of analysis and calcu-
lations for renovation design, building opera-
tion, and maintenance (e.g. daylighting analysis
and computational fluid dynamics [CFD] simula-
tions);

• Simulation of building material assemblies;
• Enhanced visualization of hidden building com-

ponents through sections and slicing.

CONCLUSION AND FUTUREWORK
In this study, we presented our first prototype of on-
going research for enhancing human-building inter-
action. The prototype aims to solve model regis-
tration and tracking problems in dynamic environ-
ments by utilizing tracking and motion sensors al-
ready available in many mobile phones and tablets.
The solution requires two steps: (1) initial virtual

model registration occurs outside a building using
GPS, a mobile device’s IMU and manual adjustments,
and (2) once the virtual model is correctly regis-
tered, the application will only use the mobile de-
vice’s IMU to maintain the virtual model alignment
with the physical building, with possible manual ad-
justments. The prototype enables BIM information
retrieval about objects of interest in thebuilt environ-
ment, when the BIM model is superimposed on the
building. Furthermore, the study illustrates where
our prototype can be beneficial.

The prototype was tested to measure the
amount of drift in the virtual model due to the ex-
pected accumulated errors of the IMU calculations.
The results indicated that the system can support
BIM and physical building registration in outdoor
and part of indoor environments, but cannot main-
tain accurate alignment indoor when relying only on
the device’s IMU. This necessitates the integration of
other types of tracking, such as computer vision and
AI (deep learning).

Future work will include further system en-
hancements, including the mechanism of metadata
exchange, interface design and testing, registra-
tion methods, and visualization methods for hidden
building components and analysis data. In addition,
case studies with buildings and BIMmodels to evalu-
ate these enhancements will be needed.
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Current design practices rely on a set of computational tools to simulate and
optimize the design in regards to questions concerning architecture, engineering,
and construction. However, little progress has been made in tools related to the
design and execution of a building assembly. This paper aims to present an
integrated procedure that targets the assembly of complex structures. Two
challenges are identified and addressed: first, the necessity of a connected design
environment where multiple stakeholders can communicate, modify, and give
feedback on the assembly sequence. Second, the instructions for the assembly of
structures to untrained users. The suggested method is based on the Assembly
Information Modeling framework, which provides a general approach to
generate assembly information from CAD data and utilizes AEC cloud platforms
as a base for communication and Augmented Reality devices as a Human
Machine Interface. Ultimately, both cases are combined to constitute Connected
Augmented Assembly, a bidirectional approach to assembly design, review, and
execution.

Keywords: assembly sequence, augmented reality, assisted assembly, cloud aec,
assembly information modeling

INTRODUCTION
In recent years, the development of digital toolsets
for design andproduction enabled newways ofmak-
ing and increased the degree of automation in con-
struction (Bock 2015). Computationalmethods allow
mass customization approaches (Tamke and Thom-
sen 2009) and facilitate the fabrication and construc-
tion of complex structures. Despite this rapid in-
crease in digitalization in different fields of Archi-
tecture, Engineering and Construction (AEC) sector,
there is not much research about the assembly de-

sign and planning in architecture. The computa-
tional research is generally focused on the early de-
signphases and later concerns suchashowtheactual
architecture is assembled are not considered. The
translation of a 3D geometry from a building model
into a building component that can be assembled is
a significant issue (Sheil et al. 2020). Concepts and
tools which support a vertical integration of design
for assembly and production are missing.

To bridge this gap, we aimed at developing an
assembly-aware design approach that supports the
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users in the early design as well as in the assem-
bly phase. This is done by proposing communica-
tion methods that specifically use an adequate as-
sembly language. We combined Augmented Reality
(AR) and AEC cloud-based services to allow users an
easy, effective communication and information shar-
ing, and at the same time assist them during the as-
sembly.

BACKGROUND
Assembly InformationModeling
This work builds upon previous work about assem-
bly considerations in the architecture realm. The re-
search is developed as an extension to the existing
framework “Assembly Information Modeling (AIM)”
(Lharchi et al. 2019). It is a digital framework that
is designed for applications in building processes. It
aims to include all the necessary data to describe pre-
cisely an assembly sequence such as the geometry,
assembly directions, sequence, and any site condi-
tions or obstacles. At the same time, it provides a
base to create data bridges to the different author-
ing tools used by the stakeholders. The flexibility of
the model allows a large panel of applications, such
as the creation of centralized design models, robotic
fabrication, and connected assembly and others (fig-
ure 1). The model specifications are freely available
online and covermost of the everyday needs in a typ-
ical architectural assembly planning process but can
be extended as well if needed.

Figure 1
Different use cases
of an Assembly
Digital Model

The assembly data can be stored in one central
model, called Assembly Digital Model (ADM). This
model can then be used for different applications
such as collaborative assembly design, decisionmak-
ing and robotic assembly. This paper presents and
evaluates the use of AIM as the base for an online col-
laborationplatformand for support of humanassem-
bly using Augmented Reality (AR).

Augmented Reality in AEC
In parallel with the development of design tools and
construction techniques, the AEC industry tries to ex-
pand the visualization methods by which complex
construction information can be shared and assimi-
lated. Progressively increasing interest has been ob-
served both in research and industry towards two
3D visualization methods: AR and Virtual Reality
(VR) (Duston 2008). While AR techniques superim-
pose the virtual objects or information within the
real world, VR immerses the user in a completely vir-
tual environment that allows freedom of the phys-
ical space constraints but also limits the possibility
of interaction with real-world elements drastically.
Several studies have investigated how these tech-
nologies can be utilized in construction context and
demonstrated the potential of both technologies in
architectural design and structural design (Quinn et
al. 2018; Boud et al. 1999), urban planning (Broll et
al. 2004), interactive modeling (Felbrich et al. 2018),
etc.

While AR and VR share many similarities, AR
presents the advantage that the user is still aware of
the environment, and depending on the used head-
set, a hands-free experience. Therefore VR is more
adapted for the design phase and AR generally for
on-site applications.

Research on the use of AR in assembly tasks has
focused on the training for assembly tasks for me-
chanical applications (Boud et al. 1999), and only lit-
tle on assembly within an architectural context. Re-
searchers fromFologram (Newnhamet al. 2018) used
AR and developed a platform to create holographic
instructions to guide the users for the fabrication and
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assembly of metal pipes (Figure 2). Others consid-
ered a combination of AR and robotic fabrication (Ky-
janeka et al. 2019) in a setup where the user is de-
signing interactively, and the robot is responsible for
placing the pieces in the correct position. The parts
are then fixed by the user (figure 3).

Figure 2
Metal pipe
assembly using an
AR headset
(Newnham et al.
2018)

Figure 3
Human-Robot
collaboration with
AR (ICD University
of Stuttgart, 2018)

Although these projects present concrete case stud-
ies where AR has been leveraged to enhance the
assembly experience, the actual assembly instruc-
tions were generated post-design and require labo-
rious manual work. In most cases, the assembly in-
structions are limited to displaying the final position
within the structure. It is up to the user to figure
out on-the-fly how to achieve the intended assembly
step. This does not account for potential obstacles or
spatial maneuverability of the element (for example
weight or size) except when a robotic arm is used for
the assembly. However, the use of a robot is not al-
ways possible depending on the scale and resources.
Furthermore, larger projects require the use of in-
dustry standard software that differ from one stake-

holder to another and are not necessarily adapted
to the AR design methods. Moreover, the person in
charge of designing the general assembly strategy,
the specific details and the worker doing the on-site
assembly is rarely the same person. The need for
a common platform that serves as an assembly au-
thoring tool, communication, and knowledge trans-
fer arises.

AEC Cloud based Platforms
Building Information Modeling (BIM) is a semanti-
cally rich and object-based digital representation of
a building, that facilitates the exchange and interop-
erability of building specifications between the archi-
tect, engineer and the rest of the stakeholders (East-
man et al. 2011). To extend these exchange capa-
bilities, numerous BIM software vendors introduced
cloud-based platforms to enable developers to cre-
ate bespoke applications for specific needs. Most of
these platforms are capable of translating native BIM
or IFC models into relational databases (Yan 2017)
and store them in the cloud for further analysis or
visualization: Depending on the platform, it is pos-
sible to query the data directly from the BIM model,
visualize the whole model or specific parts, perform
geometric operations and export/import the data in
different formats. Users can link the model to other
data management platforms to perform tasks such
as scheduling, projectmanagement, or quality assur-
ance. Table 1 gives a brief comparison between two
of the popular platforms and their capabilities.

One main advantage of the cloud is to lever-
age its computing and storage capabilities. Previ-
ous works demonstrated these usages, for example
it can be used to parallelize and to pre-process huge
amounts of sampling data (Zwierzycki et al. 2018)
or to store a large amount of data (Cristie and Joyce
2017) to keep track of changes in design documents.

Whilemost of theplatformallows an incremental
display of the elements, and connection to schedul-
ing tools such as BIM 360 [3], none of them provide a
native integration of 4D simulation that displays the
actual steps necessary for a successful assembly pro-
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Table 1
Comparison of two
AEC cloud
platforms

cedure. Based on the construction timeline, the ele-
ments just appear in the model and lack the intrinsic
information about the assembly.

METHODOLOGY
In order to test andevaluate our theoretical concepts,
themethodology used in this research consists of de-
veloping a set of related tools that were tested with
two study cases demonstrating some complex archi-
tectural features. In both cases, themodelswere con-
stituted of a small number of parts and were too vi-
sually similar and have ambiguous order, therefore it
requires excessive documentation to assemble.

Cloud Based Assembly Designer
The collaborative design for assembly is a platform
for communication, viewing and discussion of as-
sembly data. A web-based platform uses the ADM
and makes it available to the different stakeholders
with a powerful built-in 3D viewer. The requirement
was to create an integrated platform that would run
on most modern web browsers without the need of
any additional plug-ins. This would include mobile
devices such as smartphones and tablets for eventual
on-site usage. The presented platform utilizes the
Autodesk Forge cloud services. We used the Forge
Viewer API andModel Derivative API. The application
backend was written in ASP.NET using the .NET Core
framework; meanwhile, the front-end was mainly in
HTML, CSS and JavaScript.

One user can upload an ADM file that is pro-
cessed by the Autodesk Forge cloud, translated into

SVF format. Afterwards, the assembly information is
injected into the 3D model. The model is then made
available for all the users of the platform for editing.
It is possible to change the global order of the part
orwithin a component, to suggest alternative assem-
bly sequence, change fasteners types and add meta-
data (comments or notes) directly in the model (fig-
ure 4). Alternatively, the model is also loaded in the
3D viewer, with direct access to thewholemodel and
separated elements, advanced layers management
for large projects and assembly animation playback
(figure 5).

Figure 4
Web based
interface to view
the assembly model
structure

Figure 5
The advanced 3D
viewer included in
the Assembly
Designer
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Augmented Assembly
The Augmented Assembly (AA) aims to utilize the
information embedded in the ADM, and the tech-
nologies provided by AR devices to guide the users
through an assembly process. The goal is to enable
inexperienced users to assemble complex structures
without previous training (figure 6). AR devices are
particularly adapted for this purpose as they allow an
overlay of digital data onto the user’s view and align
the relevant information with the objects of interest
(Zollman et al. 2014). Moreover, some models are
equipped with microphones that permit communi-
cation features.

In this investigation, the AR setup was based on
the head-mounted device Microsoft HoloLens 1. The
device embeds autonomous self-tracking features,
which allows a correlation between the physical and
simulation world coordinate systems. Therefore, it is
possible to track theuser in the space anddisplay cor-
responding assembly informationoverlaid on the en-
vironment.

The software running the augmented assem-
bly is built using both C# and PureBasic following a
server/client model:

• The server is running on a computer and is a plu-
gin of the CAD software Rhinoceros 3D [1].

• The client runs on the HoloLens and is a Univer-
sal Windows Platform (UWP) application. It was
developed using the Unity 3D [2] game engine.

The AA presents three distinct usage modes:

1. Interactive: The application is connected to the
server overWi-Fi using theUserDatagramProto-
col (UDP). It receives a continuous data stream
and updates the geometry, position and scale
accordingly. In this scenario, the server converts
geometry data tomesh if necessary and serialize
it into raw data before sending it. The applica-
tion is then converting it back to mesh and dis-
playing the geometry in the user’s field of view.

2. Collaborative: The application is linked to the
Autodesk Forge cloud, and the ADM is synced
and constantly updated. Changes and annota-

tions are instantly displayed (figure 7).

Figure 6
A user experiencing
augmented
assembly

Figure 7
The user view from
inside the AR device

In all the usagemodes, the assembly sequence is dis-
played to the user in sequential order. The assem-
bly is animated in a way that the user can distinguish
clearly the orientation of the element as well as the
necessary spatial manipulations to put it in the cor-
rect place.

The Human Machine Interface (HMI) to control
the AR device was designed to be simple and inte-
grate two of the Hololens input systems:

1. Gaze and Gestures to select, manipulate the dif-
ferent elements, and to extract information from
the ADM file and display them directly on the
augmented view.

2. Voice commands to assure a hands-free experi-
ence to control the sequence display (e.g. next,
previous, and pause).
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Study cases
To test the suggested method, we developed a
demonstration construction system that was then
used in two similar, yet different scale cases . The join-
t/node allowed the intersection of three different lin-
ear elements at the same time (figure 8). It requires a
specific order to be assembled, and the orientation of
the parts is ambiguous on purpose. The goal was to
have a complex structure that would require exces-
sive documentation to assemble.

Figure 8
Study Case 2:
Tri-Direction node
system.

We combined the cloud-based assembly designer
with theaugmentedassembly interface in an integra-
tive approach (figure 9). We conducted two exper-
iments where untrained public visitors were invited
to assemble the structure. Initially only with the help
of 2D plans and final structuremodel, and afterwards
equipped with an AR headset directly linked to the
ADM on the cloud where significant ease of assem-
bly was observed.

RESULTS ANDDISCUSSION
State of the art AR, cloud-based collaborative tech-
niques, and AIM were used in order to develop a ro-
bust approach to augmented assembly. The use of
Autodesk Forge cloud-based tools enabled the de-
velopment of web-based platforms that assist the
users with both processing of their raw data and ad-
vanced visualization. Notably, following the upload
of the ADM web, they can access it within the em-
bedded three-dimensional viewer in thebrowser and

interact, comment, or adjust it. Direct export to the
AR headset is also possible for a seamless assisted as-
sembly.

While the AR part of the system was working
without issues during the development phase and
the lab conditions test, it was not the case dur-
ing tests in large, populated environments. The
HoloLens 1 limitations were quickly felt as the on-
board positioning system tended to lose its calibra-
tion. One possible solution to enhance the position-
ing reliability would be the integration of an exter-
nal localization system in parallel to correct any drifts
and sync the world coordinate system (Kyjaneka et
al. 2019). Besides, the vocal commands did not work
as expected because of the background noise. For-
tunately, this can be easily addressed using a sep-
arate microphone instead of the onboard one cur-
rently used.

Futurework should focus on the implementation
of multi-user approaches where more than one user
can wear an AR headset in a collaborative setup.

CONCLUSION
In this research, We presented an integrative ap-
proach for the assembly of complex structures. We
emphasized the need for a connected design envi-
ronment wheremultiple stakeholders can communi-
cate on the assembly sequence and transfer intricate
knowledge among each other as well as to inexperi-
enced users. We showed potential usages of the As-
sembly Information Modeling framework leveraging
AR and AEC cloud solutions. The development of AR
technologies will arguably eliminate current techni-
cal limitations.
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Figure 9
Overview of the
connected
augmented
assembly approach.

andDesign-To-Production, aswell toAutodesk, espe-
cially the Forge development team.

Icons in the figures made by Freepik from
www.flaticon.com

REFERENCES
Amann, J, Preidel, C, Tauscher, E and Borrmann, A 2018,

’BIM Programming’, in Borrmann, A, König, M, Koch,
C and Beetz, J (eds) 2018, Building Information Mod-
eling: Technology Foundations and Industry Practice,
Springer International Publishing, Cham, pp. 217-
231

Bock, T 2015, ’The future of construction automation:
Technological disruption and the upcoming ubiq-
uity of robotics’, Automation in Construction, 59, pp.
113-121

Boud, AC, Haniff, DJ, Baber, C and Steiner, SJ 1999 ’Virtual
reality and augmented reality as a training tool for
assembly tasks’, 1999 IEEE International Conference
on Information Visualization (Cat. No. PR00210), pp.
32-36

Broll, Wolfgang, Lindt, Irma, Ohlenburg, Jan, Wittkäm-
per, Michael, Yuan, Chunrong, Novotny, Thomas,
Schieck, Ava Fatah, Mottram, Chiron and Stroth-
mann, Andreas 2004, ’A collaborative augmented
environment for architectural design and urban
planning’, Journal of Virtual Reality and Broadcasting,
1(1)

Cristie, V and Joyce, SC 2018 ’GHShot: 3D Design Ver-
sioning for Learning and Collaboration in the Web’,

Extended Abstracts of the 2018 CHI Conference on Hu-
man Factors in Computing Systems, pp. 1-6

Dunston, PS 2008, ’Identification of application areas for
Augmented Reality in industrial construction based
on technology suitability’, Automation in Construc-
tion, 17(7), pp. 882-894

Eastman, CM, Eastman, C, Teicholz, P, Sacks, R and Liston,
K 2011, BIM handbook: A guide to building informa-
tion modeling for owners, managers, designers, engi-
neers and contractors, John Wiley \& Sons

Felbrich, B, Jahn, G, Newnham, C and Menges, A 2018
’Self-organizing maps for intuitive gesture-based
geometric modelling in augmented reality’, 2018
IEEE International Conference on Artificial Intelligence
and Virtual Reality (AIVR), pp. 61-67

Kyjaneka, O, Al Bahar, B, Vaseya, L, Wannemacherb, B
and Mengesa, A 2019 ’Implementation of an Aug-
mented Reality AR workflow for Human Robot Col-
laboration in Timber Prefabrication’, ISARC. Proceed-
ings of the International Symposium on Automation
and Robotics in Construction, pp. 1223-1230

Lharchi, A, Thomsen, MR and Tamke, M 2019, ’To-
wards Assembly Information Modeling (AIM)’, 2019
SimAUD, p. 51

Newnham, C, van den Berg, N and Beanland, M 2018,
’Making in Mixed Reality’, CUMINCAD

Quinn, G, Geleazzi, A, Schneider, F and Gengnagel, C
2018 ’StructVR Virtual Reality Structures’, Proceed-
ings of IASS Annual Symposia

Sheil, R, Thomsen, M, Tamke, M and Hanna, S (eds)
2020,DesignTransactions: Rethinking Information for
a NewMaterial Age, UCL Press

D1.T3.S1. DIGITAL PERCEPTION OF SPACE – CYBER-PHYSICAL SYSTEMS (VR, AR) – DESIGN STRATEGIES - Volume 1 - eCAADe
38 | 185



Tamke, M and Thomsen, MR 2009 ’Digital wood craft’,
Joining Languages, Cultures and Visions, pp. 673-683

Yan, W 2017, ’WP-BIM: Web-based Parametric BIM To-
wards Online Collaborative Design and Optimiza-
tion’, SharingofComputableKnowledge!, p. 527

Zollmann, S, Hoppe, C, Kluckner, S, Poglitsch, C, Bischof,
H and Reitmayr, G 2014, ’Augmented reality for con-
struction site monitoring and documentation’, Pro-
ceedings of the IEEE, 102(2), pp. 137-154

Zwierzycki, M, Nicholas, P and Ramsgaard Thomsen, M
2018, ’Localised and Learnt Applications of Machine
Learning for Robotic Incremental Sheet Forming’,
in De Rycke, K, Gengnagel, C, Baverel, O, Burry, J,
Mueller, C, Nguyen, MM, Rahm, P and Thomsen, MR
(eds) 2018, Humanizing Digital Reality: Design Mod-
elling Symposium Paris 2017, Springer, Singapore,
pp. 373-382

[1] www.rhino3d.com/
[2] https://unity.com/
[3] https://www.autodesk.com/bim-360/

186 | eCAADe 38 - D1.T3.S1. DIGITAL PERCEPTION OF SPACE – CYBER-PHYSICAL SYSTEMS (VR, AR) – DESIGN STRATEGIES -
Volume 1



After Imagery

Evaluating the use ofmixed reality (MR) in urban planning

Kai Reaver1
1The Oslo School of Architecture and Design
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While many researchers have developed interesting use cases for Mixed Reality
(MR) in urban environments, the paper argues that determining the long-term
viability of such applications as planning tools will likely require evaluating
whether such applications are compatible with the democratically mandated
procedures in Urban Planning. The paper compares this claim to current debates
regarding the legality of the use of digital imagery in Urban Planning today. The
paper elaborates these arguments through case studies done in Oslo, Norway in
the context of developing the ``Nordic Digital City''. The case studies involve the
use of MR in 1) a public competition, 2) a regulation plan, and 3) a building
permit. The study thus presents some of the benefits and challenges of using these
technologies in such a manner, particularly regarding accuracy, user feedback,
and robustness as a common interface. The paper concludes that MR offers
several benefits to Urban Planning, but will likely require a highly digitized
competent public sector in order to function, in addition to requiring negotiation
between the required user data and user privacy rights, suggesting that MR
development may migrate from a primarily technical domain to a matter of public
policy.

Keywords: Mixed Reality, Urban Planning, Urbanism, Augmented Reality

BACKGROUND
Mixed Reality in Urban Planning
Mixed reality (MR) is the merging of real and virtual
worlds to produce new environments and visualiza-
tions, where physical and digital objects co-exist and
interact in real-time (Milgram, Kishino, 1994). Ur-
ban planning is the technical and political process
concerned with the development and design of land
use and the physical layout of human settlements
(Taylor, 1998). As these two fields present obvious

intersections, recent scholarship has begun til de-
velop theories and case studies regarding MR devel-
opment and potential application to urban planning.
The ”Aug:City” thesis work of Colton Berk claims that
MR will ”become a powerful new tool for weaving
[the] fabric vital to creating a vibrant urban tapestry”
which will ”affect community and place-making ef-
forts”, while warning that ”with the technology not
reaching maturity for at least a decade in the fu-
ture, incremental approaches to augmented reality
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Figure 1
Screenshot of the
Udaru (User-driven
augmented reality
urbanism)
prototype that was
developed for the
study.

implementation should be adopted so that entire
systems are not immediately disrupted and mem-
bers of the population without AR capability are not
left in marginal status” (Berck, 2017). The UN Habi-
tat report ”Mixed reality for public participation in
urban and public space design” (Nyberg, Newman,
Westerberg, et aii., 2019) arrives at similar findings,
and presents howmember states have committed to
adopting a ”smart-city approach that makes use of
opportunities fromdigitalization” calling for ’the pro-
motion of citizen-centric digital governance tools”
and stating that ”for frontier technologies and inno-
vations to effectively contribute to urban sustainabil-
ity, they need to be appropriately applied to ensure
that theprosperity theybring is shared amongst peo-
ple, cities and regions” (Nyberg, Newman, Wester-
berg, et aii., 2019).

The studies “Developing an interactive Mobile
Volunteered Geographic Information Platform to In-
tegrate Environmental Big Data and Citizen Science
in Urban Management” (Thakuriah, 2017), and “Aug-
mented Deliberation: Merging Physical and Virtual
Interaction to Engage Communities in Urban Plan-
ning” (Gordon, Manosevitch, 2011), discuss the po-
tential for crowdsourced information platforms to
improve the planning professions while presenting
the challenge of participant motivation and hard-
ware limitations. An older study, “A City-Planning
System Based on Augmented Reality with a Tangible
Interface” (Kato et aiii, 2003). demonstrates some of
the first work within this area, in which a prototype
enables users to consider city plans in augmented re-

ality environment andmanipulate 3D structures that
are displayed as virtual objects. Works such as “A Sur-
vey of Augmented Reality” (Azuma, 1997) and “Fun-
damentals of Wearable Computers and Augmented
Reality” (Barfield, ed. 2015), provide valuable foun-
dational literature within this topic, while “Collabo-
rative Augmented Reality.” Billinghurst, Kato, 2002)
demonstrates some of the early lab work with multi-
ple users in a collective authorship setting, albeit not
in an urban planning scenario.

Mixed Reality Implementation within
‘Smart Cities’
Developing prototypes for MR in Urban Planning re-
quired research on how technology implementation
within such ‘Smart Cities’ may work (Figure 1). In
this context, Smart Cities can be understood in the
manner in which they both conceptually and techni-
cally merge physical space with emerging technolo-
gies, which in turn causes technologies to be devel-
oped to be more spatially precise in which to tailor
their services accurately upon physical space. What
these forms of technology demonstrate as a whole is
the possibility for the merging of physical and digi-
tal space into a single, continuous, lived experience
in the city (Barfield, 2015), and for MR in particular,
the ability to place digital information directly within
the visual fieldof theuser through smart glasses, con-
tacts, or a screen (Figure 2). This formof technology is
particularly applicable tourban spaces,which canap-
ply these technologies to large public user audiences
with a high degree of coordinated and accurate data
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(Höhl, Wolfgang & Broschart, Daniel, 2015).

Figure 2
Augmented Reality
platform
“BorderGO”,
developed by the
Norwegian
Mapping Authority,
Kartverket. Source:
Kartverket, 2018.

This context of Smart Cities provided the research
with a range of interesting new conceptual frame-
works for understanding MR within the framework
of architectural space, multidisciplinary practice, and
the role of spatial practitioners and policy makers
alike (Picon, 2015). Particularly the study “Being a
‘citizen’ in the smart city: Up and down the scaffold
of smart citizen participation” (Cardullo, Kitchin, R,
2018) proposes the “Ladder of Citizen Participation”
(Arnstein, 1969), as a methodology for testing smart
city initiatives it to measure citizen inclusion, partic-
ipation, and empowerment in smart city initiatives.
A similar series of arguments is articulated in “Hack-
able City” (de Lange, de Waal, 2019) in that cities will
“need to work differently with technology in order to
secure their citizens rights - either through develop-
ing their own initiatives or by ”enabling“ small busi-
ness and local communities to make their own tech-
nology”. The authors argue that “in order to create
the digital and physical infrastructure which can ac-
commodate a crowdsourcedway of problem-solving
and solutions from different developers, cities must
also change theway theyworkwith technology” due
to “traditional city systems” being “monoliths, pro-
prietary, complex, costly, and locked in to their ven-
dors” (de Lange, deWaal, 2019). A similar argument is
made in “Dark Matter and Trojan Horses” stating the
need for “redesigning the organizational, policy or
regulatory environment in order to get things done”
(Hill, 2014).

Current Debate on “Fake Views”
While MR could increase user participation in urban
planning, it could also distort information and create
differentiated layers of city experiencebetweenusers
(Bratton, 2014). The introduction of MR into urban
planning thus raises ethical concerns. The increased
power and availability of computer rendering soft-
ware, combined with proficiency in digital modeling
tools, has spawned a nearly ubiquitous use of photo-
realistic, digitally rendered images in planning pro-
posals, prompting a call for regulation of such im-
agery in theUK, Denmark, and in Norway. While such
imagery does have the effect of increasing an au-
dience’s perceived understanding of a proposal, re-
search indicates that this gap is also extended upon
how the images are experienced, indicating an on-
goingdistancingof architectural practice fromvisual-
izations as tools for design as well as communication
(Schlegel, 2015). This has the further consequence
of creating imagery that while appearing realistic to
viewers, is unfeasible when implemented into reality
(Figure 3). This illustrates the difficulty in unifying the
proposed use for a new technology solution and its
unpredictable consequences.

Figure 3
Recent debate has
focused on the gap
between digital
images used in
architecture and
city planning
proposals and their
unintended results.
Credit: Estudio
Herreros/Steinar
Dyrnes

The question then is to what degree MR applications
will have similar or different results to still images
today. The most thorough research to date relates
to MR in education, where there are already a few
comprehensive overviews and systematic mappings
of MR applications for education (Jensen and Kon-
radsen, 2018, Merchant et al., 2014). For example,
Merchant et al. (2014) demonstrated how MR can
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replicate or complement traditional learning meth-
ods. Thegeneral conclusions fromthese reports state
that“ overall, VR does seem to be a potential alterna-
tive to traditional textbook-style learning, with simi-
lar performance levels and improved mood and en-
gagement.” These benefits may have a longer-term
impact on learning, such as improvements resulting
from the learning experience. However, the results
may be partially because of the novelty of the MR
equipment, so the improvements may not be sus-
tained over longitudinal studies (Allcoat, Mühlenen,
2018).

OBJECTIVES ANDMETHODS
The literature demonstrated the potential for MR
to increase participatory democracy in urban plan-
ning, but that the opportunities from digitalization
called for citizen-centric digital tools, and needed to
be appropriately applied to ensure that the benefits
they bring is shared amongst people. The literature
demonstrated that MR could provide more accurate
information, which could help current issues related
to the problem of “fake views”, but could also further
increase such problems if not planned correctly in
changing the way they planners work with technol-
ogy. In this context, few of the studies tested their
implementation within existing governmental pro-
cedures. In this manner, finding an applicable con-
text in which to test and evaluate smart cities imple-
mented within an existing governmental framework
seemed to be the most useful step forward. It was
therefore decided that the study would be executed
as a research-by-design project involving the design,
execution, and evaluation of prototypical case stud-
ies of MR within existing urban planning scenarios.
In order to conduct a cohesive and rigorous study of
the application of digital technology to urban plan-
ning and its current governmental logic within Nor-
wegian Planning practice and regulation, the case
studies would focus on addressing the current urban
planning process at critical decision points with the
appropriately mandated audiences. (For reference
on typical planning stages, see Hjelseth, 2015)

The background research demonstrated that de-
termining the long-term viability of MR applications
as planning tools would requiremore specific testing
within real-world scenarios. The objectives for the re-
search were therefore to identify specific case stud-
ieswithinUrban Planningprocedures that do not use
MR today, and to develop MR prototypes tailored for
their use cases. Theprimaryobjectivewas then tode-
termine to which degree MR offered any benefits or
difficulties to the case studies’ planning procedures
in comparison to how such procedures are typically
performed today. The secondary objective, related
to the development of MR prototypes for each case
study, was to discover challenges and opportunities
of MR development for Urban Planning procedures.
The final objective was then to synthesize the case
studies into someoverall findings andconclusions re-
garding the research in a more general manner.

Upon identifying the typical stages and author-
ities of Norwegian Urban Planning, the methodol-
ogy for the research project consisted of identifica-
tion of existing and planned projects with the typ-
ical procedural framework. The methodology was
then to identify the optimal case study based on
a range of criteria, including: feasibility, access to
material, timeline, and quality of the case. Follow-
ing this, the collection of research data from each
case study followed a methodology of user obser-
vation, interviews, and comparative analysis through
video recordings and photographs of the case work,
whereas the prototype work itself was documented
through images and changelogs. The total data col-
lected from the development of the technology, the
insertion and collaboration within existing govern-
mental processes, and the user feedback generated
from the case studies, consisted in total of several
hours of films, hundreds of photographs, and a sig-
nificant amount of interviewmateral, whichwas then
to be compiled and evaluated.
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CASE STUDIES

Figure 4
Augmented Reality
demonstration of
competition entry
for the «House of
Photography» in
Oslo. Source:
author.

Urban Planning procedures as Case Studies
In order to test this hypothesis, the study was imple-
mented across the typical stages of a building pro-
cess in order to test the robustness against the var-
ious legally mandated procedures within city plan-
ning

1. Jurying of an open public competition - House
of Photography Open Competition, Oslo, Nor-
way (2019)

2. Regulation plan - Kvadraturen of Oslo, Oslo, Nor-
way (2018)

3. Construction site inspection in a building per-
mit scenario (Multiple prototypical sites in Oslo,
2018)

Case study 1: Competition: Jurying of an
open public competition - House of Pho-
tography Open Compeition, Oslo, Norway
(2019)
The first case study regarded using MR in an open
public competition for the “House of Photography”
in Bjørvika, Oslo (Figure 4). In Norwegian procure-
ment law, open public architectural competitions re-
quire a mandated jury of experts of at least 5 peo-
ple, in which 30% of the jurors must be architects
(Figure 5). The competition received 100 entries, in
which in addition to normal requirements of plans,
drawings, and explanations of the proposals, for the
sake of the research the entriest were also required

to provide a 3dmodel which was to be “under 10mb
in file size and only be geometry without textures”.
The jury held 6 meetings, which upon the 3rd meet-
inghad reduced the amountof to 5 remainingentries
(Figure 6). At this point, the 3d models for these pro-
posals were uploaded to the augmented reality app
Augment (www.augment.com). The 3d models were
placed on the site and scaled to 1:1 scale and tested
from the vantage point of the Oslo Opera House, an
important landmark and viewpoint. From this point,
the proposals were studied from key vantage points
around the city.

Figure 5
Typical jury process.
Credit: author

Figure 6
Augmented reality
comparative study
of the «top five»
proposals,
produced for the
competition jury.
Source: author.

Using this method, once the models had been
placed, images and films of the proposals on site
were produced the jury. The jurors were then pro-
vided with MR-based comparative model studies of
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the 5 entries. Based on this information, the jury was
able to understand the heights and sizes of the pro-
posals to a better degree than they were able to dis-
cern from the plan drawings and images provided for
the entries. Based on this information, the jury was
able to make their final decision for which proposal
would best fit on the site.

Case Study 1: Findings
The case study demonstrated that MR could be used
to view competition proposals from a vantage point
that under conventional means would be very diffi-
cult to do. This ability could have shaped the out-
come of the end result of the competition, allowing
us to claim that the case study shows the MR has a
stronguse case in architectural competitions. Theap-
plicationwechose for theplacement, althoughbeing
aprofessional applicationmeant for smartphone and
tablet use, was not precise enough to instantly place
the proposal upon site at its intended scale. There
were initial difficulties in creating accurate informa-
tion due to the difficulty of placing and scaling the
3d models correctly. For this, the models had to be
modified to include information about surrounding
buildings, so that the placement and scale could ref-
erence the external environment. For this reason, the
research required much manual adjustment. How-
ever, despite these initial difficulties, the MR applica-
tion provided good comparative data for the jurors,
which helped them make a final decision. The jurors
reported that it was much easier to determine build-
ing height and sizes in relation to important view cor-
ridors in the zoning plan. The resulting jury report
concluded for this reason that the winning proposal
would have to be moved to the north (NAL, 2019).

Casestudy2: Regulationplan-Kvadraturen
of Oslo, Oslo, Norway (2018)
During public regulation plans, Norwegian planning
law requires authorities to involve participation from
the public. This usually involvesmeetingswith stake-
holders and the public in municipal offices in which
drawings and images of proposals are presented and
discussed, and concerns are voiced. In this context, it

seemed interesting to evaluate howMRmay be used
to simulate building proposals on an urban site, and
to study this possibility among members of the pub-
lic.

For this study, a custom AR application had to
be developed. Following an extensive development
period and plenty of trial-and-error, consultant ses-
sions within IT development and augmented reality
specialists, and a broad use of internet forums, a solu-
tion involving the software platform of Unity in com-
bination with the AR development platform Apple
ARkit, in tandem with the hardware platforms of Ap-
ple Iphoneand Ipad, anddistribution solutionsofAp-
ple Developer and Testflight, were chosen (Figure 7
and Figure 8). In order to store and stream the data,
a private server solution through InMotion Hosting
had to be assembled. In addition, a range of finished
building models for testing had to be acquired and
implemented into the software.

Figure 7
User studies a
proposal through
AR. Credit: author

Figure 8
Augmented Reality
application, UDARU
developed for the
study. Source: Anne
Sørseth, 2018

The prototype of the augmented reality application
was available for testing in early spring 2018. The
functionality involved the ability to place 3d build-
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ing models on a site and to rotate, scale, and move
objects along the Z-axis. The first tests of the ap-
plication involved placement of buildings and test-
ing of photorealism of the models. The first itera-
tions of the testing were conducted internally by the
research team. Through internal testing and initial
studies, various improvements were made to the ap-
plication during Spring 2018. Once the application
had reached a suitable level of functionality and sta-
bility, the following step was to involve a larger body
of test candidates.

In order to test the hypothesis, a selection of 17
architecture and urban planning students from the
Oslo School of Architecture and design were invited
to test the application in a researchworkshop in April
2018. Their course involved development an urban
scheme within the area of Kvadraturen in Oslo, Nor-
way - the historic grid center of the city. The students
were chosen because they were unfamiliar with the
mediumandwere simutaneously in themiddleof de-
signing an urban proposal for the city of Oslo (Figure
9). This is important due to the capacity the students
would have to iterate their design over the following
weeks based on feedback from tutors, students, and
the public, while using the augmented reality appli-
cation (Figure 10).

Figure 9
Placing a proposal
on site through the
UDARU augmented
reality application.
Credit: author.

Figure 10
Using the UDARU
application to view
proposals on site.
Credit: Juel Foss.
2018

Thevarious 3d-model proposals for the center ofOslo
were produced anduploaded to the 3dmodel server.
Following this, the proposals were placed on their
corresponding sites with iPhones and iPads, and ad-
justed to correct position and scale. Following this,

the proposals were tested for accuracy, scale, useful-
ness as amedium. Participantswere also asked to en-
gage the public with the MR application and to dis-
cuss their projects. A large body of images and films
were collected. Finally, the data was used in a final
review setting with invited peers.

Case Study 2: Findings
The case study demonstrated that MR can be used
to place building and planning proposals directly on
to their intended site digitally, which then can be
viewed by an audience from any vantage point re-
quired. This offers documentation that MR could be
very useful in such types of planning procedures in
which proposals need to be viewed and discussed
by interest groups and stakeholders. However, the
technical ability for MR to accurately place buildings
on site is far from perfect, and in many ways a work-
in-progress. The equipment and software involved is
expensive, and the development of a custom AR ap-
plication was highly costly and time-consuming. The
studyexperiencedcountlessbugs, crashes, andother
forms of instabilities which required patience and it-
erative fixes. As participants are often unfamiliar with
the technical aspect of application development, this
was often a source of frustration and doubt. Track-
ing and positioning also provided significant chal-
lenges as models had the tendency to “glide” away
from their position.

The participants from the study provided overall
good feedback, stating that they “understood their
projects much better from having used the technol-
ogy”. Theparticipantswere able to view their propos-
als on the intended site at correct scale. This allowed
them to more fully understand their proposal within
an existing context. They were also able to engage
with members of the public in displaying their pro-
posals which also generated feedback to their origi-
nally intendeddesign. Overall, the feedback from the
case study was highly positive despite the technical
difficulties.
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Casestudy3: Buildingpermit -Construction
site inspection in abuildingpermit scenario
(Multiple prototypical sites in Oslo, 2018)

Figure 11
Simulating a
construction site
through VR. Credit:
author

Norwegian planning law requires municipal author-
ities to process applications for building permits be-
fore construction commences, and also allows these
authorities to inspect building sites as a form of con-
trol during the construction period. A recent report
from the Norwegian government states that Virtual
Reality “will make it possible to inspect the digital
building before the building phase starts” (Fehr et aii,
2020). In order to study this phase of planning, the
case study set up a range of experimental construc-
tion site scenarios to test in the lab to document the
various ways in which such use of VR could be used
(Figure 11).

A group of 12 students participated in the case
study. The VR platform consisted of HTC Vive Head-
sets and MSI gaming laptops. Each student was
asked to create a 3d model of a building proposal
and to use VR to simulate a component of the con-
struction process. The 3d models varied in scale and
complexity - from large construction sites to small in-
stallations in nature. The physical components var-
ied from stairs and railings to floor materials and fur-
niture (Figure 12). The studies were presented dur-
ing a full-day exhibition with peers and jurors and
experienced over severals by a large audience in the
exhibition space. Interviews with participants, pho-
tographs and films were used to document the pro-
cess.

Case Study 3: Findings
The study involved a large amount of experimental
hardware and software, which was both costly to ac-

quire and difficult to understand, but offered unique
learning opportunies for students and participants
and a highly rewarding pedagogical experience. The
use of the VR equipment was initially difficult to set
up as it required the use of base stations on tripods.
For this reason, markers needed to be placed on the
floor of the exhibition area to indicate placement.
Would this initial difficulty was solved the studies of-
fered a broad range of possibilities to simulate con-
struction sites in a building permit phase. Users re-
ported a strong increase in understanding of propos-
als, and a high degree of accuracy.

Figure 12
Mixed-reality study
of interiors of
building proposals
on construction
site, at full-body
scale. Credit:
Author.

FINDINGS
The study was ambitious, and required significant
economic and human resources. The entire study,
from start to finish, took almost two years, and re-
quired the use of high-end equipment such as VR
headsets, smartphones and smart tablets, 3D scan-
ners, andAR applications. This demonstrates thatMR
research is labor and capital intensive, and requires
a range of technical and practical knowledge, which
may be one of the reasons that few such studies have
been performed so far.

The initial results from this study indicate thatMR
has the potential to have significant impact onUrban
Planning when implemented into specific planning
scenarios, but that such implementation will require
both several improvementswith the technology, and
significant effort frompublic administration to imple-
ment such working methods into their procedures.
The technical requirements will largely rely on accu-
rate placement, scale, andmateriality tobe evaluated
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as objective information. This will require a much
higher accuracy in placement than that which is cur-
rently available through GPS and 4g and Wi-Fi place-
ment. There will also need to be significant improve-
ments in the smartphones and smart tablets them-
selves to handle large amounts of data.

The study had the ambition of applyingMR tech-
nology to several stages of planning in order to find
themost applicable use cases. The initial results from
this study show that all of the phases of planning
which were studied have interesting and beneficial
uses. In each case, participants and audiences re-
ported broadly that they had increased understand-
ing of a proposal after having used the technology.
This suggests that rather than being understood as
having a specific use case, MR technology is poten-
tially useful as a medium across all phases of plan-
ning.

Themost problematic issues regarding the study
regarded accuracy of the 3D proposals and the abil-
ity to access the MR case study. There is very limited
information on how accurate a proposal is to its fu-
ture (built) state, somost of this is performed through
guesswork and ad-hoc placement.

Participants of the study were limited to the use
of hardware and software which could be provided
by the study, creating limits to access and inclusiv-
ity, and additional limits to the case studies’ ability
to create more general findings. This was due to the
research having to assert specific technology plat-
forms such as HTC/Steamor Apple, etc. This seems to
show that currentMR technology lacks a common in-
frastructure in which to develop and test prototypes.
This is likely the greatest barrier to MR implementa-
tion in Urban Planning as it would require universal
standardization and access to files.

Concluding remarks
The findings from this study suggest that MR has sig-
nificant use cases for Urban Planning, across phases,
audiences, and regulations. There should be fur-
ther case work done to specifically address use cases
and to develop technologiesmeant for these phases.

However, such research is resource intensive and for
such reasons, is a likely to be performed within exist-
ing technology platforms, suggesting that business
interests are best equipped and sourced to develop
MR technology. The literature reviewof the topic had
provided little analysis on this point. This suggests
that current research on the topic has done too lit-
tle in demonstrating the actual costs involved in de-
veloping MR technology platforms. The study found
overall that costs alone, in addition to finding ways
to procure such applications within existing govern-
mental frameworks, are the most likely hindrance to
successful MR adoption.

Issues regarding public ownership of MR devel-
opment that of economic concerns are further artic-
ulated regarding user data. This study was able to
access user data because it was performed through
case studies and could develop its own specific case
study for each prototype. A public administration
of MR will require a different type of infrastructure
whichwill allow fordata access anddistributionwhile
also providing privacy to its users. The need for the
research to collect user data will in this manner likely
challenge existing frameworks for data distribution
between citizens and public authorities in manners
that current planning procedures, until now, have
been a standard component of suchprocedures. This
will likely require reframing and bargaining between
users and the city itself on the rights to data distribu-
tion in MR development.

Finally, the use of MR in Urban Planning, in ad-
dition to granting citizens information and participa-
tory interfaces, may also offer the public easier ac-
cess to propose their own proposals. It simultane-
ously will require the public to grant this data to the
city. Here, the lack of insight and ability to shape
technologies critical to the digitization of public ad-
ministration challenges institutional and organiza-
tional interests within city planning and governance,
which also seem to be under resourced in develop-
ing such technology. This means that MR in Urban
Planning is likely to be dictated by private business
interests and adopted by governments thereafter if
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public interests arenot expressedandmandateddur-
ing the development of such technology. This could
be detrimental to the capacity for MR to be devel-
oped in accordancewith establishedplanningproce-
dures, but simultaneously offers interesting potential
for public procurement strategies for technology ap-
plications. This, in turn, will likely require a high de-
gree of trust between technology developers, pub-
lic administrators, and the public. These factors as a
whole are likely to present amore complex picture of
issues regardingMRdevelopmentwithinUrbanPlan-
ning,with thehopeof stimulating further debate and
heightening the importance of further casework.
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Teleconferences without travel costs are useful for building a consensus in design.
However, conventional teleconferencing using computer displays and web
cameras is well known to have performance problems due to the lack of
co-presence feeling with remote participants and the difficulty in sharing three
dimensional (3D) information intuitively. This research proposes a method to
share the mixed reality (MR) coordinate system for multiple head-mounted display
(HMD) users manipulating real-time point cloud objects for the virtual and
interactive 3D synchronous sharing in teleconferences. In our proposed method,
the reference point of the virtual world coordinate system called world anchor
and local coordinates of segmented point cloud objects in real-time are shared
among HMDs via a server PC to share the same MR coordinate system. Using
this method, the result of moving and rotating manipulation using hand gestures
for segmented point cloud objects by an HMD user are reflected in the other
HMD users. We developed a prototype system and evaluated the performance of
the system when multiple users used this system. Future works include adapting
this system to multiple RGB-D cameras and the internet environment.

Keywords: Mixed reality coordinate system, Real-time point clouds, Multiple
User Interaction, Teleconference, 3D Synchronous Physical Object Sharing

INTRODUCTION
Background
In the architectural fields, building a consensus in
design among stakeholders is essential to advance
a project smoothly (Innes, 1996). A teleconference

provides opportunities for discussion with less time
and place constraints. Also, it can be used instead of
unnecessary face-to-face meetings to reduce travel
costs or to stay home when pandemic and natural
disasters. However, a conventional teleconference
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using computer displays andweb cameras as a video
conference has performance problems. Firstly, users
can only get three-dimensional (3D) information as
two-dimensional (2D) flat images, including shapes
and positions that must be shared during a design
study in architectural fields. Although sharing a 2D
architectural drawing is not influenced by this limi-
tation, non-professional stakeholders cannot under-
stand it intuitively. Secondly, users do not have a
sense of presence, which is one of the most criti-
cal elements in communication (Hollan and Storetta,
1992). Then it is hard to replace the teleconference
method with face-to-face meetings completely.

Some research reportedon telepresence to solve
the performance problems of conventional telecon-
ference methods, which is a technique and concept
that makes people feel as if the existence of some-
thing in remote areas were around them (Draper
et al., 1998). Displaying in stereoscopic images in-
creases the sense of existence, and telepresence also
has a potential for application in architectural fields
using 3D information.

Point clouds generally have XYZ coordinates and
RGB color values and can represent surfaces of phys-
ical objects in detail. By using an RGB-D camera
that can capture RGB-images and depth data con-
tinuously, point clouds are generated in real-time
(hereinafter, real-time point clouds). Real-time point
clouds can create 3Dvirtual objects corresponding to
3D physical objects in real-time (Henry et al., 2012).
In this paper, the 3D virtual objects are called point
cloud objects.

Point cloud objects can be generated even in a
remote area by transferring real-time point clouds
(Kowalski et al., 2015). Fukuda et al. (2018) proposed
a telepresence system called point cloud stream on
mixed reality (PcsMR) that transmits real-time point
clouds to an optical see-through head-mounted dis-
play (HMD) in a remote area. Thus, an HMD user can
see point cloud objects in the real world. To add
interactivity to PcsMR, Ishikawa et al. (2019) used
real-time point cloud segmentation to classify point
cloud objects and enabled an HMD user to manip-

ulate each point cloud object using a hand gesture.
However, these are for only one HMD user and don’t
allow multiple HMD users to share the 3D informa-
tion synchronously because the MR coordinate sys-
tem is not corresponding with each other. Sharing
3D information amongmultiple users allows them to
provide a more intuitive understanding, and there-
fore a consensus in design will be made easily.

Literature Review
In this section, we summarize research on sharing 3D
information systems for multiple users.

Some research on the multi-user system using
immersive virtual reality (VR) is reported for the rea-
son that it enables a user to understand 3D informa-
tion intuitively. Kieferle et al. (2015) proposed a 3D
information sharing method for multiple users who
are in the same location by using a high-resolution
projector such as Cave Automatic Virtual Environ-
ment (CAVE) and projecting a BIMmodel by full scale.
Du et al. (2018) developed a multi-user system to
share a BIM model using VR-HMDs in the same loca-
tion. In these systems, the users have to be the same
location. Thus while they could communicate with-
out latency, these systems did not adapt to the tele-
conference.

Also, immersive VR provides a perfect virtual en-
vironment and allows multiple remote users to com-
municate synchronously by creating a virtual space
in the internet environment (McVeigh-Schultz et al.,
2019). Althoughanyonewhocanuse the internet en-
vironment uses VR conferences, connection with the
real-world is insufficient.

This challenge is solved by using MR that inte-
grates a virtual environment with the physical envi-
ronment. Kantonen et al. (2010) share BIM models
with a virtual avatar in the real-world usingMR. How-
ever, the shared virtual 3Dmodels have to be created
in advance using 3D CAD or BIM software. Therefore,
it is challenging to represent the real-time change in
the shapeandpositionof thephysicalmodelwith the
virtual model by this 3D modeling method.
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We aim to present a method of 3D synchronous
sharing for multiple users in teleconference using
MR. Hence, we firstly must consider sharing the MR
coordinate system among the users.

Objective
This research presents a method to share the MR co-
ordinate system for multiple HMD users manipulat-
ing real-time point cloud objects. In our proposed
method, the reference point of the virtual world co-
ordinate systemcalledworld anchor and local coordi-
nates of segmented point cloud objects in real-time
are shared among HMDs via a server PC to share the
sameMR coordinate system. Thus, the result of mov-
ing and rotating manipulation using hand gestures
for point cloud objects by an HMD user are reflected
in the other HMD users. Also, we evaluate the usabil-
ity by developing and using the prototype system,
which is using the proposed method, of virtual and
interactive 3D synchronous sharing of physical ob-
jects in teleconference during design study using the
proposed method.

METHODOLOGY
Figure 1 shows the system configuration of virtual
and interactive 3D synchronous sharing of physical
objects in a teleconference that is sharing theMR co-
ordinate system among multiple MR-HMD users us-
ing our proposed method. Two separate sites (site A
and B) connected via Local Area Network (LAN) are
used. In site A, real-time point clouds of the physical
environment are continuously capturedwith an RGB-
D camera, and the point clouds are classified into in-
dividual clusters to store the positions, colors, and
cluster labels of the point cloud data. In site B, MR-
HMDs for multiple receivers obtain the point cloud
data transferred and render them. Simultaneously,
the MR coordinate system is shared among the MR-
HMDs in real-time by transferring world anchor and
local coordinates of each point cloud object via a
server PC.

Figure 1
System
configuration of the
proposed method
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Manipulating Point Cloud Objects by Real-
time Point Cloud Segmentation
This step has already been reported by the authors
(Ishikawa et al., 2019) and summarized in the section.
To allow MR-HMD users to manipulate point cloud
objects, captured point clouds by an RGB-D camera
are segmented by point cloud processing (see Figure
2).

Figure 2
Point cloud
processing
flowchart

Firstly, RGB images and depth data of the real-world
are captured by an RGB-D camera, and then points
that have 3D coordinates and colors are generated
by integrating the captured data. Before point cloud
segmentation, the preprocessing is executed to in-
crease the processing speed and accuracy of the seg-
mentation. Firstly, by using the clipping method,
points with a depth value over the threshold value
that is set in advance are not generated. Sec-
ondly, unnecessary points appearing out of range
of height/width direction are eliminated and down-
sampling with their centroid by voxel grid filtering.
Then points forming walls and desk surfaces are de-
tected using Random Sample Consensus (RANSAC)
(Fischler and Bolles, 1981) and removed so that only
the target object remains using point cloud segmen-
tation. To realize real-timepoint cloud segmentation,
we apply the Euclidean Cluster Extractionmethod by
consideration of the processing speed (Rusu, 2010).
Segmented point clouds receive individual cluster la-
bels from the result of segmentation. Real-time point
clouds are transferred as point cloud data with the

coordinates, colors, and cluster labels toMR-HMDs in
the site B via wireless LAN.

MR-HMDs receive the point cloud data and ren-
der point cloud objects in the real world. Since the
point clouds have cluster labels, point cloud objects
are distinguished individually. In the proposed sys-
tem, users can use hand gestures for manipulating
each object by applying the users’ hand detection
to MR-HMDs. The users can manipulate them by us-
ing hand gestures while gazing at the objects. The
manipulations are two types, which are moving the
point cloud objects to arbitrary directions and rota-
tion them to the yaw direction. Figure 3 shows the
user’s manipulations of moving an object by pinch-
ing using one-hand and rotating an object by pinch-
ing using both hands.

Figure 3
Hand gestures to
manipulate 3D
virtual objects

Sharing the MR Coordinate System among
MultipleMR-HMDUsers
For multiple MR-HMD users in the same space to
share point cloud objects synchronously, they have
to share the same MR coordinate system which is in-
cluding the virtual world coordinate systemand local
coordinates of each point cloud object. Data trans-
mission amonga server PC andmultipleMR-HMDen-
ables that and allows each user to see point cloudob-
jects at the same time and the same position even if
the one user manipulates them.

The world anchor is defined based on the start-
ing position of host MR-HMD to share the virtual
world coordinate system, which is the reference
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point of the coordinate system. Then the world an-
chor is uploaded to the server PC and kept as the
position data corresponding to the real world. The
client MR-HMDs receives and loads the world anchor
from the server PC, and then their virtual world co-
ordinate system can be corresponding to the host
MR-HMD, therefore all MR-HMDs’ virtual world coor-
dinate system is unified.

Also, local coordinates such as the position and
the orientation, of each point cloud object are nec-
essary to be shared among all MR-HMDs in real-time
to reflect the result of moving and rotating manipu-
lation by the oneMR-HMDuser to the otherMR-HMD
users. Since all MR-HMD’s virtual world coordinate
system are already unified by using theworld anchor,
local coordinates of point cloud objects can be deter-
mined uniquely by numerical data transmission. Fur-
thermore, unique label data of each point cloud ob-
ject is transmitted in addition to their numerical data
of position, orientation, and scale to identify them
when sharing local coordinates. It allows all MR-HMD
users to share the point cloud objects synchronously.

EXPERIMENTS AND RESULTS
Wedeveloped aprototype systemandexperimented
with it to evaluate the availability of the proposed
method. Table 1 shows the device specifications of
the prototype system. In this system, we used a

desktop PC running Windows 10 with Intel Core i7-
7700K of CPU, 16 GB of RAM, and NVIDIA GeForce
GTX 1070 Ti of GPU for point cloud processing and
data transmission of both world anchor and local co-
ordinates of point cloud objects as a server PC. The
desktop PC was connected wired LAN to keep the
speed of transferring data but can also be used wire-
less LAN. An Intel RealSense Depth Camera D435i
(hereinafter, RealSense), which can generate real-
time point clouds from 0.1 m of the body to 10.0
m, a 69.4° horizontal and 42.5° vertical field of view,
was used as an RGB-D camera. Furthermore, two
Microsoft HoloLens (1st gen) (hereinafter, HoloLens)
with Intel 32-bit of CPU and 2.0 GB of RAM were also
used as MR-HMDs. Two HoloLens were connected to
the desktop PC via wireless LAN, which can transfer
data up to 866Mbpsof IEEE 802.11ac; up to 300Mbps
of IEEE 802.11n. Also, audio functions (microphones
and speakers) were technically possible but not im-
plemented to avoid decreasing the transfer speed of
real-time point clouds.

We used Visual Studio of the integrated develop-
ment environment (IDE) andUnity of game engine to
develop the prototype system. Table 2 shows the li-
braries and software we used for the development.

Table 1
Device
specifications
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Table 2
Libraries and
software

Parameter Study for the Point Cloud Pro-
cessing
Parameters for the point cloud processing must be
appropriately defined because the amount of data
during point cloud processing and data transmis-
sion of real-time point clouds affects the processing
speed of the system. In this experiment, we eval-
uated parameters for clipping, filtering, and down-
sampling corresponding to the quality of point cloud
objects. The clipping parameter involves the limi-
tation of point clouds in the depth direction, which
takes 0-10000 mm or no value. The filtering param-
eter involves the limitation of point clouds in the
height/width direction, which takes over 0 mm or no
value with a center on a RealSense. The downsam-
pling parameter involves one side of a voxel for ap-
proximation, which takes over 0 mm.

Real-time point clouds of a person sitting on the
chair and a shared target object on the desk are
captured in this experiment because participants are
generally sitting on chairs in front of their camera in
teleconferences. The RealSense was set 5000 mm
away from the wall and adjusted to capture all the
person’s body and the shared target. By using the
lengths of a sitting human that Adler (1999) reported,
we defined the parameters to use in this experiment
as below.

• Clipping [mm]: No clipping, 5000, 4000, 3000,
2000, 1000

• Filtering [mm]: No filtering, 1000, 500
• Downsampling [mm]: 10, 5

Also, we defined other parameters for real-time point
cloud segmentation empirically, as shown in Table 3.

Real-time point clouds were captured by the Re-
alSense for 10 seconds with the combination of each
parameter, and we compared the average values of
frames per second (fps).

Table 3
Parameters for the
capturing
resolution and the
point cloud
processing

Table 4
The average fps in
each parameter’s
combination

Table 4 shows the average fps in each parameter’s
combination. In case that the clipping parameter is
1000 mm, real-time point clouds were not captured
accurately because the person was not included in
the capturing range by the RealSense. As shown in
Figure 4, in other cases, real-time point clouds of the
person and the shared target object are appropri-
ately captured. Also, the average fps was affected
by the downsampling parameter. When the down-
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sampling parameter was set to 10 mm, the average
fps was from 1.5 to 1.8 fps, whereas when the pa-
rameter was set to 5 mm, the average fps decreased
from 0.2 to 0.4 fps. Furthermore, the clipping and
filtering parameters did not affect the average fps.
This is because most of the capturing range was cov-
ered by the person. In this system, the downsam-
pling parameters have to be set to 10 mm, whereas
the clipping and filtering parameters have also to be
set to proper values adapting the situation to enable
fast point cloud processing. The downsampling, clip-
ping, and filtering parameters were set to 10 mm,
1500 mm, and 1000 mm respectively to be captured
the full body of the object by a RealSense.

Figure 4
RGB image and
point clouds
captured by
RealSense

Accuracy of Sharing theMRCoordinate Sys-
tem between TwoHoloLens
We measured the error of position of a point cloud
object in the realworld using twoHoloLens thatwere
shared the MR coordinate system by our proposed
method to evaluate the accuracy of sharing the MR
coordinate system among multiple HoloLens. The
point cloud object was put on a piece of graph pa-
per in the real world, and we measured the position
of the point cloud object moved by the user through
the two HoloLens.

In this experiment, the point cloud object was
defined as a cuboid object because the corner could
be identified, and the graph paper ruled into 10-
mm squares was used. The user moved the point
cloud object so that the bottom surface of it touched
the graph paper, and we compared which grids the
points of the corners were on between the two
HoloLens.

The points of the corners were always on the
samegrids between the twoHoloLens. It showed the

error of the position of the point cloud object was
within 10mm. Since theparameter of downsampling
was 10 mm, the error was about one voxel. It would
be said that the error was no impact.

Usability of the Prototype System by Multi-
ple Users
To evaluate the prototype system, we used it with
three people, one in the sender’s room and the other
two in the receivers‘ room (see Figure 5). The sender’s
room and the receivers’ room are under the same
LAN environment. In the sender’s room, real-time
point clouds of the sender and the physical target
object are captured by a RealSense, while receiver A
and B shared to see the point cloud objects in the real
world through each HoloLens.

Figure 6 shows each HoloLens screenshots that
receiver A and B took at the same time. Screenshots
implied receiver A and B saw the point cloud objects
at the same time and in the same position. Moreover,
when either receiver manipulated the point cloud
objects, another receiver could see the result of the
manipulation synchronously. We also confirmed that
the latency between twouserswas about 0.5-0.9 sec-
onds.

We accomplished the virtual and interactive 3D
synchronous sharing among multiple HMD users,
which was the challenge of the previous research
(Ishikawa et al., 2019), sharing theMR coordinate sys-
tem between multiple HoloLens by using our pro-
posed method. It would contribute to the first step
towards virtual and interactive 3D synchronous shar-
ing of physical objects in teleconference during de-
sign study.

Also,wegot thepros andconsof the system from
the open-ended interview for the users as below.

• Sharing the world coordinate systemwas better
than expected.

• Hand gestures to manipulate 3D virtual objects
were complicated until the user got used to
them.

• The rendering quality of real-time point clouds
had to be improved.
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Figure 5
The sender and the
receivers

Discussions
Through using the prototype system that we de-
veloped, we confirmed this system allowed multi-
ple users to share point cloud objects synchronously
with interactive manipulation.

However, we found some challenges. Firstly,
since the proposed system uses only one RealSense,
real-time point clouds were only captured from the
RealSense side. For this reason, the point cloud ob-
jects only created one side. A problem occurred
when a user rotated the point cloud objects (see Fig-
ure 7) and saw them from the opposite side. To solve

this problem, another RealSense has to be added
to capture real-time point clouds from more angles.
By merging real-time point clouds that are captured
by different viewpoints, the point cloud objects that
have perfect bodies will be created.

Secondly, this system can only run under the
wireless LAN environment in the current situation. To
improve the usability of internet usage, the amount
of data during point cloudprocessing anddata trans-
mission must be reduced while keeping the appear-
ance quality.

Figure 6
HoloLens
screenshots from
receiver A and B
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Figure 7
Rotation of a 3D
virtual object

CONCLUSIONS AND FUTUREWORK
This research showed amethod to share theMR coor-
dinate system for multiple HMD users manipulating
real-time point cloud objects for the virtual and in-
teractive 3D synchronous sharing in teleconferences.
For the multiple MR-HMD users in the same space to
share point cloud objects synchronously, they have
to share the same MR coordinate system which is in-
cluding the virtual world coordinate systemand local
coordinates of the point cloud objects. We accom-
plished that by using the world anchor which is the
reference point of the virtual world coordinate sys-
tem. All MR-HMDs’ virtual world coordinate systems
were unified by sharing the world anchor among
the MR-HMDs via a server PC. Moreover, local coor-
dinates of the point cloud objects were also shared
among the MR-HMDs by their numerical and unique
label data transmission.

Through parameter study by comparing the av-
erage fps, the parameter’s combination for the point
cloud processing in our prototype system was de-
termined. Furthermore, the accuracy of sharing the
world coordinate system between two MR-HMDs
was always within 10 mm. We evaluated that this er-
ror was no impact because the error was about one
voxel of point cloud objects.

We also evaluated the usability of the prototype
system by using it with three people, one sender and
two receivers in remote rooms. The receivers could
share the MR coordinate system with moving and
rotating manipulation of point cloud objects syn-
chronously. Also, we confirmed the pros and cons
of the system from the open-ended interview for the
users. Our proposed method is the first step to-
wards virtual and interactive 3D synchronous sharing

of physical objects in teleconference during design
study.

In the future, we have to use multiple RGB-D
cameras to create 3D virtual models that have all sur-
faces and adapt the proposedmethod to the internet
environment to extend the range of use.
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Legibility is a core concept in spatial cognition theories since Kevin Lynch
published The Image of the City in 1960. It is the ability of a city to be interpreted
and easily used, travelled and enjoyed, from the pedestrian's perspective.
Following a proposal in the participatory budget process of the city of Bilbao, we
wrote a technical report to improve the urban legibility of the city and facilitate
wayfinding through innovations in signage. This paper aims to present this
project, which is an application of computational methods to measure urban
legibility that resulted in a proposal for a new wayfinding strategy for Bilbao.
The method is based on GIS data, and it simulates urban processes using
dedicated algorithms, allowing us to perform two analyses that resulted in two
overlapping maps: a heat map of decision points and a map of visual openings. It
allowed us to perceive common urban elements that can help to decide both the
location of the wayfinding signage and how it should provide the relevant
information. In addition, the research introduces the concept of anticipation
points, as a complement to the existing idea of decision points.

Keywords: Wayfinding, Urban legibility, Spatial cognition

INTRODUCTION
In 2018 the city of Bilbao commissioned us to
work on a project we later called Legible Bilbao
(“Bilbo Irakurri” in Basque, “Bilbao Legible” in Span-
ish) (Markusiewicz and Gortazar-Balerdi, 2018). The
commission was a result of the participatory bud-
get process of the city. A local association had
raised concerns about the difficulties that some so-
cial groups -newcomers, children, occasional visitors,
etc.- have when orienting themselves in the city, and
the project was commissioned to address this issue.

The objective was to improve the urban legibility of
the city and facilitate pedestrian orientation through
innovations in signage. In this project, we under-
stood legibility as the ability of a city to be inter-
preted and easily used, traveled and enjoyed, from
the pedestrian’s perspective.

Legibility is a core concept in spatial cognition
theories since Kevin Lynch published The Image of
the City in 1960. According to Lynch, a legible en-
vironment is a place that can be organized in a co-
herent and recognizable pattern. In other words: the

D1.T1.S2. DESIGN AND COMPUTATION OF URBAN AND LOCAL SYSTEMS – XS to XL - Volume 1 - eCAADe 38 | 209



legibility of a space ismeasuredby its ability to forma
mental image (Lynch 1960). The concept is also used
to describe the degree to which the urban environ-
ment is shaped to facilitatewayfinding (Davies 2007).
Herzog and Leverich, years afterwards, describe leg-
ibility as the characteristics of the space that pro-
vide anunderstanding throughhelping create cogni-
tivemaps andwayfinding (after Koseoglu and Erinsel
2011).

Lynch distinguished five core elements of legibil-
ity analyses: paths, edges, nodes, districts and land-
marks. Although perception seems, at first, difficult
to approach by computational techniques, several
researchers tried this strategy to contribute to the in-
clusion the concept of The Image of the City in the
field of Geographic Information Systems. Andreani
and Sayegh (2017) wrote about an applied research
method to analyse, quantify and visualize the indi-
vidual experienceof thebuilt environment in relation
to different urban qualities. Filomena, Verstegen and
Manley (2019) presented a method to detect paths,
edges, nodes, districts and landmarks, arguing that
none of the usual approaches (the Space Syntax ap-
proach, the Information approach and theAutomatic
Landmark Extraction approach) has offered tools to
quantitatively derive the five elements of The Image
of the City.

The aim of this paper is to present an application
of computational methods in measuring urban leg-
ibility. It is an analysis of the urban legibility of the
city of Bilbao that resulted in a proposal for a new
wayfinding strategy. In the paper, we will first de-
scribe the city based on the legibility of space, focus-
ing on the importance of two main concepts: deci-
sion points and wayfinding. We will then explain the
computational methods developed by the authors
for this the study anddescribeboth their foundations
and their outputs. Finally, wewill explain the findings
of this research and the way they helped us propos-
ing a new wayfinding system for Bilbao.

THE CASE OF BILBAO
Bilbao is a city that walks: 65% of internal trips are
done on foot (OTEUS 2017). The main factors of this
reality are the density -the result of a complicated
orography-, a mix-use city and tangible urban plan-
ning measures.

However, the are obstacles. On the one hand:
the lack of familiarity with a specific urban environ-
ment and, consequently, the lack of knowledge of
the itinerary to follow. Helping pedestrians identify
the different urban morphologies that compose the
city -both in their usual imaginary and in the exact
moment they need it- is key to guaranteeing proper
orientation at different scales (metropolis, city, dis-
trict, neighbourhood).

On the other hand, the metropolitan scale poses
new challenges to the legible city. The new urban
units -metropolitan, functional and territorial- do not
always include correlative images that allow the ob-
server to identify its parts and to structure the whole.
This situation is visible above all in the most contem-
porary formsof territorial settlements andon themu-
nicipal fringes.

Administrative boundaries -between municipal-
ities, districts, or neighbourhoods- rarely coincide
with individual citizens’ perceptions. In fact, each im-
age is unique and is the result of our own experience,
and that is why these mental representations usually
differ from person to person. However, citizens share
a big part of the content of these representations,
and this creates a collective image of a city, which is
formed by shared urban elements.

Districts in Bilbao are a good example of this.
Some districts have clear and socially accepted lim-
its (Deusto), but others have diffused and socially
confused limits (Rekalde). Some have a homoge-
neous and coherent urban morphology (Abando),
some others are districts as well as neighbourhoods
(Begoña, Uribarri) and there are, as well, districts
that gather contradictory morphologies and images
(Ibaiondo). The map of the city’s buildings based
on their construction year, based on the information
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provided by the Land Registry, allows us to under-
stand this reality immediately (Figure 1).

We understandmorphology as the form that the
city takes in a specific area. It gives a neighbourhood
a recognizable common character, turning it into a
distinctive spatial section. Therefore, changes in ur-
ban morphology -whether or not they coincide with
administrative limits- usually imply changes in per-
ceived identity and the name. As a result, they also
imply different needs when it comes to navigating
through them.

In the case of Bilbao, we distinguished eight dif-
ferent morphologies, each one shaping distinctive
urbanareasof variabledimensions, fromsmall neigh-
bourhoods to entire districts:

• Old town: It is the original organic structure of
the city, with narrow streets and buildings be-

tween party walls. It has a strong symbolic load,
and it is full of landmarks and nodes (corners,
nooks, crossings, etc.) that helps its memorabil-
ity and readability. However, its organic struc-
ture makes orientation difficult.

• Ensanche (extension): It corresponds to the plan
by Achúcarro, Alzola and Hoffmeyer of 1876
and the following expansion by Ugalde. It has
wider streets and a generally orthogonal tissue;
the monotony of the fabric is balanced by clear
paths and by nodes and landmarks from differ-
ent periods and styles. This helps in creating ref-
erential sequences that make orientation easier.

• Peripheral parcelling: In the absence ofmore or-
dered plans, the city grew following the histor-
ical paths that reached it and based on the ex-
isting land subdivision. They are working-class

Figure 1
Bilbao buildings
based on their
construction year
–or their most
recent major
restoration –, with
district limits. The
year is visualized by
a gradient of colors
going from red to
blue, where red
stands for 1900 (or
previous), orange
for 1930, yellow for
1960, light blue for
1990 and darkest
blue 2020.
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neighbourhoods with zigzagging paths, gener-
ally in slope and with different building typolo-
gies. Its multiple barriers hinder good orienta-
tion.

• Lowdensity: AlthoughBilbao is characterizedby
its high density, several areas of the city have
developed, for various reasons, following lower
densitymodels. They are small neighbourhoods
lacking landmarks, nodes and clear paths.

• Residential estates: These big residential devel-
opments were built during the 50s, 60s and 70s
of the 20th century to accommodate immigra-
tion. Navigating through them is not easy: the
linear blocks and towers do not act as land-
marks, and they are usually not aligned with
the streets. As a result, streets stop working as
the supporting paths the collective image of the
city.

• New extensions: The scheme of the first En-
sanches was repeated later, both in the middle
and at the end of the 20th century. However, the
buildings were then large homogeneous blocks
of little variety of times and styles, which create
paths and neighbourhoods that are sometimes
perceived as urban barriers.

• Rural area: Bilbao still conserves some rural ar-
eas: meadows, forests and isolated buildings.
They are usually high places with views, where
the territorial and landscape landmarks help the
citizens to orient themselves. Decision points
will be important due to the winding paths with
few crossings.

• Large Infrastructure: Due to its size and eco-
nomic importance, Bilbao hosts infrastructures
of metropolitan and national scale. As these ar-
eas are designed to receive big crowds, their sur-
rounding public space often seems dispropor-
tionate. They are understoodmore as voids than
as neighbourhoods. They are usually uncom-
fortable for thepedestriandue to their large size,
long walking distances, and because they are
perceived as barriers that do not allow the navi-
gator to guess what is behind.

Aswe have already explained, changes in urbanmor-
phology usually imply changes in perceived identity,
in name and in the way we navigate through them.
The interstitial areasbetweendifferentmorphologies
are also hot spots where it is harder to decide on the
path to take. At this point, it is worth developing two
key concepts: wayfinding and decision points.

WAYFINDING ANDDECISION POINTS
Wayfinding is commonly understood as the use of
spatial and environmental cues to move from one
place to another, as well as the set of tools de-
signed to help decision making before and during
the journey (Davies 2007). In order to have success-
ful wayfinding systems, decision points are essen-
tial. A decision point is where a person must choose
among more than one direction, so the typologi-
cal connections in these points are critical (Young
1991). In these decisionpoints, wayfinding should be
designed following three criteria (Foltz 1998). First,
the navigatorsmust successfully locate themselves in
the space; second, they need to be able to find the
route to the destination successfully; and, third, they
should accumulate a memorable wayfinding experi-
ence during the journey.

In Bilbao, finding the correct decision points was
the first step towards a proper design of the wayfind-
ing system. Only afterwards, design decisions were
taken. We performed both steps through a compu-
tational model -based on GIS data- that simulates ur-
ban processes using dedicated algorithms. We built
the model in the 3d modelling software Rhinoceros
and designed the algorithms using its visual pro-
gramming interface Grasshopper, where we used
both built-in tools provided by Grasshopper and a
few custom scripts developed by ourselves. This
model allowed us to perform two analyses that re-
sulted in two overlapping maps that we will explain
in detail.
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MAP1: HEATMAPOF DECISION POINTS
The first investigation responds to an essential ques-
tion: which are themain decision points in the city of
Bilbao? In order to approach this issue, one can eas-
ily imagine three crucial decision-making moments:
the origin, the route and the destination -the desti-
nation is also an important decision point because it
will work as the origin-point of the return journey-.

We created an origin-destination (OD) matrix by
geopositioning the possible origin, destination and
intermediate points based on the following data pro-
vided by Basque administration:

• Number of dwelling per each census unit.
• Number of jobs per each postal unit.
• Main interest points such as cultural centres,

administration offices, museums, sport centres,
hospitals and health clinics, etc.

The informationon thenumber of dwellings per each
census unit is offered by Eustat, the Basque Statis-
tics Office. The number of jobs per each postal unit
is available under request from the local Chamber
of Commerce. We located the main interest points
thanks to the FTP Download Service GeoEuskadi, de-
veloped by the Basque Government.

The final OD matrix is a regular matrix of equally
distributed points, where each point isweighted pro-
portionally to the number of inhabitants, workers
and visitors. For each pair of points, we simulated the
routes, by foot and public transport, using the API of
an online route-calculation service (Figure 2). When
analysing the route in public transport, we only ex-
tracted the parts of the routes in which a user can
make wayfinding decisions: getting to the bus stops,
crossing transfer areas and heading to the destina-
tion after getting off.

The result (Figure 3) is a heat map that indicates
the busiest paths and nodes: those with the great-
est people influx. The nodes include the public trans-
port stops and stations, which are essential decision
points because they connectmore than one network
(pedestrian network and transit network). In addi-
tion, in some cases, one exits the public transport

station after travelling several minutes underground
without any visual reference to anticipate decision-
making.

Figure 2
Simulation for a pair
of points: weighted
origin and
destinations,
pedestrian
connection and
public transport
connection.

In Bilbao, we concluded that themost critical de-
cisionpoints are the central stations of themetro line,
which work as nodes. Other crossings -some of them
historical, some others not somuch- are important as
well, and so are most of the bridges in the center of
the city. We also distinguished principal axes, mainly
inside the historical extension or Ensanche but also
in the perimeter of its perceived area. The model
also suggests the significance of the central paths of
the peripheral parcelling neighbourhoods. However,
these central axes are not as pronounced in more re-
cent neighbourhoods such as the residential estates
and the new extensions, due to the abundant pub-
lic space and the smaller commercial activity. Finally,
theurban voids canbe spotted,where thepedestrian
flow decreases due to either the lack of attractive el-
ements and the rare direct roads and large barriers.
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Figure 3
Heat map of
pedestrian decision
points in Bilbao.

MAP 2: MAP OF VISUAL OPENINGS
In Bilbao, due to its complicated orography, spaces
with visual openings sometimes emerge, and the
main landmarks of the city can be glimpsed from
these points. Our hypothesis was that many of these
visual openingswould be of great helpwhenmaking
decisions during the journey. We decided that the
second analysis would be related to the method of
isovist, i.e. the area in a spatial environment directly
visible from a point (Benedikt 1979).

For this isovistic analysis, we used a 3D topo-
graphic model of Bilbao, obtained from GeoEuskadi.
From the same source,we could collect theperimeter
and the relative height of the buildings, so we added
the 3D volumes of the buildings afterwards. The next
step was to create a network of points evenly dis-

tributed in the network of public spaces in the city.
From each of these points, we traced rays (Al-Sayed
2014) in all directions -every onedegree covering360
degrees horizontally (Figure 4) and 30 degrees verti-
cally (Figure 5)-, and we calculated how far each ray
intersected with any urban element. We took three
scenarios into consideration:

• The ray intersects with something at a distance
smaller than 400 meters.

• The ray does not intersect with anything.
• The ray intersects with something at a distance

equal or larger than 400 meters.

We considered that only the last type could be a po-
tential opening view if it formed part of a range of
rays creating an angle of at least 5 degrees. Once we
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filtered the results, what we achieved was a map of
the visual openings of Bilbao (Figure 6): a network of
panoramic nodes fromwhich distant urban elements
of the city can be seen. We consider these panoramic
nodes important for two reasons. First, because the
territorial and landscape references help us to orient
ourselves in the journey. Second, because they also
help us to anticipate decision making before reach-
ing a specific decision point.

Figure 4
Example of the
isovist exercise in
plan.

Figure 5
Example of the
isovist exercise in
section.

The exercise also works in reverse. A ray can be fil-
tered according to the distance in which it intersects
with an urban element, but a building can also be vi-
sualised according to the number of rays that inter-
sect with it, as shown in Figure 6.

That is why the plan of visual openings also in-
cludes the main landmarks of the city. Landmarks
are defined as physical elements that are unique and
special (Lynch 1960), but in this case, we focused on
the buildings that, because they repeatedly appear
in the panoramas, are memorable and help in orien-
tation. Using Sorrows and Hirtle’s words (1999), we
focused on visual and structural landmarks, putting
cognitive landmarks aside. Skyscrapers, churches, big
buildings and large developments are among the
most prominent visual and structural landmarks.

We can draw two conclusions frommap number
2. On the one hand, the importance of what we have
decided to call “anticipation points”. Anticipation
points are not exactly decision points, but they help
the navigator’s orientation by providing wayfinding
experiences in space -which is one of the three cri-
teria of wayfinding design (Foltz 1998)-. The points
where visual openings emerge are considered impor-
tant anticipation points for wayfinding.

On the other hand, the relevance of identifying
the most important landmarks for the observer and
the way of including them in the wayfinding ele-
ments. Ideally, these landmarks should be shown in
the way the navigator perceives them in space: in
three dimensions. In fact, this strategy is common
practice in several wayfinding systems: some people
find it difficult to understand maps, and 3D building
drawings both provide a literal representation of key
landmarks and make the reading of maps more intu-
itive (Davies 2007).

CONCLUSION ANDDISCUSSION
In addition, the overlapping of the results of these
two investigations allowed us to perceive common
urban elements that can help in deciding the loca-
tion of the wayfinding signage (Figure 7), as well as
how this signage should provide the relevant infor-
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Figure 6
Map of visual
openings of Bilbao

Figure 7
Location of the
wayfinding signage
according to
findings in Map 1
and Map 2
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Figure 8
Visualization of the
wayfinding signage
according to
findings in Map 1
and Map 2.

mation (Figure 8). Each investigation (map 1 and
map 2) has its own conclusion, but the overlapping
of bothmaps gave us additional information. We dis-
tinguished some highly travelled panoramic nodes,
that is, they are both decision points and anticipation
points. We found threemain points of this kind in Bil-
bao: abridge, a central hilly park andanelevator/stair
that links two densely populated neighbourhoods.

The proposal for the final location of the sig-
nagewas donemanually: we interpretedboth result-
ingmaps and pointed out themost important paths,
edges, nodes, districts and landmarks. A hierarchy
was established so that each location, depending on
their importance, would host a different signage el-
ement from bigger or smaller totems to directional
signs and reinforced public transport stop informa-
tion. However, it is the intention of the authors to fol-
low this line of research to be able to propose a com-
putational approach that will cover the whole pro-
cess for similar projects.

The signage proposal is not yet implemented
physically, so it is too soon to state if this method
addresses properly the specific challenges that the
project initially tackled: the lackof familiaritywith the
environment, the lack of cohesive imaging to struc-
ture the perception of the whole, and the lack of cor-
relation between administrative boundaries and cit-
izen’s urban perception. However, the pilot project

was designed with these issues in mind. On one
hand, heads-up maps offer a remarkably simple way
of bridging the gap between the view ahead and its
cartographic representation (Davies 2007), helping
the pedestrian understand unfamiliar environments.
On the other hand, the project proposed to place the
first signage in Abando andOtxarkoaga, two very dif-
ferent neighbourhoods: a historical extension of the
end of the XIXth century and a residential estate of
the 60s. Finally, although the project was commis-
sionedby the city of Bilbao, it was strongly suggested
to expand the same signage system to the whole
metropolitan area to blur administrative borders and
to help the observer understand it as a whole.
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This paper presents and demonstrates a ``Computational Design Sustainability''
(CDS) framework, inspired by ``Computational Sustainability'' (CS), which is a
new area in computational research (C. Gomes & Yang, 2011). CS aims to apply
techniques from computer science to address sustainability problems affecting a
wide range of fields from environmental sciences to social studies. While CS has
been broadly embraced in environmental science, the great potential of this
concept to address grand challenges and solve complex problems seems to have
not been adequately explored in the built environment domain. Therefore, this
paper attempts to formally investigate the application of CS in built environment
research addressing different scales of design problems with computational
design through proposing the new concept of CDS . These approaches are
demonstrated and evaluated through a range of projects collectively conducted by
the research team. CDS proposes to advance computational deign research by
creating a trade-off between pillars of sustainability in an integrated multifaceted
and multidisciplinary approach. The presented conceptual framework provides a
formal means to critically understand and further advance these approaches in a
systematic way suitable for future development and broader application.

Keywords: Computational Design Sustainability, Computational Sustainability,
Computational Design, Sustainable Development, Built Environment Research

INTRODUCTION
As a result of high consumption of natural resources
and increased CO2 emissions in the last century, the
human subsystem can be considered a major com-
ponent of the overall ecosystem, somuch that a new
geologic epoch called “Anthropocene” has started
(Daly, 2005; Steffen et al., 2007). In this context, the

long-term goal shifted from growth implies an in-
crease of quantity or size, to development, that sug-
gests an improvement in quality (Costanza, 2020).

This rapid change of contemporary, social and
urban scheme, concurrent with the responsibility of
issues related to sustainability intensifies the need to
develop solutions and adapt to the ongoing changes
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(Fox, 2009). In the built environment domain, this
calls for innovative approaches and technologies that
enable a shift from individual to collaborative, disci-
plinary to interdisciplinary, and implicitly to explic-
itly managed design processes (Haidar, Underwood,
& Coates, 2019). Such design processes attempt to
come up with scalable solutions beyond mere com-
putational processes, inspired by real-world prob-
lems (C. P. Gomes, 2009).

Computational sustainability (CS) adopts tech-
niques from computer sciences to address sustain-
ability problems (C. Gomes & Yang, 2011) while af-
fecting a wide range of areas, from environmental
science to social studies, only recently started to ex-
plore fields such as smart cities development (Simon-
detti & Birch, 2017). In the design and built envi-
ronment domain, emerging computational method-
ologies, such as parametric design, are indeed rep-
resenting the potential for supporting sustainability.
However, considering the speedy advancement of
technology and its impact on computational sustain-
ability, such potential to address grand challenges
and solve complex problems seems to have not been
adequately explored in an integrated, collaborative
and multidisciplinary approach. This approach can
be explored in Computational Design (CD) due to in-
herentnature toengagingcomputational thinkingas
well as innovative technological capacities (Celani &
Veloso, 2017; Oxman, 2006). CDhasbeen altering the
traditional ways of conducting research and design
activities while addressing multi-faceted complexed
issues in the built environment.

Therefore, in this study, we apply and extend
CS in a design context to explore the question “how
computational design approaches in built environ-
ment research enable and advance sustainability?”
Mapping the two concepts of CS and CD, the aim of
this paper is to introduce, define, and demonstrate
“Computational Design Sustainability” focusing on
the key conceptual components,methodological ap-
proaches, and implementations within the built en-
vironment discipline. More specifically, we are in-
terested in formally understanding how the applied

methods in computational design can benefit sus-
tainability. Through a critical literature review, the
paper will focus on the key terms and issues of the
topic considering different scales of built environ-
ment research, varying from individual buildings to
urban scales. The presented conceptual framework
provides a formal means to critically understand and
further advance these approaches in a systematic
way suitable for future development and broader
application. In other words, it can assist in identi-
fying new research directions, methodological ap-
proaches, potential applications (i.e. analysis, collab-
oration, management or generation), and also find-
ing the available computational techniques connect-
ing to CD. This framework is demonstrated and eval-
uated through a range of projects collectively con-
ducted by the research team.

COMPUTATIONAL SUSTAINABILITY
Computational Sustainability (CS) (C. Gomes & Yang,
2011) is a novel research field that attempts to em-
ploy computer science technologies such as Artificial
Intelligence and Machine Learning to address broad
sustainability problems integrating environmental,
economic and social dimensions. These problems in
CS are classified according to the relevant computer
application that is utilized toaddress theproblems (C.
Gomes&Yang, 2011). As such, commoncategories of
the research field in the CS framework includes com-
putational simulation, constraint optimization and
machine learning, data mining, planning control and
scheduling, policy and action learning. Since the na-
ture of such problems is complex and concerns var-
ious disciplines, they often require multidisciplinary
approaches (Silva & Analide, 2019). Computation
and sustainability arguablymove each other forward
while adapting methods and mathematical models
developed to solve one problem to tackle another
problem, even transferable and scalable across var-
ious disciplines (Eaton, Gomes, & Williams, 2014; C.
Gomes, 2019). This framework has been mapped
to different problems solvable by various computa-
tional methods.
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As an example,many computational approaches
have been developed to tackle issues that involve
environmental concerns and resource management
with economic and corresponding social problems
such as poverty. Rapid population growth concur-
rent with the high-speed consumption of natural re-
sources has amplified the need for solutions to tackle
the growing problem of poverty. However, lack
of data and high cost of the available social data
such as census data has triggered motives for CS re-
searchers to employ machine learning methods and
using satellite and remote sensing data technologies
to extract socioeconomic data in a less costly and
faster way. This approach has facilitated the process
of data collection in some countries where access
to such data sources is difficult, demonstrating the
effectiveness of computational andmultidisciplinary
methods in addressing sustainable issues (C. Gomes,
2019).

While CS has been embraced in environmental
science and is being broadly applied across other
disciplines, the effective application of the avail-
able computational techniques and tools to integrate
sustainability in built environment design research,
however, remained unclear. Such methodologies
can be explored in Computational Design (CD) due
to its innate nature to engage computational think-
ing to innovative technological capacities (Celani &
Veloso, 2017). The next section introduces CD and
the key concepts underpinning it.

COMPUTATIONAL DESIGN
Influenced by the 1960’s new systematic methods
related to Design Methods Movement (Celani &
Veloso, 2015; Rocha, 2004) and the cybernetics the-
ory (Menges and Ahlquist, 2011), computers have
been introduced in the architectural field as a novel
way of understanding architecture through comput-
ing using an explicit, systematic design process (East-
man, 1973; Mitchell, 1975).

Computational Design (CD) is the approach in
which design problems are explored through com-
puting regarding the creative process, evaluation,

analysis, interaction, aesthetic, andpresentation. The
term is closely related to the earliest understand-
ing of Computer-Aided-Architectural-Design (CAAD)
(Mitchell, 1975) and Design Computing (Gero & Ma-
her, 1999), refereeing to process computing infor-
mation towards a design. It can be wrongly asso-
ciated with Computer-Aided Design (CAD) systems
as a computerisation process (Terzidis, 2006), or in
other words, as digital drafting tables. Computeri-
sation and Computation differ in the design process,
where the first is the literal translation of the con-
ceived design to a new platform, which means not
altering the amount of information produced during
the process. The latter establishes interactions be-
tween information and design elements through an
algorithmic process, by increasing the amount of in-
formation that was given as an input, contributing to
adding new information to the design process.

In the last decades, with the advent of embodied
script languages in Computer-aided Design (CAD)
and Building Information Modelling (BIM) software
as well as their visual editor of algorithms, such as
Grasshopper and Dynamo, CD became popularised
among architects and scholars (Burry, 2013; Celani
& Vaz, 2012; Oxman, 2006). This has empowered
designers to do scripts in a more user-friendly plat-
form and explore a unique refinement of the design
problem-solutionwith anentire family of possible so-
lutions that are based on the same principles and de-
sign rules (Burry, 2013).

CD offers a wide range of applications and com-
putational techniques in tackling a variety of design
problems, however, the link between CS and CD has
not been systematically defined and explored in the
current literature. The following sections attempts to
instigate bridging the gap by mapping between the
two themes and understanding themutual contribu-
tions of these fields.
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EXPLORING COMPUTATIONAL DESIGN
SUSTAINABILITY
Methodology
Through reviewing existing literature in built envi-
ronment research, this paper seeks the answers to
the following questions:

• How CD can help deliver a more sustainable so-
lution integrating different aspects of sustain-
ability?

• How CDS can be defined within the realm of
built environment research and practice?

Firstly, a thorough literature search and review has
been carried out to establish an understanding of the
current state of the topic and to identify the gaps of
knowledge. Web of Science was the main database
for this research, along with CumInCAD database -
which covers key conferences and journals in the
field of CD. To limit the search protocol, the filter was
set to cover papers in the past ten years, all in En-
glish. The time limitation was proposed due to tech-
nology development, in order to keep all papers con-
sistent with current technical knowledge. Using vari-
ations of “sustainab”, “design” and “computation” as
keywords, 354 records were found and, after the ti-
tle and abstract screening, 26 of themwere identified
as relevant. Afterwards, with the tendencies assessed
and the range of possibilities for improvement of sus-
tainability analysed, a framework was introduced to
demonstrate and exemplify the necessary points for
a built environment sustainable approach.

Overall, while the literature search showed that
the term, CDS, has not been utilised or introduced
by any research paper to the date of conducting this
study, the suggested framework of CDS in this pa-
per details out the CS concept by focusing it on the
built environment research. The following sections
attempt to explore and define it within the built en-
vironment research and explicate the results of the
literature search in more detail.

Results
In order to understand and analyse the range of
approaches used to introduce sustainability to de-
sign, the selected papers were categorised accord-
ing to several components. These components in-
clude the main computational themes the papers
employed and sustainable aspect they addressed
along with the computational techniques within the
relevant computational theme, and application of
themethodology. Further refinement was applied to
identify which life cycle stages are more studied and
have more potential for the application of CD meth-
ods in two major scales of building and urban. The
results are reported in Tables 1 (building scale) and 2
(urban scale).

FromTables 1 and2, some important tendencies,
as well as critical gaps, are evident. Overall, out of the
26 selected records, only a few studies integrate all
or more than one aspect of sustainability. Those of
which are mainly focusing on the environmental as-
pect, suchasbuildingenergyperformance studieson
building scale (Smith & Lasch, 2016), and sustainable
formgeneration in urban scale (Cassiano et al., 2018),
with little or no integration of economic and social
sustainability concerns. The focus on environmen-
tal impacts was expected based on the commonmis-
conception of what sustainability encompasses; nev-
ertheless, it is important to emphasise the relevance
of all pillars and the interrelation between them.

Table 1
Building scale
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Table 2
Urban scale

In terms of the stages that these studies are com-
monly targeting, design and performance are the
most studied ones, especially in the urban scale. In
thebuilding scale, taking advantageof BIM technolo-
gies, the involvement of more life cycle stages was
more feasible due to the capability of BIM tools to en-
gage information from different parts and across dif-
ferent disciplines. However, the reason for the lack
of studies covering other stages may need to be fur-
ther examined through the existing computational
techniques and to see whether it is due to the lim-
itations of the current applicable CD methods. Re-
garding the CD, the utilization of the themes also is
not even across the various CD themes with having
parametric design as themost employed one in both
urban and building scales.

The insights fromTableswill be further explained
through introducing the concept of CDS in the form
of a conceptual framework in the next section.

DEFINING COMPUTATIONAL DESIGN SUS-
TAINABILITY
To introduce CDS, as a field that bridges multidis-
ciplinary approaches in built environment research,

this study has developed a conceptual framework
that intends to show i) how CDS can help develop an
integrated approach while balancing sustainability
pillars, ii) howCDScanbean interdisciplinary andcol-
laborative field, and iii) how CDS can advance knowl-
edge in both computational design and sustainabil-
ity.

The framework has been established based on
the existing knowledge around CDS and categorises
the relevant concepts while indicating their relation-
ships. It summarises current approaches that employ
computational techniques to overcome sustainabil-
ity problems in design research. In addition, it inter-
relates different themes based on the overlapping of
concepts shown in Tables.

As indicated in the illustrated framework, and
mentioned in the paper, sustainability studies are
based on three established pillars of environmen-
tal, social and economic. To show the integra-
tion between them, as well as emphasize the need
for multidisciplinary studies, the proposed frame-
work refers to sustainability themes as the socio-
environmental approach, socio-economic approach
and environmental-economic approach.

Regarding CD themes, according to Caetano,
Santos, and Leitão (2020), existing approaches can
be divided in the three categories, namely Para-
metric & Algorithmic design, Generative design and
Performance-baseddesign. In addition, basedon the
studied papers applicationwithin sustainable design
research, which are conducted in various life cycle
stages, a combined category is provided. Sustainable
form creation covers project stages, fromplanning to
design; sustainable performance denotes the com-
pletion and efficiency of the studied built environ-
ment, with applications usually being made before
the actual construction to achieve optimal design;
and, sustainable management referring to the man-
agement considerations and processes which nor-
mally encompasses whole life-cycle stage.
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Figure 1
Computational
Design
Sustainability
Framework

To demonstrate the concept and elaborate on the
proposed framework, examples of current projects
within the CDS field being conducted in our research
group are presented in the following sections (Figure
1). These projects, which are ongoing PhD research
projects, can exemplify the potentials in developing
collaborative, multidisciplinary and integrated ap-
proaches fromawide rangeof researchfields, namely
waste management, place making, urban density,
and heritage planning. The common aim of these
projects is to tackle a trending sustainability problem
in the design domain utilising a broad range of CD
methods and approaches.

Sustainable management with parametric
BIM
In a whole-building level, researchers commonly use
BIM-enabled tools to address environmental prob-
lems through the design or performance stage (Ay-
man et al. 2019). Yet, there are still some gaps re-
lated to Construction and Demolition waste (C&Dw)
care and disposal, even though it can represent al-
most 40% of a country’s total waste. While there
are several wastemanagement techniques available,

prevention at source is seen as the most sustainable
option (ref ). However, from a building’s perspective,
there are some inherent characteristics that need to
be encompassed, such as a large number of materi-
als and stakeholders involved, the high lifespan and
the range of possible scenarios and options during
the life cycle of the building, which requires a process
that can manage information to support decision-
making in a straightforward approach. Hence, a mul-
tistage model is being developed by the research
team, with the use of BIM technology, to design out
C&Dw, meaning to avoid waste during the design
stage based on its final environmental impact. The
proposed methodology analyses and acts on differ-
ent life cycle stages through the design stage, aiming
to improve the overall sustainability while involving
multiple stakeholders.

The CDS diagram came early in assisting this re-
search during problem formulation. Based on it, the
authors have had a broad perspective of the field
and their own approach. For instance, the diagram
has helped to identify the potential parametric de-
sign techniques applied to develop optimal solu-
tions. Such solutions become essential, not only to
reduceenvironmental impacts but also to lower costs
since a good percentage of the overall C&Dw fig-
ure is predetermined during the design stage (Baker-
Brown, 2017). In this sense, the research has a strong
inclination to an environmental-economic approach
through a sustainable management concept. How-
ever, as a by-product, a social approach will also be
conducted due to the analysis of users‘ behaviour
and stakeholders’ patterns towards decision-making
processes that influence the final environmental im-
pact related to waste. With the CDS framework, the
authors have been able to identify the potential gaps
by having a wider view of the various aspects of the
research problem concerning waste management in
building construction. The next sections demon-
strate the applicability of the CDS framework in re-
search projects within an urban scale.

224 | eCAADe 38 - D1.T1.S2. DESIGN AND COMPUTATION OF URBAN AND LOCAL SYSTEMS – XS to XL - Volume 1



Sustainable form creation with generative
design
In recent years, the smart cities‘ concept has started
to become part of the sustainability agenda (Bibri,
2019) as researchers are exploring new ways of deal-
ing with the interrelated future cities challenges,
such as rapid urbanisation, climate change and re-
source scarcity (Albino, Berardi, & Dangelico, 2015;
Bibri, 2019; Schwab & Buehler, 2018). The research
team are developing an integrated design approach
to generative form creation and smart technologies.
Sustainable urban forms have been generally ne-
glected on smart city’s literature, while the integra-
tive approaches that could better connect the ur-
ban design professionals to smart technologies are
lacking as well. Being that, designers’ daily decision-
making process, which is often based on intuition,
could be enhanced using smart technologies, en-
abling new possibilities of form creation through a
generative data-driven approach. Generative de-
sign approaches have shown the potential as cre-
ative and integrative design in recent years (Caetano
et al., 2020), representing new ways to explore un-
known paths of the design solution space through
the creation of a design system. Generative design
approaches can shift the paradigm of the decision-
making processes from intuition-based design prac-
tices to data-driven urban design sustainable ap-
proaches.

This research project proposes the utilisation of
generative design methods to better explore new
ways of understanding people’s activity and their
perceptions about the surrounding environment. It
also aims to explore design solutions of a physical
context regarding the quality of the urban environ-
ment and the urban placemaking process, integrat-
ing urban placemaking, smart technologies and gen-
erative design tools for sustainable form creation.
The CDS framework has helped this project on the
research conceptualisation since it provides a struc-
ture of a broader understanding of computational
methods involving sustainability, correlating essen-
tial aspects of the field. Therefore, the theoretical and

methodological decisions of this project have been
enhanced through the CDS framework, contributing
to the conceptualisation as well as the systematisa-
tion of methodology.

Sustainableperformancewithperformance-
based design
As illustrated in the CDS framework, one of the in-
tegrated approaches is the performance-based de-
sign to achieve sustainable performance, which can
be reflected in multiple dimensions of sustainability,
including socio-environmental. An example of this
research approach is a computational model that is
being developed in the research group, aiming to
capture the relationship between compact city ur-
ban strategy and its social impact. Referring to the
shortcomings of many of the allegedly sustainable
projects in balancing all pillars of sustainability, they
argue that the urban density strategy, which is gen-
erally known as sustainable development, does not
adequately involve social aspects as much as other
pillars of sustainability. The research project pro-
poses the utilisation of computational design meth-
ods to better understand the role of design in the re-
lationship between density and social sustainability
to achieve sustainable performance. These methods
integrate spatial analysis using building and street
networks to give a spatial dimension to defining den-
sity in the formof ‘spatial density’. This integrated ap-
proach has been so far proven to be effective in cor-
relating some aspects of design, density and social
sustainability (Soltani et al., 2019), while the project
is still ongoing.

Referring to the CDS framework, this research
has benefited from the proposed concept by en-
hancing the structure of the study, offering a co-
herent conceptualisation of the research by system-
atically defining the essential aspects of the field.
This, in turn, can lead to providing a trade-off be-
tween aspects of sustainability by attending the re-
search problem from an interdisciplinary approach
whereby a profound understanding of the interplay
between multiple issues_ being social sustainability,
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urban density, and design_ is possible by means of
CDS framework.

Sustainableperformancewithperformance-
based design in heritage planning
Sustainable heritage planning is another topic be-
ing studied by the research group aiming to achieve
a sustainable performance for the historic town us-
ing CD techniques. Historic towns present a precious
legacy for contemporary society that embodies how
humans use the spaces envelopedwithin human set-
tlements (Liao et al., 2019). However, the unbalanc-
ing development of heritage tourism has often led to
the dramatic spatial and functional transformation of
historic towns that cannot be overlooked regarding
planning a sustainable town, which should empha-
sise not only the economic aspect but also the so-
cial, cultural, spatial and functional aspects. The re-
searchproject utilises a computational approach that
is not widely used in conventional heritage planning,
where sustainable performance has been addressed.

In this study, quantitative techniques that
mainly include parametric and algorithmic designs
are utilised to integrate and analyse the spatio-
functional patterns of historic towns as well as the
correlations between the spatial configurations and
land use distributions to improve the sustainable
performance. The computational approach is used
where it has been proven effective, automate and
robust. The preliminary results have shown how
a historic town can conserve the spatial spirit and
optimise the functional distributions, so a more sus-
tainable form can be achieved using such an inte-
grated computational approach. Returning to the
CDS framework, the topic of heritage planning has
been expanded using a computational methodol-
ogy. It provides a solid umbrella for performance-
based design projects, offering computational tech-
niques that may enlighten researchers who are inter-
ested in the sustainability research projects.

CONCLUSION
While CS has been broadly embraced in environmen-
tal sciences, few studies have employed CD to tackle
emerging sustainability problems in an effective and
integrated manner in the design and built environ-
ment domain. The paper has proposed an integrated
approach through CDS, which brings CD and sus-
tainability together toaddress themultifacetedprob-
lems within the built environment research. Further-
more, our literature search and review showed that
the concept of CDS has not appeared in other re-
searchpapers , andhence, is notwell-establishedand
well-studied in the current field.

In this paper, we drew attention to the great po-
tential of the CD approaches in addressing sustain-
ability issues within built environment research. The
main contribution of the paperwas to provide a com-
prehensive and integrated framework of CDS, intro-
ducing its definition, scope and approaches in which
current existing research of CS and CD can be well
embedded. The proposed framework extends the CS
with the context of design and allows for identifying
new directions in built environment research.

It was also demonstrated that CDS is arguably
beneficial for identifying the potentials of applica-
tions within the computational design realm. It
can help understand design and evaluate computa-
tional design researchwith a sustainability focus. The
framework enables multidisciplinary research where
sustainability is linked to computational approach
and associated techniques. It offers conceptualisa-
tion regarding different aspects of computational re-
search so each phase can make use of the concepts
and related methods to advance the CDS research.

The CDS framework has been demonstrated us-
ing the research team’s ongoing projects and re-
vealed how the framework can be applied and tai-
lored for addressing different design sustainability is-
sues ranging from buildings to urban scales. Con-
sistent with the scalable methods in the original CS
concept, the CDS framework enables scalable solu-
tions across different disciplines and repurpose them
todesignandbuilt environment research. The frame-
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work critically reflects the current trends in the re-
search field and guides future advancement with a
broader and integrated application. That is, it facili-
tates for researchers and practitioners to start captur-
ing and exploring new directions in CDS suitable for
future developments as well as providing a commu-
nicative platform, facilitating a more systematic and
formal research planning.

Due to the limited search sources, search key-
words and years, we have not included every single
available computational approach in the built envi-
ronment as the focus was only limited to the com-
mon and generic computational themes and tech-
niques in the computational design research. Fur-
thermore, to confine the scope of the study, the lit-
erature search only focused on the academic papers
and did not include the practice-based experiences
in the current investigation. Also, we did not search
through the themes under the framework individu-
ally and separately, which all require future work.
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Configuration of spatial set-up is a major act in the architectural design process.
Configuration implies a set of relationships among the spatial elements that can
be represented as a network pattern. This kind of spatial network is significant for
architectural design as it reveals social implications by mapping interactions
between users, indicating functional and latent routes and spatial proximities.
This paper concentrates on network thinking in architecture and presents the
development of a new software plugin and compares the plugin to similar software
studies that allow coding spatial networks and exploring their potentials. The
experimental study is also tested by student workshops, explains the motives for
the plug-in currently prototyped as a Grasshopper definition and how-it-works.

Keywords: Space syntax, Network thinking, Scenario based Design, Evidence
based architectural design

INTRODUCTION
Architectural design activity is essentially concerned
with the creation of a spatial configuration. Spaces
are associated with an “architectural narrative or sce-
nario” conceived in the design process. The narra-
tive concerns the body, its movements, activities, re-
lations with other bodies, as experiences. The nar-
rative shapes space, and accordingly space informs
the narrative: whereby a mutual relationship is per-
formed. In other words, structure, order, and the re-
lation between spaceswill produce amovement pat-
tern and ultimately describes a lifestyle.

During the design process, imaginary narratives
are made visible and discussed through continuous

construction and deconstruction of configurations.
This process is inspiring for architects who learn by
making. Architectural design is a complex, cogni-
tive, and intellectual process that needs a distinc-
tive approach in which a designerly way of knowing,
thinking, and acting have been realized (Cross, 2001,
2007). It is a kind of discovery process which pro-
ceeds by searching, probing, and learning by doing
(Dursun, 2007). The architect has an active and crit-
ical engagement with his/her surroundings, mainly
focuses on a making process in “action in reflection”
(Schön, 1987). In a creative andperformativeprocess,
architects think with different design tools (Dursun
Çebi, Kozikoğlu, 2017) and bring together different
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information forms to evaluate design outputs, learn-
ing from their own designs and investigating possi-
ble consequences of design decisions.

Design processes are subjective however cer-
tain design tools/methods provide objective evalua-
tion criteria enabling iteration with feedback. Tools
for building and measuring space allow visualization
of architectural decisions and developing scenarios.
This study is focused on the use of space syntax and
graph visualization algorithms in design.

The use of graph-theoretical tools in architecture
is not a new approach. C. Alexander’s (1964) pioneer-
ing book Notes on the Synthesis of Form has followed
The Geometry of Environment: An Introduction to Spa-
tial Organization in Design by L. March and P. Stead-
man (1971), The Architecture of the Form by L. March
(1976), Synthesis and Optimization of Small Rectangu-
lar Floor Plans by W.J. Mitchell, J.P. Steadman, R.S.,
Liggett (1976), ArchitecturalMorphology by J.P. Stead-
man (1983) and The Social Logic of Space by B. Hiller
and J. Hanson (1984). These works refer to the use,
meanings, andmethods of scientific tools in architec-
tural design. The utilizations of graph theory-based
tools in architecture can be conceptualized in three
different modes (Kozikoğlu, Dursun Çebi, 2015): “(1)
to analyze existing spatial formation (Hillier, et al.,
1987; March and Steadman, 1971), (2) to generate
spatial form, (Mitchell et al., 1976; Steadman, 1983),
and (3) to evaluate the architectural design (March,
1976; Hillier, 1998).” The first group concentrates on
the intrinsic nature of the existing built environment
and its social meanings. The second group uses a se-
ries of predefined rules in a computerized process to
search for a desired spatial product. The final group
provides tools for architects to evaluate their design
proposals.

This study first investigates the contribution of
one of such scientific approaches, space syntax, as a
creative tool in the design process and examines the
possibilities and limitations of existing space syntax-
oriented computer software that intends to decrypt
and measure spatial configurations. Then, it aims to
produce a software plugin investigating the use of

graph-based thinking in the architectural designpro-
cess that generates topological layout possibilities.
This plugin, which is developed as part of an ongo-
ing research project, is intended to have a dynamic,
playful, mind-opening structure that provides real-
time information to thedesigner using the space syn-
tax metrics. In the scope of the study, in order to
evaluate the potential and limitations of this plugin,
workshops are organizedwith the participation of ar-
chitecture students. The plugin will be developed
and elaborated through the output of these student
workshops and further studies will be organized.

MAPPING CONFIGURATIONAL NARRA-
TIVES: THE POTENTIAL OF NETWORK-
BASED DESIGN ENVIRONMENT
There have been various research conducted on de-
signing configurations through scientific spatial data
and digital tools with variation andmultiple layers of
input (Derix, 2014; Veloso, et al., 2019). This study in
comparison is focused on the phenomenological as-
pects of the “experiencing body”, the creativity of the
designer and peculiarities in the designed space. The
research stems from the studies on patterns of hu-
man activities and Space Syntax and aims at accom-
panying the architect in the playful creative design
process of spatial configurations. This study is a re-
search on how to incorporate scientific insight into
thearchitectural designprocess as a creative tool that
will show analytical, generative, dynamic, and inter-
active features. This study highlights the following
points:

1. Our research interest is neither about an au-
tomated design process, nor a tool to analyze design
outcomes only, but an integrated tool that provides
real-time data on the connectivity of the whole and
the parts, as well as accompany the design process
by generating intended as well as incidental visuals,
just as in the case of concentrated hand sketching.

2. Architect as the protagonist of the design pro-
cess feeds in the toolset and plays with the inputs,
and drives the process by the tool which has a dy-
namic character, changing the configuration in pre-

230 | eCAADe 38 - D1.T1.S2. DESIGN AND COMPUTATION OF URBAN AND LOCAL SYSTEMS – XS to XL - Volume 1



senting in the eyes of the architect through relation-
ships preloaded or dialled iteratively. This constant
motion is akin to vague and repetitive sketch lines.
There but not exact. Moreover, the designer can re-
trieve the scientific value of any node or cluster or the
whole configuration if he needs to. The architect is
not the one who chooses the spatial configuration,
but the designer who creates the configuration with
her narratives.

3. The tool is both dynamic (constant animation)
and interactive (designer can change add at any mo-
ment). Multiple parameters in the design canvas are
considered as active connections such as the contex-
tual, interspatial, metric, and other physical relation-
ships. These parametric values are prioritized, chore-
ographed, and fed in the plugin by the designer in a
playful manner that turns the canvas into a “thinking
sketch”.

4. The geometric composition is a result rather
than the aim of the research. Rather the scenarios,
and the patterns of living, experiencing, relating in
and to space is the mode of Operandi. The social
meaning, the “experiencing bodies” and their be-
haviours and corresponding spatialities are of main
concern.

Space Syntax maps the configurational narra-
tives in a scientific, numerical way by using graph-
theoretical tools and syntactic measurements. By
making non-discursive characteristics of space dis-
cursive (Hillier, Hanson, 1997; Dursun, 2012), it
presents architects’ possible effects of their design
decisions. According to Al-Sayed et al. ”space syntax
methods are not only effective in terms of evaluating
existing spatial structures but can also support archi-
tectural design thinking by evaluating design ideas
throughout a design’s evolution, thus generating en-
hanced spatial configurations” (Al-Sayed, et al, 2010).

Current Space Syntax research uses a number of
computer programs developed for spatial analysis.
Developedby research groups at various universities,
these programs have their own potentials and con-
straints: availability at city and building scale, avail-
ability of an independent or extension of a program,

operability in Windows or macOS environment, us-
ability in the analysis of complex or small spatial for-
mations, etc.

A range of these computational tools is stan-
dalone programs exclusively developed for perform-
ing space syntax analysis, such as Axman, Netbox,
Pesh, Omnivista developed by Nick Dalton from 1988
to 2002 and NewWave, Space Box, Orange Box de-
veloped by UCL, Mindwalk by L. Figueiredo in 2002,
Jass by D. Koch in 2004, Segmen by S. Lida in
2005, Depthmap by A. Turner in 2001, SPOT by H.
Markhede and P. M. Carranza in 2007 (Turner, 2007).
Someof these tools performas extensions toGIS (Ge-
ographic Information System) software, such as Ax-
woman developed by B. Jiang in 1998, Ovation by N.
Dalton in 2001, Ajax by M. Batty in 2003, Place Syn-
tax Tool by A. Ståhle and friends in 2005 and UNA-
Toolbox, sDNA, Confeego, iVALUL developed by
Space Syntax Limited between 2007 and 2012. A
number of programs are extensions to existing CAD
software, such as Syntax2D, sDNA and UNAToolbox
(Gil, et al., 2015; Turner, 2007). In addition to them,
as they allow to integrate Space Syntax analysis into
CAD environments and become a part of the gen-
erative design process, several tools and extensions
for Grasshopper3D have been developed for the last
ten years. Examples such as Spiderweb (Schaffranek
and Vasku, 2013) and Decoding Spaces Components
(Bielik,et al., 2012) which are able to work with axial
lines and segmentmaps use for urban design and as-
sociate the spatial analysis with the creation of forms
or urban layouts. Another tool for Grasshopper is
Grasshopper Reach Analysis Toolkit (Feng and Zhang,
2017) and it integrates the reach analysis to the de-
sign formulation process. As distinct from the other
tools, Syntactic (Nourian, et al., 2013) is considered
as noticeable for this research because it allows gen-
erating interactive bubble diagrams as running with
the convex spaces and enables to constitute the dia-
grammatic plan layouts while offers real-time Space
Syntax analysis.

On theother hand, architectural design software,
which has a close parallel with the history of the com-
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puter, has been mostly geared towards accurate in-
formation for construction. The fact that Computer-
Aided Design programs are used in a wide variety of
fields to accurately design and organize structures,
components, and numerous other applications is the
basis for the architect’s inclusion of AutoCAD in the
design process. Software such as Rhino3D provides
computational environments that are preferred for a
more intuitive creative process due to the free form
surface modeller. In both cases, the metadata ex-
traction out of an iterative modelling environment is
delimited. “The transition from CAD to BIM, a mar-
ket almost entirely dominated by Revit, represents a
shift froma strong2Ddrawing tool that replicates the
sketching process with its layers functionality to a ro-
bust 3D tool that builds all views of a structure simul-
taneously and captures significant metadata about
the model.”

Although these advancements empower the de-
signerwithmore precision, overmore squaremeters,
and/or more complex buildable matter, the need
to replace what the design sketch had as a tool
emerged: the power to hold the designers’ aspira-
tions onto the paper and relate back to his design
dialogue. Plugins such as Grasshopper, a visual pro-
gramming language first released in 2007, and it’s
very many add ons and plugins that build genera-
tive algorithms not only provide the possibility to
create geometries that would otherwise be incredi-
bly labour-intensive, but also enable the designer to
work with as a creative design environment as is his
sketchpad. Still, the tools capacity to aid thedesigner
space-related pattern-based semantic and program-
matic relational data are not available. What’s more,
this is also data that can be transferred, computed,
and dealt with in a coding environment. As the crite-
ria made possible by Space Syntax, the patterns out
of human movement and vision provide a generous
potential if not only to assess the relational input of
the designer.

THE PROTOTYPE TOOL
In order to achieve the goals mentioned, a prototype
of the intended softwarewasdeveloped inGrasshop-
per; in future versions, some of the clusters of this
definition are expected to be advanced as special-
ized Grasshopper components. The current defini-
tion uses Kangaroo 2 by Daniel Piker, Human UI by
AndrewHeumann, ShortestWalk byGiulio Piacentino
and several customPython scripts for better function-
ality.

The dataflow algorithm starts by getting an ini-
tial graph data from the user (Figure 1). The graph
consists of specified zones (nodes) and relationships
(edges) represented by lines and points in the Rhino
screen. The tool automatically generates the node
and edge lists and asks the user to input labels
(names) for each node. As indicated earlier, the re-
lationships between the nodes might have various
characteristics, being in-between, being in the same
zone, being as close as possible, or as far as possi-
ble etc. In the current version of the tool, several
relationships could be defined and simulated such
as; attraction and repulsion, collision, magnet snap-
ping and metaball clustering. Since the initial data
is defined, the tool calculates and displays the mean
depth and integration scores, and displays the justi-
fied tree graph of any given node. An optional indi-
vidual or uniform area setup can be done after the
analysis, providing the node sizes accordingly, to be
used in the following stage. As explained previously,
the numerical and graphical feed-back aremajor fea-
tures of the tool. Since the Space Syntax metrics are
not fully covered in the prototype tool, more metrics
and dynamic attributes obtained from these values
will be added in the future.
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Figure 1
The initial
prototype
developed as a
Grasshopper
definition.

After the initial setup and analysis, the “thinking
sketch” explained earlier is ready for interaction. The
initial graph drawn by the user remains static but a
replicated dynamic version of the graph releases it-
self away from the initial one. The dynamic graph
is constantly in motion and interaction, showing
the designer many potentials and emergent condi-
tions. Toenable thedesigner to simulate external fac-
tors, “contextual nodes” are introduced to the graph.
Thesefixednodes attract selecteddynamicnodes, af-
fecting the graph for desired orientations. Currently,
the graph works only in 2D, but recent tests showed
that it is possible to improve the tool for 3D, by intro-
ducing new spatial relationship types that are effec-
tive in various heights.

The current version of the tool provides the vi-
sualization of the spatial relationships in a dynamic,
fluid, and almost never-ending manner due to the
non-existent friction. Previously calculated integra-
tion values of each node are applied as inertia fac-
tors, keeping the more integrated nodes less active.
The graph rotates and flows, nodesmove, collide and
orbit unless an exceptional balance state is found.
The original intention is to keep the graph moving
continuously, still a damping option is introduced.
The users can drag the dynamic nodes across the
screen. Combined with a geometric pipeline from
Rhinoceros, users can dynamically alter the state of
the simulation by introducing new nodes and edges
or altering existing ones on the static graph during
the process. Dynamic graph edges can also be man-
aged in the “Link Manager”, which makes it possible
for the edges in the static graph to be adjusted with-

out that part of the graph being redrawn and act as
springs with adjustable compression and extension
limits. Without the Link Manager, any edge or node
modification would require alteration of all the other
connected nodes and edges. Instead, it is displayed
dynamically. Due to this possibility, even if the de-
fault behaviour ends up in a motionless state, a drag
of the mouse or a quick modification can reacceler-
ate the simulation. This tool is expected to provide
a familiar environment to architects and designers in
an attempt to simulate and analyze the logic of Space
Syntax via a dynamic graph. Figure 2 shows the cur-
rent user-interface of the tool.

Figure 2
A screenshot from
the user interface of
the first prototype
tool.

STUDENTWORKSHOP
Within the scopeof this research, a studentworkshop
is conducted as a part of the undergraduate course
entitled “Architectural Morphology” in Istanbul Tech-
nical University, Faculty of Architecture. This work-
shop was open to the participation of undergradu-
ate architecture students fromdifferent backgrounds
with various levels, and it lasted for two days with 20
participants. The main purpose of the workshop was
to present the first prototype of a new plugin devel-
oped within this research to the students and eval-
uate its potentials and limitations by comparing it
with similar graph-theoretical digital tools. Thework-
shop’s aim was to decipher the potentials of spatial
configurations focusing on the idea of network think-
ing in architecture.
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Figure 3
Cytoscape:
Demonstration of
the usage steps and
flow.

During the workshop introductions seminar to
the subjectmatter, a physically engaging systems dy-
namics game called ikide1 and the hands-on tutorial
and practice of three different graph theory-based
computational tools: as Cytoscape, Syntactic, the pro-
totype of SpaceChase. On the first day, participants
were introduced with a graph theory-based open-
source software Cytoscape which visualizes complex
networks by integrating them into any type of qual-
ity data. Although this software was developed for
uses in molecular and systems biology, it is a pow-
erful tool for any other complex network analysis in
general. Cytoscape performs through the follow-
ing steps; (1) inserts network as listed one-to-one
relationships from .xslx and related file format, (2)
demonstrates this network as nodes and their links
and allow to select visualization parameters and lay-
out types, (3) analyzes the static network for different
graph-theoretical parameters while visualizes them
by representing the values in nodes’ size and colour
(Figure 3). In light of this knowledge, participants
were asked to explore the software by creating a leg-
ible and assessable network in the architectural de-
sign process. Firstly, a dwelling scenariowith its func-
tions, actions, and relationships was generated col-
lectively in the studio, and the generated network
wasexamined throughCytoscape (Figure4). As a sec-
ond phase, each student completed a similar process
for their nursery scenarios, and it allowed us to ob-

serve the diversity created by spatial relationships es-
tablished in line with the design decisions even de-
signing for an architectural type.

Figure 4
Spaces of dwelling
unit and relational
characteristics. Its
visualization in
Cytoscape software.

Thereafter participants encountered the Ikidebir
gamewhich enables the players to represent a space
or spatial entity with their bodies and makes them
able to experience network thinking in architecture,
corporeally. This game provides networks with cre-
ating a configuration where each node pursues its
movement until it satisfies a simple rule (Kozikoğlu
and Dursun, 2015). The game has these following
rules: (a) Players select and announce a spatial entity
or concept as an avatar depicted as nodes. (b) Each
player then selects two other avatars to follow. (c) Af-
ter positioning in the game area, players try to stand
at an equal distance to two other picked avatars to
follow (Figure 5). After the physical experience, the
dynamic situation is analyzed, revealing hidden con-
nections between these nodes (Figure 6). Through
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this game, a dynamic system is created; and qualities
of networks are experienced. The game invokes the
following questions with participants; How did these
selected nodes behave in this system? How did they
interact or connect? How many connections were
possible? Were there any key nodes? Were there any
groups of nodes? (Kozikoğlu and Dursun, 2015). One
of the participants shared her own discovery about
the relationship between her personal architectural
design process and network thinking by indicating
that the process of establishing spatial connections
took place in her mind and became visible through
this mode of thinking. This exercise increased the
student’s awareness in architectural design as a sub-
jective process and explored the potentials of net-
work thinkingaswell aspersonally experienced tools.

Figure 5
Ikidebir Game:
snapshots from the
evolution of the
game.

Figure 6
Visualization of
selected spaces and
their relational
characteristics
experienced in
Ikidebir game.

The seconddaygot startedwith examining the space
syntax-based software Syntactic which is a plugin for
Grasshopper (Nourian, et al., 2013) that integrates
space syntax theory into the configurative design
methodology. Within the Rhinoceros and Grasshop-
per interface, Syntactic performs through the follow-
ing steps; (1) lists the names and values of all func-
tional spaces, (2) draws their spatial connections, (3)
visualizes them as a bubble diagram, (4) calculates
the space syntax metrics such as integration, choice,
entropy, control and creates the justified graphs of

the network, (5) transforms the bubble diagram to
planimetric layout within the contextual data (Fig-
ure 7). Workshop participants explored the plugin
for their dwelling scenarios. Advantages offered by
Syntactic compared to Cytoscape were pointed out
as the inclusion of the area values for nodes or rep-
resenting a more comprehensive visualisation. One
of the students praised the software for generating a
spatial layout and building the planimetric construc-
tion as a result of this configurative design process.

Following the prototype, SpaceChase developed
as a Grasshopper definition was shared with par-
ticipants. One again students tried designing their
dwelling scenarios with spaceChase. In order to de-
code the scenarios participants generated spread-
sheet data in the following steps; (a) make a list
of spatial units/actions/functions to be denoted as
nodes, (b) define some contextual nodes, (c) evalu-
ate their one-to-one relationships, (d) define rough
dimensions of these spaces, (e) provide the relation-
ships defined between nodes as positive or nega-
tive, (f ) define the minimum and maximum values
of rough distances between nodes. Participants ran
the tool with initial data that belongs to the de-
sign process. The game-like interface allowed the
participants to experience the “interrelated dynamic
modality of spatial constructs” and further enabled
them to interact with the network in real-time. The
software also calculates the space syntactic metrics
for a more precise understanding (Figure 8).

At the end of the workshop, the potentials and
limitations of these three digital tools were discussed
with students and received their opinions through
surveys and interviews. The prominent comments
fromstudents regarding the comparisonof threedig-
ital tools are considered as;

• According to Student A, Cytoscape is positive in
terms of ease of use and ability to express con-
figuration in the network, but it is criticized be-
cause of not including field information in out-
comes. Syntactic includes the field and spa-
tial information and it allows us to use this pro-
gram in the design process of architecture disci-
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Figure 7
Syntactic:
Demonstration of
the usage steps and
flow. (Nourian et al.,
2013)

Figure 8
SpaceChase:
Demonstration of
the usage steps and
flow.

pline. In addition, to be able to serve the sim-
ilar outputs provided by two other programs,
SpaceChase also makes it possible to see the in-
stant changes with its dynamic and generative
user interface.

• Student B explains her approach to network
thinkingbydefiningeach spatial volumetric unit
as “cell” and indicating the concept of the net-
work as examining and representing tools for
the communication, combination, and relation-
ship between these cells. In this view, Cytoscape
presents legible but intangible graphs of spatial
networks. In theSyntactic spatialmeasurements
are added to these relationships and the net-
work visualization becomes more defined with
the more tangible values. In addition to using

similar data, SpaceChase allows users to disrupt
and rebuild the network, over and over again.
This software makes visible the oscillations be-
tween the tangible and intangible values in the
design process. It increases the potentials in the
architectural design process.

Participant comments on SpaceChase from the in-
terviews are as follows; (1) The most prominent key-
words from students‘ reviews have been “dynamic”,
“interesting” and “effective”. 50% of students have
found the prototype effective in visualizing relation-
ships. A group of students evaluated the dynamic
interface positively and stated that in comparison, it
contains functions and components for their interest.
(2) Approximately 70%of the participants stated that
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they want to use this definition in their architectural
design processes and 60% of them indicated that
they will recommend this prototype to their archi-
tecture student friends. (3) The common criticism of
30%of the students is that the prototype requires the
usage knowledge of Grasshopper and Rhinoceros
programs. (4) It is observed that students’ highest-
rated positive reaction is “I enjoyed using this appli-
cation.” Although it is seen that students criticize the
difficulty of using the application, the accessibility of
the information needed, and the difficulty of naviga-
tion in the prototype they encounter, it is seen that
they are largely satisfied with the time they spend
with this application. Consequently, the prototype
presents network dynamics to architecture students
as a game-like interface, allowing us to consider the
pedagogics for architectural design and education.

CONCLUSIONS
Considering thatoneof themajor aspects of architec-
tural design is the composition of the spatial layout,
current design software solutions do not provide ed-
ible feedback from the architects‘ project represen-
tations, whether 2D or 3D. The layout is somewhat
still part of the architects’ hand sketch ormind or any
probing medium. Space Syntax has been in the aid
of the architect since the outset of the computational
environment and provides the tools for thinking and
measuring the qualities brought by adjacencies and
routes that emerge from spatial layouts.

The development of the plugin, SpaceChase, de-
scribed in detail with a working prototype is aimed
at catering graph theory-based feedback to the de-
signer on hismodel, or evendesign from scratch initi-
ating with the relationships he would like to register,
emphasize or delimit. The research is concentrated
and has proven to achieve developing a playful de-
sign tool effective in the following:

1. generating comparative data on, relations be-
tween the architectural elements, as well as any
architectural elements’ relation to the whole.
These relations are determined by ameasurable
ratio based criteria such as: To be in between, to

be adjacent, to be or not to be in the same ”spec-
ified” zone, to be located as far as possible or to
be opposite of. The program depicts, relays and
generates this data.

2. to keepmolding the formandplayingwithin rel-
ative datawhile the software provides feedback,
both numerically, aswell as experientially on the
screen. The software supports interaction.

3. to relate intangible elementary design con-
stituents and concepts such as an orientation or
a concept like privacy to the spatial constituents
of the project. Such relations that have direct
spatial, clustering, or defragmenting capacities
are part of the visible design environment. The
tool enables the designer to conceptualize and
link ideas to physical counterparts.

In short the fundamental benefits are to develop
skills to address dynamic conditions, to improve an
understanding of networks, to explore qualities of re-
lational and ratio based thinking of space.

The prototype plugin has been studied and
tested with students of architecture that have
been acquainted with Space Syntax. Students
tried network-based software, such as Syntactics,
tool directly on Space Syntax evaluation through
Rhinoceros, Grasshopper, Cytoscape, a network vi-
sualization tool that enables to assess the network
cluster qualities in a given relations data. to the
SpaceChase Plugin Prototype that also works under
Rhinoceros. The response of the students is pretty
straightforward: Firstly, it is easier and more accessi-
ble to use the plugins in Rhinoceros, than outside of
the design platform. Secondly among the two plu-
gins that use syntactic calculations in Grasshopper,
the SpaceChase prototype is more creative and fun
to engage in.

The research aims to achieve three major bene-
fits out of the SpaceChase. First to provide a dynamic
canvas to play and engagewhich is in themind of the
designer into the design software environment. Sec-
ondly to enable real-time syntactic feedback to the
designer. and thirdly to be able to feed in pattern-
based abstract thinking to the design platform.
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The prototype which will be further tested with
students as well as professionals through summer
2020.
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In the last decade, rapid penetration of smartphones into our everyday life
introduced a new kind of urban wanderer named as the 'post-flâneur'. By
navigating through the virtual and physical space with a smartphone, and taking
and sharing photographs, post-flâneur walks and experiences the city in novel
ways. This paper aims to investigate the effects of smartphone use on the
human-environment relationship by comparing post-flânerie with flânerie in
public space with a focus on two key indicators: alteration of 1) the visual
attention and 2) the walking rhythm. In this regard, ten postgraduate Architecture
students are asked to perform flânerie and post-flânerie consecutively in the
historical city center of Ghent with an eye-tracker and a smartphone. During the
flânerie condition, they walked and experienced the city without using a
smartphone. In the post-flânerie condition, they used a smartphone, took pictures
and uploaded them to an application. By analyzing the eye-tracker (number and
duration of fixations) and the smartphone (location data and geolocated
photographs) data, altering rhythm and visual attention during the flânerie and
post-flânerie were compared. Preliminary results indicate that flânerie and
post-flânerie differ in terms of rhythm and visual attention. The average duration
of fixations on the environment were significantly lower in the post-flânerie
condition while the average walking rhythm was faster but impeded from time to
time. In addition, post-flâneurs' visual attention was on the smartphone during a
significant part of the stationary activities which point out to an altered state of
public space appropriation. The findings are significant because they reveal the
novel spatial appropriations and experiences of the (post)public space
-particularly "the honeypot effect" which was more significant in the post-flânerie
condition. These observations evoke questions on how designers can rethink
public space as a hybrid construct integrating the virtual and the physical.

Keywords: post-flâneur, rhythm, visual attention, smartphone, eye-tracking
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INTRODUCTION
Benjamin’s ‘flâneur,’ firstly portrayed by Baudelaire,
walks in the city and observes the rapidly transform-
ing urban space of the modern city (Benjamin 1999).
Flâneur, in its classical meaning, uses walking as an
instrument for the urban experience and produces
ideas by registering impressions on the environment
while walking (Benjamin 1999).

The flâneur does not aim to get somewhere
in particular, so s/he can slow down and stop for
any incident or display (Gros 2009). The aim is the
walk itself as a way of observing and experiencing
the city and everyday life within the city. As Gros
(2009) defines, “flâneur’s body moves slowly, but his
eyes dart about, and his mind is gripped by a thou-
sand things at once...This stretching of time deepens
space”. Flâneur uses a variety of instruments to ac-
company this walk. For instance, Benjamin’s flâneur
walks with a turtle. In these walks, turtle decelerates
the pace of the flânerie; thus, the flâneur who keeps
this pace experiences the environment from a differ-
ent perspective.

Today, the most widely-used instrument that
accompanies walking is smartphones. By using
smartphones and location-based applications, peo-
plemove through and experience the urban space in
awholenewway. Furthermore, byusing socialmedia
applications, they can record and share their memo-
ries along with their routes by attaching them to the
specific geographic locations and re-appropriate the
urban space by strolling, recording, and sharing it. In
this way, smartphones create a new kind of urban
wanderer, which can be called “post-flâneur” (Argin
et al. 2019a). Post-flâneurs also wander gaze around
their environment while strolling in the city, but this
time they use smartphones as a means of the experi-
ence.

These new accompanies enable sensorial en-
gagement with the surrounding urban space
(Frizzera 2015). However, they also alter the per-
ception and perspective of its users. Coyne (2014)
emphasized this alteration by stating that we are no
longer interested only with the environment as itself,

but rather it’s versions that “invented, idealized, per-
ceived and experienced through countless filters.”
In the same fashion, Young (2005) claims that the
flâneur’s relationship with the city has been weak-
ened and loosened as media representations of the
city have evolved. In light of these theoretical hy-
potheses, the present study aims to understand if
there are any differences in this relationship by com-
paringaltering rhythmandvisual attention inflânerie
and post-flânerie.

Unlike the purposivewalking that has a constant
rhythm and rapid pace, discursive and conceptual
walking promotes encounters and discoveries in ur-
ban space and, in this way, vary in pace and rhythm
(Wunderlich 2008). Wunderlich (2008) claims that
this pace and rhythm is synchronized with “walker’s
own internal bodily rhythms”. Flânerie is an exam-
ple of discursive and conceptual walking, and the
emergence of post-flânerie brings us the following
research question:

(1) Is there any difference between flânerie and
post-flânerie in public space in terms of rhythm and
pace, and if so, to what extent smartphones affect this?

The effects of smartphones on visual atten-
tion while walking are discussed by various studies,
mostly from a pedestrian safety perspective. Em-
pirical studies indicate that smartphones can have
adverse effects on the human-environment relation-
ship due to the negative correlation between smart-
phone usage and attention (Wilmer et al. 2017). At
the same time, the execution of different tasks while
walking influence the distribution of visual attention
significantly (Simpson et al. 2019). In our study,
smartphone is added as a tool to these tasks, which
leads us to the second research question:

(2) Is there any difference between flânerie and
post-flânerie in public space in terms of visual atten-
tion?

It is possible to follow the shifting gaze between
smartphone and environment through the head and
body movements of the smartphone user, however,
to understand where and to what extent the visual
attention focused on, we have to examine the “ego-
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centric experience” of the viewer. Studies show that
attention and eye movements are closely related
(Duchowski 2007). Eye movement patterns are re-
lated to cognitive processes (Liversedge and Findlay
2000) that are mainly based on visual attention, and
eye trackers can be used to measure visual attention
(Kiefer et al. 2014). By using eye-tracking, we can un-
derstand the gaze behavior, the attention, and the
degree of involvement of the users and can answer
the questions on the attention focus and its duration.

BACKGROUND
An increasing number of studies in smartphone-
walking related literature use eye-tracking as a re-
search method. Most of them address smartphone
usage as a distraction and approach the subject from
a pedestrian safety perspective (Jiang et al. 2018;
Lin and Huang 2017). Different smartphone ac-
tivities create different distractions while walking.
Eye-tracking studies mainly examine listening, tex-
ting, speaking, web browsing (Yoshiki et al. 2017;
Jiang et al. 2018), and picture-dragging (Lin and
Huang 2017). Although the eye-tracking studies
which focus on photo taking do not exclusively re-
late to smartphone use, some of their outcomes play
a significant role in this study. A study by Diehl
et al. (2016) compared visual attention of partici-
pantswith andwithout a camera in amuseumreveals
that taking photos heightens attention since “photo-
taking leads to longer and more frequent fixations
on objects likely to be photographed”. Navigation
is another significant smartphone activity mostly as-
sociated with the attention-wayfinding relationship
(Kiefer et al. 2014) in the eye-tracking studies.

Even though research study that bring the lab-
oratory studies into the city are increasing with the
advances in mobile eye-tracking technologies, they
are still few in numbers (Uttley et al. 2018). Mo-
bile eye-tracking studies that capture everyday in-
teractions with mobile phones (Steil et al. 2018) or
observe changes in the behavior of those who walk
while using a smartphone (Yoshiki et al. 2017; Jiang
et al. 2018) are some of the examples that exam-

ine the smartphone usage in real-world experiments.
However, there is a knowledge gap in the literature
for studies that can 1) understand smartphone use in
public space beyond pedestrian safety and 2) discuss
its effects on urban experience by examining the en-
gagement with the surrounding environment. 

A limited number of studies focus on engage-
ment with the urban environment while walking and
show similar results with previous eye-tracker litera-
ture; differing tasks significantly influence the distri-
bution of visual attention while walking in the real
urban environment (Simpson et al. (2018). A study
by Guntarik et al. (2018) focused on engagement
with the urban environment and mobile device us-
age together with the effects of an application de-
signed to increase engagement with the surround-
ing. It revealed that the users’ visual attention was
mainly on the screen of their mobile device while the
opposite was expected. This finding requires further
research since it was conducted with only one par-
ticipant. This paper tries to contribute to filling the
aforementioned knowledge gaps in the literature by
investigating the differences between post-flânerie
(with a smartphone) and flânerie (without a smart-
phone) in public space by focusing on the alteration
of the visual attention and the walking rhythm.

METHOD
Participants
Ten postgraduate Architecture students (5 female,
5 male) aged between 25-34 attended our experi-
ments. They perform flânerie and post-flânerie con-
secutively in the historical city center of Ghent (Ko-
renmarkt and its environs) with a mounted eye-
tracker and a smartphone. Five of themwere familiar
with the studyarea,while theother fivewerenot. The
participants’ academic background was restricted to
reducing the possible personal differences in atten-
tion andmap reading by accepting the fact that each
person will still have some differences in terms of at-
tention and perception.
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Equipment
Participantswere asked towalkwith amounted Pupil
Core eye-tracker from Pupil Labs (high-speed 120hz
world camera, 200hz eye camera), which was con-
nected to a MacBook Pro (13-inch, V.10.11.6) carried
in a backpack (figure 1). We recorded and analyzed
the gaze data by using Pupil Lab’s framework (Kass-
ner et al. 2014). The gaze data from the eye-tracker
were recorded to the laptop and analyzed by using
the open-source Pupil Capture and Pupil Player pro-
grams, respectively. An iPhone 7with an installed ap-
plication designed in Fulcrum by the researcher was
provided to the participants to limit the potential un-
controlled effects of using different devices and ap-
plications.

Our recent researchon smartphoneusers in pub-
lic space (Korenmarkt, Ghent) revealed that post-
flâneurs mostly appear among photographers and
navigators (Argin et al. 2019b). Therefore, an appli-
cation interface was designed to enable these activ-
ities in a controlled manner, as an online map that
shows the (1) location of the user, (2) three markers
in three locations that give directions for where and
how to start and end a flânerie andpost- flânerie, and
(3) taken photos by the users. Besides, applications
of CrowdSense and Walkmeter were installed to the
smartphone to collect GPS data of the participants.

Figure 1
Participants with a
mounted eye
tracker and laptop
in the backpack.

Experiment area
In apedestrianizedarea that consists of several public
squares in different scales, and one street was desig-
nated as the experiment area (figure 2). During the
flânerie, participants were asked to walk by observ-
ing and experiencing their environment without us-
ing the smartphone. During the post-flânerie, they
were asked to walk with a smartphone and use the
application for taking pictures and geolocate them.
The application map was embedded with directions
in three different locations to ensure that similar
paths are followed. The experiment area consisted
of two parts. In the areas defined with blue (from
point 1 to 2) and orange dots (from point 2 to 3) vis-
ible in Figure 2, participants were asked to perform
a flânerie and post-flânerie. Two parts of the experi-
ment area are almost equal in meters for direct walk-
ing. However, since they physically and functionally
differentiate from each other, we divided the partic-
ipants into two. The starting order and the exper-
imental condition of the participants was random-
ized.

Procedure
After having a brief discussion on the concept of
flânerie, the eye-tracker was introduced to the par-
ticipants. The participants (1) followed the steps
derived from the application, (2) documented what
takes their attention by taking pictures during the
post-flânerie, and by using their time to observe dur-
ing the flânerie, and lastly (3) asked to focus on the
moment and what they experience. During the ex-
periment, in three locations (points 1, 2, and 3 in fig-
ure 2), they had to check the application to read the
directions that direct them to the next location. Par-
ticipants were asked to follow a route; however, they
were informed that they could stop, wait, and stroll
whenever they want.

Data analysis
To analyze the altering rhythm of walking, we
mapped the walking routes and stationary locations
of each participant in the QGIS (v3.6) by using the lo-
cation data collected with the smartphone and the
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Figure 2
The experiment
area and locations
of three markers
directing the
participants.

world camera of the eye-tracker. To examine the vi-
sual attention, we used the fixation data-driven by
the eye-tracker. A fixation occurs if our gaze remains
almost still for 200 to 300ms (Rayner 1998), and it is
assumed that perception takes place only if there is a
fixation (Kiefer et al. 2014). Fixations that are shorter
than 200ms are generally related to pre-attentive
processing, while longer fixations are related to at-
tentive processes (Velichkovsky et al. 2002 cited in
Stelling-Konczak 2018). In this study, we only exam-
ined the fixations equal to or longer than 200ms. We
did notmake any data optimization and excluded fix-
ation points with a low confidence level (<0.30) since
they were not reliable and formed only a small part
of the total data (4.96%).

We later analyzed fixations based on Areas of In-
terest (AOIs). AOIs are defined as (1) the smartphone
screen and (2) environment (all other places) since
they shouldbedesignated related to the studyobjec-
tives (Bojko 2013). Following this, each video record-
ing was coded according to which fixation located in
which AOIs (figure 3).

This paper presents the summary of results de-
rived from descriptive statistics, spatio-temporal
walking rhythm analysis, and temporal fixation
rhythm analysis. The spatio-temporal fixation
rhythm analysis is inspired by the “Street DNA:
Dynamic Narrative Articulation” study of Simpson
(2018), which follows a visualization approach em-
ployed by Rothkopf and colleagues (2007) and visu-
alize visual engagement with AOIs in a walking ex-
periment. We developed the related data processing
and visualization technique in Python (v3.7).

RESULTS
Themain strength of using eye-tracking in this study
was the fact that it gave us a chance to participate
in a flânerie and post-flâneriewithout accompanying
and interrupting the participants’ experiences. The
fact that they were aware that their gazes had been
recorded during the experiment could have affected
their behavior. However, most of the participants
claimed that they forgot the existence of the eye-
tracker since it is relatively light and did not block

Figure 3
World camera view
and the fixations of
the participant on
different AOIs.
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their head and bodymovements. On the other hand,
one of the limitations of mobile eye-tracking is data
loss causedby sunlight and these free head andbody
movements (Simpsons et al. 2018). These problems
can be solved by increasing optimizing data quality
options since the programs we use are open source.

Rhythm
For making the rhythm analysis, we investigated the
speed, time, location, distance, stops, and photos of
the participants who started to experiment with a
(1) flânerie and (2) post-flânerie (table 1). When we
checked the average distanceswalked in flânerie and
post-flânerie, we see that the distances were almost
even in the first group who started with a flânerie. In
the case of the second group, on the other hand, the
routes of post-flâneries were longer than the routes
of flâneries. This can be explained by the altering ef-
fect of urban space on the participants. The first area
consisted of amuchmore lively public square (Koren-
markt) and a narrow street (Donkersteeg) with many
vitrines, while the other had vacant public spaces.

Table 1
Mean values for
walking routes,
stationaries, and
speed for two
groups: participants
started the
experiment with a
(1) flânerie and (2)
post-flânerie.

Table 2
Mean values for
number and
duration of fixations
for unfamiliar and
familiar participants

Regardless of the urban space, in both cases,
post-flâneries lasted longer. Themain reason behind
this is the fact that post-flâneurs had longer and nu-
merous stationeries, and only unfamiliar participants
stop significantly during the flâneries. Post-flâneurs
stopped more frequently to take photographs of the
things that took their attention. The relation be-
tween photo-taking and stationary activities can also
be observed from the high percentage of photo-
taking in the stationary activities in post-flâneries
(M:%70.5, SD:16.9). This is an obvious result since the
act of photo-taking indicates immobility. However,
results also show that participants mostly continued
to look to the smartphone screenduringwalking. Be-
sides, participants who checked the smartphone less
than the average (n=4) are also the participants who
had longer stationary times than the average both in
their flânerie and post-flânerie.

Visual attention
In the analysis of visual attention through the fixa-
tions, we found that the familiarity of the participants
with the public space played a more significant role
thanwhere theywalk as a flâneur or post-flâneur. For
this reason, wemade the descriptive statistical analy-
sis separately for unfamiliar and familiar participants
(table 2). When we examine all fixations, fixations in
post-flânerie are higher than flânerie both in number
and mean duration. However, 41.9% (SD: 6.7) of the
fixations in a post-flânerie were on screen, and it can
be seen that themean duration of fixations on screen
had the highest value. When we focus on the fixa-
tions on the environment in both cases, durations of
fixations on the environment are higher in flânerie for
unfamiliar participantswhile they are almost even for
familiars.

DISCUSSION AND CONCLUSIONS
In this study, we have investigated and revealed
the differences between post-flânerie with flânerie in
public space focusing on two indicators: the alter-
ation of the visual attention and the walking rhythm.
We did an experimental study with postgraduate Ar-
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Figure 4
The
spatio-temporal
walking rhythm of
two participants
which shows how
long they walk
(light grey) and how
long they stay (dark
grey) throughout
the walking
experiment. Points
demonstrate
photos-taken.

chitecture students in the historical city center of
Ghent with a mounted eye-tracker.

We have observed significant differences be-
tween the walking rhythms in flânerie and post-
flânerie conditions (figure 4). Regardless of the
urban context, post-flâneurs had longer, and nu-
merous stationeries and only unfamiliar participants
stopped significantly during the flâneries. Post-
flâneurs stopped more frequently than the flâneurs
significantly to take photographs of the things that
took their attention. Besides, smartphone usage in
the post-flânerie increased the lingering time in line
with the previous findings on mobile phone usages
in public space (Hampton et al. 2015). The high per-
centage of visual attention on the smartphone dur-
ing the significant part of these stationary activities
point out to an altered state of public space appropri-
ation and brings us to the second research question.

Fixations in post-flânerie were higher than
flânerie both in number and mean duration. 41.9%
(SD: 6.7) of the fixations in post-flânerie were on
screen. Durations of fixations on the environment
were higher in flânerie for unfamiliar participants
while they are almost even for familiars. Temporal
fixation rhythm analysis (figure 5) demonstrated that
the fixations in the post-flânerie were coincided with
stationary activities. To put it another way, a signifi-
cant part of the engagement with the environment
occurredwithin the smartphone screen during these
stationaries.

With these in mind we can confirm that, in a
post-flânerie, not only the encounters and surprises
in the city but also the smartphone itself “interferes,
intervenes and influences the walker” (Laurier et al.
2016). The rhythm of the post-flâneur varies de-
pending on the smartphone (Figure 3). Post-flâneur
not only walks with his/her own “internal bodily
rhythms” (Wunderlich 2008) as flâneur but also the
mobile device -themeans of experience- gives a sep-
arate rhythm. At the same time, smartphones affect
the movement of post-flâneur through urban space.
Smartphones provide a visual perspectivewith a nar-
rower frame than a human view. Henceforth, the
photographer post-flâneur changes his/her location
in the urban space to see from the perspective of the
device and, from time to time, walk briskly to catch
the right frame from the smartphone screen.

Numerous studies on walkers with smartphones
already proved the adverse effects of smartphones
on visual attention (Lin and Huang 2017; Haga et
al. 2015; Plummer et al. 2015; Yoshiki et al. 2017)
and related the usage of mobile devices to lower at-
tention to the surrounding environment (Niederer et
al. 2018). This study also shows that although the
smartphones are used as a means of urban experi-
ence, it can take the attention away from the sur-
rounding environment as in Guntarik and colleagues
(2018) experiment. However, we found that if the
person is familiar with the surrounding environment
or tend to walk faster during their flâneries, taking
photographs can slightly improve their engagement
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Figure 5
The temporal
fixation rhythm of
the participants
shows their
fixations on the
environment (blue),
on the screen (red)
and excluded
fixations (black).
The Grey part
demonstrates
whether fixations
happened in a
walking (light grey)
or a stationary
activity (dark grey).

with the surrounding. This recalls findings of the
study held by Diehl et al. (2016) that reveals that tak-
ing photos heightens attention since people spent
a more substantial proportion of their total fixation
duration looking at artifacts if they took photos com-
pared to the others.

Besides the purpose and expectations, experi-
ences also shape where we look (Bojko 2013). What
we see is something else, as definedby Berger (2008),
our “ways of seeing” is socially constructed. This tells
us that the experience and wandering gaze of each
person should be examined individually. To deepen

Figure 6
Overlapped
walking routes and
stationary locations
of participants who
started with a
flânerie (above) and
post-flânerie
(below). White
points demonstrate
photos-taken.
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this discussion, we also have to focus on the spatial
characteristics of the urban context. In the experi-
ments where the laboratory is the city itself, spatio-
temporal alterations in the surrounding space affect
the walking behavior and the visual attention of the
participants.

Mapping of the experiment results revealed that
the participants were attracted to particular spaces
and objects which created a “honeypot effect” (fig-
ure 6). Shopfronts and passages were the most com-
mon attention points in flânerie and in post-flânerie
but the honeypot effectwasmore significant in a par-
ticular public square in the post-flâneur condition.
These findings raise questions on the effects of the
honeypot locations and how to design and manage
these “honeypots” in public spaces in touristic areas
since the post-flâneurs can intensify this effect on so-
cial media. Potential intervention directions can be
to distract the visitors and attract them to other lo-
cations to avoid the “selfie pilgrims”, develop alterna-
tive spaces as honeypots and encourage new walk-
ing routes. These can be done in physical space, but
also by purposeful alterations of the virtual represen-
tations of the urban context throughdigital interven-
tions and IoTs.

To conclude, both flânerie andpost-flânerie have
their own rhythms, which are influenced by the
rhythm of the walker’s internal rhythm and spatio-
temporal rhythm of surrounding space. Smart-
phone, as a “new” instrument of this walking expe-
rience, also involves the experience and imposes its
rhythm. Although they share the attention and en-
gagement towards the surrounding urban environ-
ment, they can engage the viewer with the environ-
ment as an interface. In this context, the increas-
ing amount of post-flâneurs in public space requires
the (re)conceptualization of the future of the public
space and its design as a hybrid construct through
which the users co-exist in and simultaneously shift
between the interconnected virtual and the physical
spaces.

The findings are significant because they reveal
that the appropriation and experience of the pub-

lic space by the flâneurs and post-flâneurs are differ-
ent in terms of visual attention, walking rhythm, and
stationary activities. These findings evoke questions
on how designers can rethink public space. Post-
flâneurs inhabit the virtual and the physical space at
the same time and socially construct the first based
on the second and vice versa. This requires a novel
understanding of public space as a hybrid construct
integrating the virtual and the physical. An inte-
grated understanding of the emergent (post)public
space should not only focus on smartphones, but
also consider all interconnecteddevices and IoTs, and
question the spatial agency of these. The design of
such a hybrid space would require alteration of the
approaches and skills beyond a traditional architect
or urban designer, a challenge that calls for creativity
and imagination.

REFERENCES
Argin, G, Pak, B and Turkoglu, H 2019a ’Post-flânerie:

How domobile devices shape the experience of the
city?’, SHSWeb of Conferences, p. 01005

Argin, G, Pak, B and Turkoglu, H 2019b, Post-flâneur in
Public Space: Altering walking behaviour in the era of
smartphones, Proceedings of the 37th eCAADe and
23rd SIGraDi Conference. Vol. 1.

Benjamin, W 1999, The Arcades Project, Harvard Univer-
sity Press

Berger, J 2008, Ways of seeing, Penguin uK
Bojko, A 2013, Eye tracking the user experience: A practical

guide to research, Rosenfeld Media
Diehl, K, Zauberman, G and Barasch, A 2016, ’How taking

photos increases enjoyment of experiences.’, Journal
of personality and social psychology, 111(2), p. 119

Duchowski, AT 2007, Eye trackingmethodology, Springer
Frizzera, L 2015, ’Mobile media as new forms of spa-

tialization’, Interdisciplinary science reviews, 40(1), pp.
29-43

Gros, F 2014, A philosophy of walking, Verso Trade
Guntarik, O, Garcia, JE, Howard, SR and Dyer, AG 2018,

’TRACES: Mobile Eye Tracking Captures User Sen-
sory Experience in an Outdoor Walking Tour Envi-
ronment’, Leonardo, 51(2), pp. 163-164

Haga, S, Sano, A, Sekine, Y, Sato, H, Yamaguchi, S and
Masuda, K 2015, ’Effects of using a smart phone on
pedestrians’ attention and walking’, Procedia Manu-
facturing, 3, pp. 2574-2580

D1.T1.S2. DESIGN AND COMPUTATION OF URBAN AND LOCAL SYSTEMS – XS to XL - Volume 1 - eCAADe 38 | 247



Hampton, KN, Goulet, LS and Albanesius, G 2015,
’Change in the social life of urban public spaces: The
rise of mobile phones and women, and the decline
of aloneness over 30 years’, Urban Studies, 52(8), pp.
1489-1504

Jiang, K, Ling, F, Feng, Z, Ma, C, Kumfer, W, Shao, C and
Wang, K 2018, ’Effects of mobile phone distraction
on pedestrians’ crossing behavior and visual atten-
tion allocation at a signalized intersection: An out-
door experimental study’, Accident Analysis \& Pre-
vention, 115, pp. 170-177

Kassner, M, Patera, W and Bulling, A 2014 ’Pupil: an
open source platform for pervasive eye tracking and
mobile gaze-based interaction’, Proceedings of the
2014 ACM international joint conference on pervasive
and ubiquitous computing: Adjunct publication, pp.
1151-1160

Kiefer, P, Giannopoulos, I and Raubal, M 2014, ’Where
am I? Investigating map matching during self-
localizationwithmobile eye tracking in anurban en-
vironment’, Transactions in GIS, 18(5), pp. 660-686

Laurier, E, Brown, B and McGregor, M 2016, ’Mediated
pedestrian mobility: walking and the map app’, Mo-
bilities, 11(1), pp. 117-134

Lin, MIB and Huang, YP 2017, ’The impact of walking
while using a smartphone on pedestrians’ aware-
ness of roadside events’, Accident Analysis \& Preven-
tion, 101, pp. 87-96

Liversedge, SP andFindlay, JM2000, ’Saccadic eyemove-
ments and cognition’, Trends in cognitive sciences,
4(1), pp. 6-14

Niederer, D, Bumann, A, M”uhlhauser, Y, Schmitt, M,
Wess, K, Engeroff, T, Wilke, J, Vogt, L and Banzer,
W 2018, ’Specific smartphone usage and cognitive
performance affect gait characteristics during free-
living and treadmill walking’, Gait \& posture, 62, pp.
415-421

Plummer, P, Apple, S, Dowd, C and Keith, E 2015, ’Tex-
ting and walking: Effect of environmental setting
and task prioritization on dual-task interference in
healthy young adults’, Gait \& posture, 41(1), pp. 46-
51

Rayner, K 1998, ’Eyemovements in reading and informa-
tion processing: 20 years of research.’, Psychological
bulletin, 124(3), p. 372

Rothkopf, CA, Ballard, DH and Hayhoe, MM 2007, ’Task
and context determine where you look’, Journal of
vision, 7(14), pp. 16-16

Simpson, J 2018, ’Street DNA: the who, where and what
of visual engagement with the urban street’, Journal
of Landscape Architecture, 13(1), pp. 50-57

Simpson, J, Freeth, M, Simpson, KJ and Thwaites, K 2019,
’Visual engagement with urban street edges: in-
sights using mobile eye-tracking’, Journal of Urban-
ism: International Research on Placemaking and Ur-
ban Sustainability, 12(3), pp. 259-278

Steil, J, Muller, P, Sugano, Y and Bulling, A 2018 ’Fore-
casting user attentionduring everydaymobile inter-
actions using device-integrated and wearable sen-
sors’, Proceedings of the 20th International Conference
on Human-Computer Interaction with Mobile Devices
and Services, pp. 1-13

Stelling-Konczak, A, Vlakveld, W, Van Gent, P, Comman-
deur, J, Van Wee, B and Hagenzieker, M 2018, ’A
study in real traffic examining glance behaviour of
teenage cyclistswhen listening tomusic: results and
ethical considerations’, Transportation research part
F: traffic psychology and behaviour, 55, pp. 47-57

Uttley, J, Simpson, J and Qasem, H 2018, ’Eye-Tracking
in the Real World: Insights About the Urban Envi-
ronment’, in no editors given 2018, Handbook of Re-
search on Perception-Driven Approaches to Urban As-
sessment and Design, IGI Global, pp. 368-396

Velichkovsky, BM, Rothert, A, Kopf, M, Dornh”ofer, SM
and Joos, M 2002, ’Towards an express-diagnostics
for level of processing and hazard perception’, Trans-
portation Research Part F: Traffic Psychology and Be-
haviour, 5(2), pp. 145-156

Wilmer, HH, Sherman, LE and Chein, JM 2017, ’Smart-
phones and cognition: A review of research explor-
ing the links betweenmobile technology habits and
cognitive functioning’, Frontiers in psychology, 8, p.
605

Matos Wunderlich, F 2008, ’Walking and rhythmicity:
Sensing urban space’, Journal of urban design, 13(1),
pp. 125-139

Yoshiki, S, Tatsumi, H, Tsutsumi, K, Miyazaki, T and Fujiki,
T 2017, ’Effects of smartphoneuseonbehaviorwhile
walking’, Urban and Regional Planning Review, 4, pp.
138-150

Young, S 2005, ’Morphings and ur-forms: from flâneur to
driveur’, Journal of Media Arts Culture, -, p. -

[1] https://interactions.acm.org/archive/view/septemb
er-october-2014/nature-vs.-smartphones

248 | eCAADe 38 - D1.T1.S2. DESIGN AND COMPUTATION OF URBAN AND LOCAL SYSTEMS – XS to XL - Volume 1



Reprogramming Urban Block byMachine Creativity

How to use neural networks as generative tools to design space
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The democratization of design requires balancing all sorts of factors in space
design. However, the traditional way to organize spatial relationships cannot
deal with such complex design objectives. Can one find another form of creativity
rather the human brain to design space? As Margaret Boden mentioned,
"computers and creativity make interesting partners with respect to two different
projects." This paper addresses whether machine creativity in the form of neural
networks could be considered as a powerful generative tool to reprogram urban
block in order to meet multi-users' needs. It tested this theory in a specific block
model called Agri-tecture, a new architectural form combing farming with the
urban built environment. Specifically, the machine empowered by Generative
Adversarial Network designed spatial layouts based on learning the existing
cases. Nevertheless, since the machine can hardly avoid errors, architects need to
intervene and verify the machine's work. Thus, a synergy between human
creativity and machine creativity is called for.

Keywords: machine creativity, Generative Adversarial Network, spatial layout,
creativity combination, Agri-tecture

INTRODUCTION
Spacedesign canbe treated as a process of balancing
various factors. As different biochemical factors (e.g.
humans, plants, sunlight) imply different needs to be
taken into consideration, the traditional way of orga-
nizing spatial relationships no longer works. A more
efficientmethod to design spatial layouts is required,
machine creativity in the formof neural networks can
be one of the possible solutions. However, the argu-
ment about machine creativity perseveres. This pa-
per supports the view that the machine does have
creativity which is different in speed, capacity, and

way of thinking compared to human creativity. With
the current technology, machines are better to be as-
sistances of human beings to produce work rather
than being the chief designers.

The current advancement in convolutional neu-
ral networks allows machines to recognize and pro-
cess images. Subsequently, Generative Adversarial
Network (GAN) has further improved machine’s abil-
ity of image processing: it can simulate and generate
spatial data distribution. To apply GAN in space de-
sign, designers need to set specific database to train
the GAN-based model first. The aim is to empower
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it to design spatial layouts independently. Neverthe-
less, due to a certain amount of inevitable learning
bias in the machines’ training process, the applica-
tion of the GAN-based model cannot be separated
from human evaluation and control. In this context,
architects’ roles have been changed from the plan-
ner to the media designer and controller, which in-
cludes training machines, evaluating the machines’
works and selecting the optimal design solution.

To verify the above point of view, this paper in-
cludes the practice of GAN-basedmodels in the Agri-
tectureblock design project (a final year project of Yu,
DY, Zhao, JYZ, and Sun, ZYS 2019, RC18, Bpro, the
Bartlett, UCL). The Agri-tecture block is a new type
of urban component which pursues agricultural ur-
banism. Designers built a dynamic system that con-
nects all the tangible and intangible data together
to influence the design process, where the trained
GAN-based models provided layout solutions for all
mixed-used units inside. With the machines’ high
calculation speeds, when the environmental condi-
tions or the needs of users change, they can respond
in real-time by outputting new solutions. In this
way, GAN enables the Agri-tecture block to be ’repro-
grammable’, transferring a static physical built envi-
ronment to an adaptive one. As a speculation, it will
increase cities’ potential dynamics if GAN is applied
to design city blocks in urban planning.

It is certain that the cooperation between hu-
man creativity and machine creativity is comple-
mentary. The Agri-tecture project was also used to
demonstrate a method for architects to cooperate
with machines, setting up a vital free communica-
tion platform. There is no risk that one creativity may
threaten the other. On the other hand, creating a
suitable communication environment will promote
both kinds of creativities. Indeed, theproject pointed
out thatmachine creativity aidedbyhumancreativity
is critical and will reshape the architecture discipline.

NEURAL NETWORK’S OPPORTUNITIES IN
SPACE DESIGN
As being mentioned in ‘The Creative Mind - Myths
and Mechanisms’, “creativity is the ability to come up
with ideas or artefacts that are new, surprising and
valuable... It’s not a special ‘faculty’ but an aspect of
human intelligence in general. (Boden 2003)” Every-
one is creative and to a different degree. But is cre-
ativity the exclusive skill of mankind? Can machines
be as creative as human beings? The answer is still
controversial. Some people believe that themachine
cannot have real creativity as it is a logical system that
operates in a rule-constrained manner. To dismiss
this view involves understanding creativity. As de-
scribed above, creativity means new valuable ideas
or processes. When ignoring the idea that machines
are restricted by the step-by-step logical reasoning
systems, creative machines can be treated as a kind
of software that inputs to solve complex problems or
generate newvaluable ideas to original artworks. Be-
ing similar to a human artist or scientist, a creative
machine begins its work by framing a problem. This
paper agrees that machines have creativity but work
in a different way compared to the human beings.

Generative Adversarial Network as a mean
formachine creativity
Practices in recent years have proven that machine
creativity can be used in image processing, such as
‘Neural Style Transfer’ (a class of software algorithms
that manipulate digital images, or videos, to adopt
the appearance or visual style of another image).
This process can convert any picture into a specific
style. For example, converting a common architec-
tural photo into ‘The Starry Night’s’ (Van Gogh 1889)
painting style (e.g. figure 1). In the current tech-
nological development, the development of convo-
lutional neural networks has advanced the image
processing capabilities of machines. Through deep
learning, machines are not just capable to recognize
or repeat patterns but are also capable to create. A
possible scenario would be when architects input a
spatial image into the machine, the machine identi-
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fies and analyses its content, then tries to generate
a similar image. To achieve this, architects need to
train the machine using the Generative Adversarial
Network (GAN) model type.

Figure 1
Case of Neural Style
Transfer based on
Neural Network
(Gatys Leon 2015).

GAN was firstly invented by Ian Goodfellow and oth-
ers in 2014 and became widely popular in the music
and art domains (Mohit, Rezaul and Pradeep 2018). It
is an unsupervised learning based on differentiable
generator networks. There are two neural networks
models, one for generating and the other for discrim-
inating, whichwill contestwith eachother during the
calculation (e.g. figure 2).

Figure 2
Work Principle of
Generative
Adversarial
Network (Blagojevic
Branko 2018).

Stanislas Chaillou and his team demonstrated the
possibility of using GAN to aid architecture design.
Their thesis, AI+Architecture, Towards aNewApproach
could be summarized into three parts: (1) generated
and qualified floor plans through GAN, (2) classified
floor plans into different architectural style and ana-
lyzed its hidden logic, (3) created a platform where
users could ‘browse’ through generated design op-
tions. This series of work did not only further shape
machine creativity’s potential for architecture, but
also provided a well-structured framework for other
scholars to explore and develop GAN’s applications.

Differences between machine creativity
and human creativity
Neither human creativity nor machine creativity is
completely random. It can be understood that ma-

chine creativity is shaped by human creativity. Com-
pared to human creativity, the advantage of the ma-
chine is its high efficiency and strong adaptability to
figure out complex problems. On the other hand,
human creativity has high sensitivity and is better
at dealing with extreme or unpredictable conditions,
which makes it irreplaceable.

Stanislas Chaillou suggested that “there will be
no agnostic-AI for Architecture”. Machines often cre-
ate a variety of “accidents” through a fixed set of
patterns. It is hard to explain what exactly is the
“work pattern” inside the machine, but the machine
contributes to more and more creative work, such
as painting, composition, etc. Nowadays, machines
are better at assisting human beings to produce cre-
ative work rather than working independently. The
machine creativitymentioned above, which converts
any photo into the style of Van Gogh’s ‘The Starry
Night’ is a good example. In this process, the ma-
chine learns to identify a particular artistic style, sep-
arates it from the image content and applies this style
to other images. This conversion example paves the
way for further creative work and artistic style re-
search. Therefore,machine creativity andhumancre-
ativity have their own unique and irreplaceable roles.
Evaluating thedifferencesbetween themcanhelp ar-
chitects to achieve the largest synergic effect.

The articulation of the GAN-based model:
between generation and discrimination
When using the GAN-based model to design spatial
relationships, the spatial layout is treated as a spe-
cific formofdatadistribution. This kindofmodel uses
the feedback loopbetween itsGenerator and theDis-
criminator to improve its ability to generate targeted
images, which also refers to the spatial data distribu-
tions.

The Generator is trained to create images that
are similar to real images from the data set, while
the Discriminator aims to recognize images from
the data set. When the Generator generates an
image, the Discriminator will provide it with feed-
backs on the quality of its output. In response, the
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Generator adapts to produce a more realistic im-
age. Through this feedback loop, the GAN-based
model slowly builds the ability to create similar data
distributions betweengeneration anddiscrimination
(Chaillou, 2019). Eventually, the trained GAN-based
models are capable to generate multiple similar lay-
out schemes (new similar data distributions) quickly
according to the existing spatial layout rules (data
distribution samples).

Anewway toorganizeadynamic spatial re-
lationship: opportunities and challenges
According to the characteristics of GAN, a series of
judgments can be made. For example, the trained
GAN-based models made it easier and faster to test,
expand, and create hundreds of different solutions
as options for a concept. Meanwhile, they can deal
with much more complex design problems if the de-
sign parameters can all be transferred into a readable
data. Their speedy computations enable the design
results to be dynamic and responsive to the users’
needs.

Moreover, the machine can liberate the archi-
tect’s pursuit of creative work. When the common
part of the brain is deactivated, the other part of the
brain responsible for creativity will be activatedmore
effectively. Therefore, when machines are handling
lots of repetitive work, architects can focus on cre-
ative designs and expressions.

Therefore, the challenge architects need to face
here is to find an efficient way to cooperate with ma-
chines, including but not being limited to how to
build a database for machine learning. How can ar-
chitects efficiently train machines and generate 3D
spatial layout solutions? How can architects set the
criteria for reviewing machine learning results, and
howcanarchitects utilize the trainedmachine in their
practices?

TRAINING AND APPLICATION OF GAN IN
AGRI-TECTURE
To verify the above presumptions, GAN-based mod-
els were built and tested in a specific design pro-

totype called Agri-tecture. Agri-tecture was derived
from the terms agriculture and architecture, it is a
new combination of agriculture and the built envi-
ronment. It aims to bring food production into oth-
erwise agriculturally overlooked urban areas. From
one perspective, Agri-tecture can be considered as
a new pattern of interaction between plant space
and human space. When designing this ‘cross space’,
the designers should not simply consider the needs
of the human beings or plants. Instead, design-
ers should place them with all other relevant bio-
chemical intensities (e.g. sunlight, water, soil) on the
same platform, let them interact with each other and
find the balance of their needs. To create a better-
balanced ecosystem for the “users”, the Agri-tecture
block shouldnotbe static. It shouldbeadynamic sys-
tem that can change when plants, human beings, or
the environment changes. Machine learning based
on GAN allows Agri-tecture to be adaptive.

Training Pix2Pix models to design spatial
layouts
There aremany algorithmmodels derived fromGAN.
Pix2Pix, amodel based on GAN, is themost appropri-
ate model for this design thesis. It can transform an
image from type A to type B, i.e. a Google plan map
to an aerial map (e.g. figure 3). From the technical
perspective, Pix2Pix has a similar potential to trans-
form spatial prototype (an initial floor plan) to an or-
ganized plan layout. However, the Pix2Pix can only
process two-dimensional images currently. As space
is a three-dimensional ‘material’, the ultimate goal in
this thesis is to generate three-dimensional spatial
layout solutions by machines. To achieve this goal,
two specific Pix2Pixmodels were trained and applied
sequentially in the following steps.

Figure 3
Previous Work of
Pix2Pix (Isola Phillip,
Zhu Jun-Yan, Zhou
Tinghui, Efros A.
Alexei 2017).
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Figure 4
Examples from the
‘Plan to Pattern’
Training Database
(Agri-tecture Group,
RC18, B-Pro, the
Bartlett, UCL 2019)

Figure 5
Training Process
(Agri-tecture Group,
RC18, B-Pro, the
Bartlett, UCL 2019)

(1) From the prototype to the plan layout: set ‘ Plan
to Pattern’ database to train the first Pix2Pix model.
Machines can obtain a similar design ability based
on learning the existing design cases. So, a large
number of agricultural building cases were collected
as the source of the database, and their floor plans
were processed into a universal spatial ‘language’
that both human beings and machines can under-
stand. After processing, there were two types of the
floorplans in thedatabase: the spatial prototypeplan
i.e. the linear plan, and the plan layout pattern i.e.
the RGB pattern (e.g. figure 4). On the plan layout
pattern, the different color blocks indicate different
functional partitions.

Designers, then, input the processed images into
the first Pix2Pix model. The model, through genera-
tion and discrimination, learned how to transfer the
prototype floor plans to the plan layout patterns (e.g.
figure 5).

(2) Test, evaluate, and select. To test the first
model’s learning status, designers input another new
prototype floor plan. As expected, the model gener-
ated a series of plan layout patterns. At this point, it
is the architects’ job to decidewhether themachine’s
solutions are reasonable and select which solution to
further develop. In this case, a specific evaluation sys-
tem was requested to be built.

In the Agri-tecture project, the criteria of space
should include but not be limited by accessibility,
ecological level, micro-environmental experience,
etc. Based on these standards, designers reviewed
solutions and selected the optimal one accordingly
(e.g. figure 6).

Figure 6
Test of Trained ‘Plan
to Pattern’ Model
(Agri-tecture Group,
RC18, B-Pro, the
Bartlett, UCL 2019)
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Figure 7
Examples from the
‘Plan Pattern to
Section Pattern’
Training Database
(Agri-tecture Group,
RC18, B-Pro, the
Bartlett, UCL 2019)

Figure 8
Test of Trained ‘Plan
Pattern to Section
Pattern’ Model
(Agri-tecture Group,
RC18, B-Pro, the
Bartlett, UCL 2019)

(3) From the plan layout to the section layout: set
‘Plan Pattern to Section Pattern’ database to train the
second Pix2Pix model. The plan layouts combined
with the section layouts could be the reference to de-
pict three-dimensional space layouts. Therefore, fol-
lowing the same training logic, the second Pix2Pix
model was trained with the transformation target
from the segment of “plan pattern” to its correspond-
ing “section pattern”. Its training database was set on
the basis of the first database. Specifically, designers
extracted the segments of the plan layout pattern as
inputs and drew their corresponding section layout
patterns as targets (e.g. figure 7).

After training, the selected floor plan layout pat-
tern from the last step was used to test the second
Pix2Pixmodel. Themachine’s outputswere also eval-
uated by designers to ensure the rationality of design
(e.g. figure 8).

(4) From the 2D layout to the 3D layout: integrate
the plan pattern with section patterns to achieve the
corresponding three-dimensional space model (e.g.

figure 9). Moreover, this conversion process is con-
trollable. In other words, the detail level of the fi-
nal three-dimensional layout can be increased or re-
duced by the amount of the machines’ processed
two-dimensional layouts. By selectingmore plan lay-
outs, more section layouts would be transformed,
hence resulting a more detailed three-dimensional
space layout.

Figure 9
From Floor Plan to
3D Spatial Layout
(Agri-tecture Group,
RC18, B-Pro, the
Bartlett, UCL 2019)
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Figure 10
Application of the
Trained Pix2Pix
Models: Reprogram
Inner Space of
Agri-tecture Block
(Agri-tecture Group,
RC18, B-Pro, the
Bartlett, UCL 2019)

The trainedmodels’ responses to the adap-
tive system of humans and plants
For general application, the trained models will be
used to organize the internal spatial relationship of
the Agri-tecture block (e.g. figure 10). However, when
designing spaces with machines, the evaluation sys-
tem is not always the same.

Firstly, the spatial criteria are different for differ-
ent functional spaces. The Agri-tecture block’s inter-
nal spaces are extracted and divided into various cat-
egories, such as ‘plant-dominated space’ and ‘public-
activity-oriented space’, etc. Referring to the crite-
ria of a good environment, designers set different
design objectives and standards for each category.
They then input the space prototype plans into the
trainedmodels and select the correspondingoptimal
layout schemes according to their objectives.

Secondly, the spatial criteria will change in
changing circumstances. For example, during peo-
ple’s spare time, the number of people being active in
Agri-tecture will increase, and more space should be
used for public activities. In this scenario, the design
objectives of particular spaces need to be changed,
the proportion of public activity spaces will increase,
and themachine-generated layout schemewill be re-
selected according to this change.

Through evaluation, multi-users, the environ-
ment, various spaces, architects, and machines were
connected in a dynamic system. Architects and ma-
chines could read and share real-time information. In
otherwords, the parametric in the block, whether it is
tangible or not, was transferred into the unified lan-
guage affecting thedesign results. The obtained spa-
tial layout was a response to the pursuit of a better-
balanced environment.
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Spatial qualities derived from GAN-based
model
However, there’s one question remaining: can archi-
tects acquire the best layout solution from the ma-
chine? With the current status of technology, the an-
swer is no and here are the reasons. Firstly, a GAN-
based algorithm model can only generate data dis-
tribution close to its learning target. To improve the
accuracy of training, it is necessary to precisely con-
trol theparameterswithin the algorithmduring train-
ing. Secondly, the “design capability” of the model is
limited by the training database. Even if the learn-
ing bias generated during training could be ignored,
the design capabilities acquired by the machine are
still limited by the content of the training database. If
more caseswere used for training and themoreplans
were accurately drawn, the machines become more
reliable.

Therefore, the level of machine creativity is as
limited as that of human creativity, this depends on
their learning conditions. The final solution selected
through evaluation is relatively optimal under exist-
ing capabilities. If the architects blindly rely on the re-
sults given by the machines to design, he or she may
fall into a utopian dilemma: on the surface, the pur-
suit of the democratic and objective design process
is realized, while actually, the design is manipulated
entirely by machines.

A CRITICAL ANALYSIS OF THE SYNERGY
BETWEEN CREATIVITIES
A framework was built using the GAN-based model
where human beings and machines contributed to-
gether. Human beings set up a specific machine
learning database to train the model. The trained
machine was responsible for analyzing and provid-
ing layout solutions for a new space. Meanwhile, hu-
man beings developed evaluation criteria to identify
and select solutions, and integrated the optimal re-
sults obtained by the machine. In this process, ma-
chine creativity, being complemented by human cre-
ativity, drove the design relationships to generate a

more positive outcome. The architecture discipline
is going to be reshaped through this development.

Setting communications: complementary
creativities
The application of GAN-based models in the Agri-
tecture provides a platform for discussion, inviting ar-
chitects to work with machines. It pointed out that
in order to maintain this new partnership of creativ-
ities, a free and unobstructed communication plat-
formbetweenhuman creativity andmachine creativ-
ity is critical. This free communication canbe summa-
rized into three main points. Firstly, the communica-
tion should be built on a common language, which
means that architects and machines can read each
other’s work. For example, in the previous layout de-
sign process, patterns of different stages were drawn
in a corresponded and unified way. Therefore, the
abstract three-dimensional spacewas converted into
a readable data distribution. This process sets the
language mode of communication to lay out a solid
foundation for free communication.

Secondly, the outputs of the creative combi-
natory process are not single-threaded, but cyclic.
The outputs of machine creativity and the results of
human creativity will be treated separately as each
other’s inputs, which accepts detecting and revising,
then finally being output in a dynamic mode. This
“re-input” behavior is a work mode of communica-
tion that increases the constraints of the two creativi-
ties. Instead of limiting creativities, these constraints
will improve their accuracy degrees. In the design
practices, the results of the machine creativity were
input into the review mechanism set by the archi-
tects, the data was evaluated, and the final selected
results were input into the machine again after oper-
ating to ensure they are valid in real-time. By detect-
ing each other, human beings and machines elimi-
nated extreme or obviously erroneous calculations.

Thirdly, effective communication between hu-
man beings and machines helped to deal with the
basic risks that the machine induced. Still, there is a
fear that “artificial intelligence is a fundamental risk
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to the existence of human civilization” (Elon Musk
2017). While in fact, through communication, the
machine’s power is supervised and it is the architect
who controls the overall development of the design.

Opportunities and limitations in the use of
GAN-basedmodel and its combinatory out-
puts
It is also worth noting that the GAN model carried its
specific style, which can be treated as its own per-
sonality. For example, when training the GAN-based
model for the Agri-tecture block, the selected teach-
ing database consisted of architectural cases related
to Agri-tecture. This process can be treated as en-
capsulating the existing Agri-tecture style in the well-
trained GAN-based model. This style will shape the
personality of thismachine and contribute to the fur-
ther design processes.

As the GAN-based model targeting Agri-tecture
can be trained, similarly, one can train other tar-
getedGAN-basedmodelswith different architectural
styles. In the AI+Architecture, Towards a New Ap-
proach thesis (Stanislas Chaillou, 2019), the design
team trained and tuned an array of models on spe-
cific styles: Baroque, Row House, Victorian Subur-
ban House, & Manhattan Unit (e.g. figure 11). The
team then used the styles to build apartment units.
Each style processed space in a different way, which
is both a process of design generation and architec-
tural translation. It can also help architects to identify
the spatial patterns of each style and evaluate their
capabilities and shortcomings. As Stanislas Chaillou
said, “style is not an ancillary, superficial or decorative
addendum. Style is at the core of the composition.”
This GAN-basedmodel can be treated as a design as-
sistant with a unique personality and targeted tech-
nology. It can also be used to imitate some underly-
ing building rules as a newway to study architectural
forms.

Figure 11
Floor Plans with
Different
Architectural Styles
(Chaillou Stanislas
2019).

However, it is inevitable that this inherited style also
limits the effect of the GAN-based model. One GAN-
basedmodel is not omnipotent, as its design ability is
limited by its training conditions. In other words, dif-
ferent GAN-based models are better at dealing with
different design problems. If an Agri-tecture style
GAN-based model is used for residential unit design,
the validity of its outputwouldbe compromised. This
constraint further supports the necessity to combine
efforts of different creativities. Architects should be
able to understand the advantages and disadvan-
tages of each GAN-based model, the potential and
shortcomings of its storage style, and select themost
suitable GAN-based model to solve specific design
problems.

The ultimate meaning of the creativities’
synergy in the urban realm
Cities can be considered as a collection of construc-
tion environments. Nowadays, rapidly growing pop-
ulations and needs, together with limited resources
require cities to become more flexible. Since GAN-
based models can help the Agri-tecture block orga-
nize spatial relationships, can it also have similar ef-
fects for other urban components? Assuming the
same for officeblocks in the city, one adopts the same
method to establish an office space-related database
formodel training, can it produce a new typeof office
space organization? These are important questions
for urbanplanninganddevelopment. This could lead
to a new way to reshape the city, which changes the
city from a fixed physical environment to an adaptive
environment.

CONCLUSION
An era of computing is coming, when computational
technologies empower one’s understanding of vari-
ous intelligence. By studying the definitions, charac-
teristics, and capabilities of human creativity andma-
chine creativity, hence combining them into the de-
sign project, this paper demonstrated that machine
creativity aided by human creativity is full of poten-
tials and promises.
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The above design thesis suggested conceptu-
ally that the synergy betweenmachine creativity and
human creativity would work better than solely in-
dividual creativity. This kind of synergy is capable
to handle more complex design tasks, incorporat-
ing more variables into design considerations, and
promoting design relationships to be more demo-
cratic. To support this synergy, the paper suggested
to create a better communication platform for cre-
ativities, where they can communicate in a unified
language, while being able to review and set limits
for each other. This type of review and limitation is
not intended to constrain the development of cre-
ativities, but to regulate their work more accurately.
It strengthens the ‘humanization’ ofmachine creativ-
ity andhelps architects tobetter express their creativ-
ity.

In addition, the GAN-based model suggested
that machines are not unconscious and totally ran-
dom. Each computing machine internally stores a
set of rules during its training, which can be un-
derstood as the style of a GAN-based model. This
style will affect the results of machine creativity and
bring personality to it. Therefore, architects can train
targeted machines for specific architectural style re-
quirements. Furthermore, architects can study archi-
tectural styles through the results generated fromthe
machine. Through synergy, machines are now teach-
ing human beings in a different way.

Similarly,machine creativity aidedbyhumancre-
ativity can be applied to the urban context in ad-
dressing different wider architectural needs. This
could be achieved by improving the programmabil-
ity of a singleurbanblock toenhance the city’s overall
ability in tackling complex ecological relationships.
This does not mean that it will become a new abso-
lutedogma in thefieldof architecturebut insteadwill
bring possibilities to urban planning.
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Many optimization tools are developed in line with the form-energy relationship
to ensure energy efficiency in buildings. However, such studies with complex
forms are very limited. Therefore, the MSO-2 model was developed. In this
model, on the roof of the conceptual form, minimal surface is used, thus complex
forms can be created. In this model, the conceptual form can be optimized (for
one day) according to these objectives: increasing daylight in the space with
maximum value limitation, reducing radiation on the roof, and enlarging floor
surface area of the conceptual form with minimum value limitation. A test
simulation was performed with this model. Thus, in order to find the most
optimized form in multi-objective optimization, more generations could be
produced in a short time and optimized conceptual forms, which were produced,
could be tested for energy efficiency.

Keywords: Multi-Objective Optimization, Radiation Analysis, Building energy
performance, Daylighting Analysis

INTRODUCTION
The vast majority of the related studies on the rela-
tionship between building energy performance and
form are made using forms in Euclidean geometry.
The studies of Caldas (2008), Flager et. al. (2009) and
Jalali et al. (2020) can be given as examples of this.
This type of study, which has been done with com-
plex form is very rare (Yi and Malkawi, 2009; Lin and
Gerber, 2014). The forms in these optimization stud-
iesmay be complex to a certain extent during the op-
timization process. So, in other words, in these cases,
forms can move as limited by the optimization pro-
cess. On the other hand, when we look at designs in
the world of contemporary architecture, we see that
the use of forms in Euclidean geometry is diminish-

ing, and complex forms are beginning to be used in-
stead (Burry and Burry, 2012; Helenowska-Peschke,
2012; Bellone et. al., 2017).

In our previous study, we developed Minimal
Surface based FormOptimizationModel (MSO) (Agir-
bas, 2018). This model leads the conceptual form
to behave freely during the optimization. It was
aimed to test optimization of the complex building
form, according to determined criteria, in order to
achieve an optimum energy performance. During
the study minimal surface geometry was used. Op-
timization objectives for the minimal surface based
form were defined as: increase daylighting, enlarg-
ing the ground floor surface area of the conceptual
form and reducing radiation. However, in our previ-
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ous study (creation of MSO model), simulation took
too long, because of the use of annual daylight and
radiation in the optimization. Therefore, few genera-
tions were created, and the conceptual form options
produced were also limited.

In this study, it was aimed to reduce the limita-
tion of the previous study (Agirbas, 2018) (creation of
few generations) and to test the production of forms.
For this, theMSOmodelwasmodified to run for aday.
Also,min andmax value limitations (min value limita-
tion to floor area,max value limitation to daylighting)
were brought to the objectives.

BACKGROUND
Multi-objective optimization in the field of
architecture
There are many parameters that affect the perfor-
mance of the building. For example, the designer
can make the windows wider to get more daylight
into the room and to reduce the use of artificial light,
but broad windows increase heat transfer and can
cause the increase of energy used for heating. There-
fore, because of this conflict, to produce alternatives
in the direction of parameters, the use of multi ob-
jective optimization algorithms was started. Multi-
optimization studies have been mostly conducted
with Euclidean form. Evins (2013), Attia et al. (2013),
Nguyen et al. (2014), Machairas et al. (2014), and Shi
et al. (2016) made extensive reviews about optimiza-
tion studies.

Someof thesemulti-objectiveoptimization tools
aredonewithGAs (Goldberg andHolland1988; Bent-
ley and Wakefield 1997; DeLanda 2002). Octopus
(Vierlinger, 2013) used in this study is an add-on
to Grasshopper is based on the SPEA-2 algorithm
(based on GA algoritm) (Zitzler, 2001).

Minimal Surface as a complex form
In theoptimizationprocess, theminimal surface form
was chosen to be used to make the conceptual form
behave more freely. Minimal surface geometries are
the surfaces formed by covering least area within the

given boundaries in 3D space (Velimirovic et al. 2008;
Emmer 2013).

In his “Contemporary Geometry for the Built De-
sign” article, Hyde (2010) associates non-Euclidean
forms with “curvature” and in this sense focuses on
minimal surfaces. Furthermore, Gawell (2013) cate-
gorizes non-Euclidean geometries (used inmodeling
contemporary architectural forms) as elliptic geom-
etry, hyperbolic geometry and fractal geometry, and
he includes theHyperbolic paraboloid [which is actu-
ally a kind of ruledminimal surface (Shin et al., 2013)]
under the heading of Hyperbolic geometry. Themin-
imal surface, which was first mentioned in the con-
text of Frei Otto’s buildings, is now widely used in
contemporary architecture (Keller, 2017).

RESEARCHMETHOD
Computer Software
In this study, Rhino (3D modeling environment) and
Grasshopper (visual programming language) were
used. In addition, various add-ons to Grasshopper,
were used. These include: Ladybug for radiance sim-
ulation, Honeybee for daylighting simulation, and
Octopus as a GA based multi-objective optimization
simulation tool.

Objectives, Variables and Constraints
The objectives of the model are increasing daylight-
ing (max 300 lux), decreasing radiation on the roof
surface and enlarging ground surface area (min 500
m2) of the form. The variables are the values of
the parametric geometry with minimal surface. The
constraints are the parcel dimensions, height of the
building form and program of the building (Table 1).

Model Set-up (MSO-2)
It is possible to examine this created script in 5 pieces
as the set up of the creation of general geometry, the
set up of leaving the gap in geometry, daylighting set
up, radiation set up and optimization set up.

Set up of the Creation ofMain Geometry. This sec-
tion describes how parametric geometry is modeled
with visual programming language.
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Table 1
Objectives and
constraints in the
MSO-2 model

• The points were created using the “Construct
point” component. The “series” component was
connected to each of the x, y, z inputs of this
component. The amount of points, the spacing
between the points and the first point’s position
were defined. This process was done twice.

• From 2 sets of points (created by using “Con-
struct point” component), 2 curveswere created
by using “Nurbs Curve” component.

• These curves were used to create Minimal sur-
face form.

• These curves were also projected to the ground
floor level (z axis:0) by using the “project” com-
ponent. The curves used to produce minimal
surfacegeometrywere loftedwith theprojected
curves. The projected curves were made a
ground level surface with “edge surface” com-
ponent. So, a volume was created.

• The created surfaces were turned into a whole
with the help of “Brep join” component (Figure
1).

The set up of leaving the gap in geometry. This
section describes how parametric gaps in paramet-
ric geometry are modeled with visual programming
language.

• The last created 2 curves and 2 curves projected
onto the floor were offset. Offset new curves
were lofted between them (ie, the loft process
was performed between the offset curve and
the projected curve on the offset floor). Thus, a
surface was created in a surface previously cre-

ated by the loft. The offset distance was deter-
mined with number sliders.

• Using the “surface split” component, these two
lofted surfaces on top of each other were sepa-
rated.

• Using the “List item” component, the parts,
which were separated from each other, were
provided being selected. Thus, the areas, which
were determined aswindowopenings, could be
selected (the opennesswas left at the 2 edges of
the whole form) (Figure 1).

Daylighting set up. At this stage, the Honeybee,
which is a Grasshopper add-on, was used. Themodel
produced through the script was improved by Roud-
sari and Pak (2013).

• First, for determining the zone, the cre-
ated geometry was defined to “Honeybee_-
Masses2Zones” component. The other inputs in
this component were left as default set. “Zone
programs” were left as Open Office. “IsCon-
ditioned” was left as True (conditional out-
put zones with an Ideal Air Loads System).
“MaxRoofAngle”was left at 30degrees (themax-
imumangle fromz vector that the surfacewould
be assumed as a roof).

• The “Honeybee_addHBGlz” component was
used to add a custom glazing surface to the
specified zone (to define the window opening).
The specified zone was connected to the input
“HBObj” of this component. And the surfaces
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Figure 1
Script prepared by
the author for
multi-objective
optimization
simulation

specified as windows were connected to “child-
Surfaces” input. TheOptional “EPConstructions”
and “RADMaterials” inputs were left to default
settings.

• The “Honeybee_Generate Zone Test Points”
componentwasused to create test points on the
floor surface in the space, which is necessary for
grid based daylighting simulation. To this com-
ponent as an input, a zone with windows de-
fined was assigned, and the size of the test grid

and distance from the base surface values were
also assigned.

• “TestPoints” and “ptsVectors”, which were the
outputs of the “Honeybee_Generate Zone Test
Points” component, were connected to the in-
puts of corresponding “Honeybee_Grid Based
Simulation” component. “SimulationType”,
whichwas another input of the “Honeybee_Grid
Based Simulation” component, was defined as
illuminance (lux).
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• Another required input for the “Honeybee_Grid
Based Simulation” component is the radiance
sky file. For this, the “Honeybee_Generate Cli-
mate Based Sky” component was used. This
component generates a ‘climate based sky’ at
any time of the year. The related values were
given to the inputs of this component (for this
study, the timewas set as 9 o‘clock of 21st day of
6th month). Via the “open weather file” compo-
nent, the weather file of a determined city (New
York City in this study) in epw format (New York
City, 94728) was defined to “weatherFile”, which
is another input of this component. The “north”,
the other input of the “Honeybee_Generate Cli-
mate Based Sky” component, was left at default
sets (Y axis shows north).

• “AnalysesRecipe” (the input of the “Honeybee_-
Run Daylight Simulation” component, which is
used to perform daylight simulation), was con-
nected to the output of the “Honeybee_Grid
Based Simulation” component. “HBObjects”,
which is the other input of the “Honeybee_-
Run Daylight Simulation” component, was con-
nected to the zone with defined windows.

• With the output of the “Honeybee_RunDaylight
Simulation” component, the legend was cre-
ated using the components “Ladybug_Recolor
Mesh”, “Ladybug_Legend Parameters” and “La-
dybug_Gradient Library”.

Radiation set up. At this stage, the Ladybug, which
is a Grasshopper add-on, was used. The model pro-
duced through the script was improved by Roudsari
and Pak (2013).

• The “Ladybug_Radiation Anaysis” component is
themain component used for radiation analysis.
“GridSize” input of this component was defined
as 1 unit and “disFromBase” input of this com-
ponent was defined as 0.1 unit. The zone with
defined windows was assigned to the “geome-
try” input. The buildings that can block sunlight
in the environment of the selected areawere de-
fined to the “Context” input.

• An important input of the “Ladybug_Radiation
Anaysis” component is “selectedSkyMtx”. “La-
dybug_selectSkyMtx” component, which deter-
mines the specific skymatrix and theanalysis pe-
riod, was connected to this input.

• The “Ladybug_GenCumulativeSkyMtx” compo-
nent, which calculates the sky’s radiation for
each hour of the year, was connected to the “cu-
mulativeSkyMtx” input of the “Ladybug_select-
SkyMtx” component. Via the “openweather file”
component, weather file in the epw format (New
York City, 94728) of the designated city (New
York City in this study) was defined to this com-
ponent.

• The “Ladybug_Analysis Period” component was
connected to the “analysisPeriod” input of the
“Ladybug_selectSkyMtx” component and the
analysis period (month: from 5 to 6, day: from
20 to 21, hour: from 8 to 9) was determined.

Optimization set up. This section describes how the
set up of optimization is done.

• The number sliders (16 pieces), which are used
when creating the ”Construct point” compo-
nent, were connected to Octopus’ input for use
in the optimization process. These (16 number
slider) affect the size of the volume of the geom-
etry (Figure 1).

• The site’s parcel border was accepted as 65 me-
ters by 90 meters. Since 12 of 16 number slid-
ers are related to the area of the conceptual
form, the value ranges of these sliders were lim-
ited with the direction of the parcel boundaries.
The max values of ‘number of points’, ‘starting
point’ and ‘distance between the points’, which
are the variables in the X and Y inputs of the
point components that make up the curves in
the form, were determined according to the size
of the parcel. Accordingly, the starting point in
the X coordinate of the first point component
as min value 0, max value 20 (as only integer
value); number of points, min value 1, max value
9 (as only integer value); the distance between
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points,min value 1,max value 10 (includingdec-
imal values), the starting point in Y coordinate
of the first point component asmin value 0, max
20 (as only integer value); number of points, min
value 1, max value 13 (as only integer value);
the distance between points, min value 1, max
value 5 (including decimal values), the starting
point in the X coordinate of the second point
component as min value 0, max value 20 (as
only integer value); number of points, min value
1, max value 9 (as only integer value); the dis-
tance between points, min value 1, max value
10 (including decimal values), the starting point
in the Y coordinate of the second point compo-
nent as min value 0, max value 20 (as only inte-
ger value); number of points, min value 1, max
value 13 (as only integer value); the distance be-
tween points, min value 1, max value 5 (includ-
ing decimal values) were determined.

• The 4 number sliders of “Construct point” com-
ponents connected to Z inputs affect the height
of the form. For this study, the maximum build-
ing height was assumed to be 20meters. There-

fore, the maximum values of the distance be-
tween the points and the number of points and
were set according to this. In Z coordinates of
first and secondpoint components, ‘the number
points’ asmin value 1,max value 10 (only integer
values); the distances between the points asmin
value 1, max value 2 (including decimal values)
were set.

• The number sliders in the distance parameters
(determined when the curves are offset) were
connected to Octopus’ input. These 4 number
sliders affect the dimensions of window open-
ings. The value of range of these offset values
is 10 units.

• For the purpose of increasing daylighting (since
Octopus focuses on minimizing the values, this
value of the number was multiplied by -1 and
connected to Octopus), the result values ob-
tained from thedaylight analysis simulation (“re-
sults” output of “Honeybee_Run Daylight Simu-
lation” component) was connected to themulti-
objective search input of Octopus. At this stage,
with the help of the “dispatch” component, the

Figure 2
The optimization
results in the
Octopus
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max lux value was set to 300 lux. The daylight-
ing values above 300 lux were left out of the op-
timization simulation.

Figure 3
Max and min values
of the objectives
obtained as a result
of optimization

• For the purpose of reducing the radiation, the
total radiance value foundwas connected to the
Octopus’s multi-objective search input.

• In order to enlarging the floor surface area of
the conceptual form, the value of the ground
floor surface area of the form was connected to
theOctopus’smulti objective search input (since
Octopus focuses on minimizing the values, this
value of the number was multiplied by -1 and
connected to Octopus). Based on the data of
the geometry creation part, the value of ground
floor surface area of the conceptual form was
calculated with the help of the “area” compo-
nent. For optimization simulation, the floor sur-
face area value of the conceptual form was con-

strained to minimum 500 m2. During perform-
ing this limitation, the “dispatch” component
was used, and the lower values were left out of
the optimization simulation (Table 1).

RESULTS
Presets were determined as Elitism: 0.5,
Mut.Probability: 0.1, Mutation Rate: 0.5, Crossover
Rate: 0.7, Population Size: 50 for the optimization
simulation. As a result of the optimization with 3 ob-
jectives, 7 generations were produced and several
values were obtained (Figure 2). As understood from
the obtained values of Pareto Front (optimized solu-
tions) results of each generation, the simulation was
attempting to increase daylight values and the floor
surface area, while it was attempting to reduce the
radiance value. Dark lines in graphic (Figure 3) show
the closest value options to the desired values, ob-
tained from the combinations of daylight, radiance
and area values of the optimization result.

From the optimization results obtained, some
combinations of values, which are seen to be closely
related to the target by the author, were reconsid-
ered to see the form that they created. In doing so,
first a combination was determined (a combination
of area, daylight and radiance values obtained as a
result of optimization). Simulation, which can create
this combination of values, was createdwith the help
of the “reinstate solution” option in Octopus. When
we create this simulation, the form, which was cre-
ated by the combination of these values, can be seen
on theRhino screen. Also, the values in theGrasshop-
per script change accordingly. So, in other words,
when we look back at the Grasshopper script, we see
that the number slider parameters (value range of 20
variables connected to the Octopus Genome) came
up to the values that can form the combination of
them (daylight, area and radiance values).

The first combination (the combination of aver-
age daylight value: 257.754 lux, average radiance
value: 27503.110 kWh/m2, and the floor surface
area of the form: 974.202 m2) (Table 3), the sec-
ond combination (the combination of average day-
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Table 2
The first, second
and third optimized
forms

light value: 290.704 lux, average radiance value:
35209.431 kWh/m2, and the floor surface area of the
form: 1200.970 m2) (Table 4), third combination (the
combination of average daylight value: 177.806 lux,
average radiance value: 58023.222 kWh/m2, and the
floor surface area of the form: 2289.674m2) (Table 5)
and the forms obtained from these combinations can
be seen in Table 2. It can be observed that, the first
form was positioned in the south, the second form
was positioned in the west and the third form spread
widely within the parcel area.

LIMITATIONS AND FUTUREWORK
During the optimization process in this study, the an-
nual daylighting analysis was not performed since
the simulation takes too long time. However, to per-
form such a study will be efficient in terms of mak-
ing the conceptual level optimization of the building
form according to the data obtained throughout the
year.

This model can be used by designers. Since
the visual programming language is used while this
model is being developed, it will be easier for other
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designers to modify the script according to other pa-
rameters. It is important to integrate various parame-
ters into the script tomake case studies and evaluate
the results.

In this study, floor slabs were not considered and
only conceptual mass was emphasized. In addition,
the minimal surface geometry, which provides com-
plex conceptual form formation, was used only on
the roof. Minimal surfaces can also be used in lat-
eral surfaces and the forms, whichwere formedat the
end of optimization, can be examined. Optimization
studies can be done via using other complex geome-
tries.

Since the objectives of this optimization are re-
lated to daylighting and radiation, the materiality is
excluded. But, in an optimization model including
energy efficiency parameters such as acoustics and
heat, the materiality should also be included in the
process.

CONCLUSION
In our MSO study (Agirbas, 2018), fewer generations
could be produced due to annual analysis. MSO
model was developed for conceptual form creation
from complex forms in the direction of the relation-
ship between the energy performance of the build-
ing and the building form. In this study, the codewas
modified (MSO-2) and a case study was performed
with analyzing on a daily basis. With this modifi-
cation, more generations could be produced in the
multi-objective optimization process and the more
optimized conceptual formpossibilities could be cre-
ated. As a result, it was observed that the script also
works effectively in this way.

At the end of the case study carried out, it has
been seen that this model is capable of optimizing
the complex form in the direction of the determined
objectives, constraints and variables. Thus, by using
thismodel, steps can be taken to designmore energy
efficient buildings in complex forms.

Although there are many optimization studies
done in this respect in Euclidean geometry, very few
studies are done in complex form. Research on com-

plex forms, which have a great potential for energy
efficiency, should also be carried out.

Table 3
The analysis of the
form in specific that
was obtained in the
end of the
simulation which
was done with the
first combination of
values (the places
shown in purple
colour are window
openings)

Table 4
The analysis of the
form in specific that
was obtained in the
end of the
simulation which
was done with the
second
combination of
values (the places
shown in purple
colour are window
openings)

Table 5
The analysis of the
form in specific that
was obtained in the
end of the
simulation which
was done with the
third combination
of values (the
places shown in
purple colour are
window openings)
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Every new idea has some sort of precedent or echoes from the past. It is the same
for the new residential buildings in Lingnan, China. In Lingnan, the vernacular
knowledge of building design has been established over thousands of years.
Whether it is suitable for use today should be verified. In this research, virtual
simulations are employed to arrive at an overall conclusion. Virtual simulations
based on PHOENICS, ENVI_MET, CadnaA, and Ecotect software were
separately used for analysing the case of new residential buildings located in
Lingnan. The study analysed the wind, thermal, acoustic, and light environments,
which are four aspects of these new residential buildings. According to the results
of our research, the paper discussed ways to amend and improve the new
residential buildings that sit within the overall spirit of the vernacular knowledge
of Lingnan; thus, it helps to put the traditional knowledge into the current
context. The vernacular knowledge from XS to XL scale contexts, such as
Feng-shui, was verified as being suitable for use in Lingnan today.

Keywords: Virtual simulation, Vernacular wisdom, Residential building,
Lingnan, Feng-shui

INTRODUCTION
PROBLEMS
China is undergoing rapid urbanisation (Liu et al.,
2018). In Lingnan, a part of the south region of China,
countless new residential buildings have emerged
through fast development in recent years. However,
whether the local vernacular knowledge for architec-
tural design is still suitable for new residential build-
ings has not been explored. The paper analyses its
validity.

BACKGROUND
Vernacular knowledge for architectural design ex-
isted in China for thousands of years (Li et al., 2020).
The considerations for forming the best-integrated
effect include wind, thermal, acoustic, light environ-
ment andotherparameters. In Lingnan, auniquever-
nacular knowledge exists that is based on different
environmental conditions (Ji et al., 2018).
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Table 1
Vernacular wisdom
in Lingnan.
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VERNACULARWISDOM IN LINGNAN
Regarding the wind environment, most of the area
in Lingnan has prevailing northeast and east winds
fromOctober toMarch and southeast and southwest
winds from April to September. The annual aver-
age wind speed is 1-4m/s (MOHURD, 1993). Because
the poor ventilation will cause sultry indoor air and
humidity problems, the layout of buildings gener-
ally considers the wind direction. Block layout is bet-
ter to detach them from each other, which is called
‘comb layout’ by locals (Table 1-A). Ventilation alleys
are formed between the single buildings, which are
called ‘cold lanes’ in Lingnan (Table 1-B). The court-
yard is also necessary for local residential buildings to
achieve a better wind environment (Table 1-C) (Zeng
et al., 2017).

As for the thermal environment, it is hot in Ling-
nan. The average temperature in January is higher
than 10°C; the average temperature in July is 25-29°C.
Furthermore, the number of days with an average
daily temperature higher than or equal to 25°C is be-
tween 100 and 200 days (MOHURD, 1993). Consider-
ing the problems of high indoor temperatures, mea-
sures to increase greenery (Table 1-D), water areas
(Table 1-E), and hollow fences (Table 1-F) were typ-
ically adopted to ensure comfort in Lingnan (Gao &
Cheng, 2011).

The acoustic environment is mainly related to
the space-time state of the sound source and the
soundproofing performance of building materials.
Vernacular knowledge suggests the adoption of
high-rise plants (Table 1-G), soundproof walls (Table
1-H), and measures to enhance the tightness of the
building envelope (Table 1-I) (Yang & Zhou, 2015).

Regarding the light environment, Lingnan has
a high solar elevation angle and intense solar radi-
ation. For this reason, Western-facing exposure of
façades or windows should be avoided. Additionally,
vernacular knowledge proposes incorporating mea-
sures such as the inclusion of a sunshade roof (Table
1-J) and sun-proof layout (Table 1-K), as well as re-
duced use of reduced ground reflectionmaterial (Ta-
ble 1-L) (Lin et al., 2019).

MOTIVATION
The vernacular architectural andbuilding knowledge
in Lingnan considers building-scales from XS (room)
to XL (neighbourhood). To some extent, Feng-shui
intersects with this knowledge and tradition (Mak
& Thomas, 2005). However, whether it is suitable
for modern residential building design has not been
verified. This paper employs virtual simulations for
analysing new residential buildings in Lingnan (Tian,
2019).

METHODS
SOFTWARE
Virtual simulation is to use relative software to anal-
yse the real environment in the computer. For
wind, thermal, acoustic, and light environments, var-
ious software programs can be used. In this paper,
PHOENICS, ENVI_MET, CadnaA, and Ecotect software
were separately used, as Table 2 shows (Wang et al.,
2016).

Table 2
Virtual simulation
software.

SETTINGS
PHOENICS is the first, and themost established, com-
mercial Computational Fluid Dynamics (CFD) soft-
ware available. It can simulate scenarios involving
fluid flow, heat and mass transfer, chemical reaction,
and combustion (Guo et al., 2015a). The method
used mainly to analyse the wind environment in this
software includes four parts. The first is to estab-
lish a computational fluid dynamics model. Here,
the three ‘neighbourhood’, ‘block’, and ‘single court-
yard’ scale models were built by Sketchup then im-
ported to PHOENICS. The second is to set the bound-
ary conditions according to the Standard for Green
Performance Calculation of Civil Buildings (MOHURD,
2018). The third is to generate computational do-
main size and mesh in software, and the last is to set
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the number of iterations and start counting (He et
al., 2019). Generally, for wind environment analysis,
the conditions in summer and winter should be sim-
ulated. Figure 1 shows the summer settings.

ENVI_MET is a holistic microclimate model that
was designed back in 1994. The models’ calculation
modules span a wide range of scientific disciplines,
from fluid dynamics and thermodynamics to plant
physiology and soil science. However, it is not suit-
able for simulating the indoor thermal environment,
as other researchers mentioned (Fahmy & Sharples,
2009; Peng& Elwan, 2014). Here, ENVI_METwas used
to analyse the residential outdoor thermal environ-
ment. The method has four steps. The first step is
to create model domain settings, such as model lo-
cation and model geometry. The second is to build a
model (Figure 2). Then, the ENVIGuide is set, includ-
ing the start date, the total simulation time, and soil
conditions. The fourth step is starting the simulation
and analysis of the results.

Computer-aided noise abatement (CadnaA ) is
the leading software for the calculation, presenta-
tion, assessment, and prediction of environmental
noise. The research used this to simulate outdoor
noise. The method is divided into five steps. The first
step is to build the neighbourhood model by using
CAD software and then export the DXF file. The next
step is to set the configuration of calculation. Then,
import the DXF file to the software. The fourth step
is to rebuild the neighbourhood model in CadnaA,
especially considering the noise distribution (Figure
3). The last step is to calculate and export the results
(Bastián-Monarca et al., 2016).

Ecotect is an environmental analysis tool that
allows designers to simulate building performances
such as sunlight, lighting and shadows (Sher et al.,
2019). Because the whole neighbourhood faces
south with the back to the north, and each single
courtyard sunlight condition is similar, only the sin-
gle courtyard sunlight environment was simulated
by Ecotect with four steps. The first step is to build
a model in the software (Figure 4). The second step
is to reset the analysis grid. The third step is to set

the calculation wizard (the simulation period, object
overshadowing, etc.). The fourth step is to start cal-
culation and then get the analysis results.

Figure 1
Simulation setting
of summer.

Figure 2
Simulation model in
ENVI_MET.

Figure 3
Simulation model in
CadnaA.

Figure 4
Simulation model in
Ecotect.
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RESULTS
Based on themethods of four different software used
to simulate the case of new residential buildings in
Lingnan according to relevant standards, the results
try to find out the problems in the modern buildings
from XS to XL scale contexts.

WIND SIMULATION RESULTS
For the wind simulation, the neighbourhood result
showed there were calm wind zones in the summer.
That is not a pleasant wind environment because it is
hot during the summer in Lingnan. Wind in the sum-
mer would be better even though the simulation of
the wind environment is good in the winter (Figure
5). However, the orientation of the neighbourhood
can be optimised further. The block simulation result
showed that there are calm wind zones in the main
rooms in summer, especially in the west of the block
(Figure 6-b). According to the Assessment Standard
for Green Building, there should not be calm wind
zones in themain activity area in summer (MOHURD,
2019). Moreover, the layout of the single courtyard
causes fresh air to go through from the bathroom to
the main rooms all year (Figures 6-a and d). This can
also be verified in Figures 7-a and c. Nevertheless, the
Standard of theMeasurement and Evaluation for Effi-
ciency of Building Ventilation shows that indoor ven-
tilation should flow frommain rooms, such as the liv-
ing roomandbedrooms, to functional rooms, such as
the bathroom (MOHURD, 2013 (a)). So thewind envi-
ronment problems should be optimised (He & Schn-
abel, 2016).

THERMAL SIMULATION RESULTS
For the thermal simulation, the residential outdoor
thermal environment was simulated by ENVI_MET.
The result showed that the heat island index is more
than 1.5°C from 14:00 to 17:00 in summer. According
to the requirement of the Design Standard for Ther-
mal Environment of Urban Residential Areas (MO-
HURD, 2013 (b)), the thermal environment is not suit-
able for users. That should be optimised (Table 3).

Figure 5
Neighbourhood
wind simulation
result.

Figure 6
Block wind
simulation result.

Figure 7
Single courtyard
wind simulation
result.

ACOUSTIC SIMULATION RESULTS
For the acoustic environment, the outdoor noise sim-
ulation result showed noise between 21dB and55dB
during thedaytime andbetween11dB and45dBdur-
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ing the night (Figure 8). They just meet the standard
requirements of no more than 55dB in the daytime
and nomore than 45dB at night (AQSIQ, 2008). It can
be optimised according to vernacular knowledge for
a better acoustic environment.

Table 3
Thermal simulation
result.

Figure 8
Acoustic simulation
result.

LIGHT SIMULATION RESULTS
For the light environment, the single courtyard sun-
light environment was simulated. The average value
of the daylight factor is 9.44% on the first floor and
6.09% on the second floor. These values meet the re-
quirement of no less than 2% daylight factor in the
Standard for Daylingting Design of Buildings (MO-
HURD, 2013 (c)). However, near the window, the day-
light factor is higher than 10%. It could cause a glar-
ing problem, which can be optimised (Figure 9).

Figure 9
Light simulation
result.

DISCUSSION
The wind, thermal, acoustic, and light environments
of new residential buildings in Lingnan were sep-
arately simulated by virtual simulation methods.

Three distinct questions arose during the simulation
process: (1) Is the vernacular knowledge useful? (2)
Howcanweuse vernacular knowledge to solve these
problems? (3) Can we transfer the traditional knowl-
edge into a current context, from XS to XL? These all
need to be discussed.

OPTIMISEDWIND SIMULATION
For the wind environment, the orientation of the
neighbourhood should influence the direction of the
wind. Therefore, the optimised design, according to
vernacular knowledge in Lingnan, suggests that the
building location should gradually rise with the site
from the south to the north. It will increase ventila-
tion in the summer and decrease it in the winter. On
the block level, the clam wind zones mainly exist on
thewest side, so theblocks need tobedetached from
each other in the north-south orientation. The opti-
mised block design is just like the comb layout based
on vernacular knowledge in Lingnan (Table 4-A). Fur-
thermore, the cold lanes are also generated because
of the use of the comb layout (Table 4-B) (Guo et al.,
2015 (b)). PHOENICS was used to simulate the opti-
mised design of the neighbourhood and block (Fig-
ure 10 & 11). For the single courtyard, the functional
rooms, such as the bathroom, were put in the down-
wind position. That will help to solve the existing air
pollution problem (Figure 12). The courtyard is still
used for a better wind environment (Table 4-C). As
the previous research verified, the courtyard is use-
ful, whether in summer or winter (Xu et al., 2018). Fi-
nally, all the problems were solved. To some extent,
these prove that vernacular knowledge can be used
for modern buildings from XS to XL.

OPTIMISED THERMAL SIMULATION
For the thermal simulation, vernacular knowledge
in Lingnan is used in general to increase greenery,
water areas, and hollow fences. Based on the sim-
ulation of ENVI_MET, the heat island phenomenon
was a problem. Therefore, the measures of increas-
ing greenery and water areas were simulated sepa-
rately. The comparison of the optimised simulation
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Table 4
Optimised design
by vernacular
wisdom.
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with the original at 16:00 is shown in Figure 13. It
shows that the optimised design based on vernacu-
lar knowledge solved the heat island problem (Table
4-D & E). For the hollow fence, the real new residen-
tial buildings also used it to improve the thermal en-
vironment (Table 4-F). This indicates that the vernac-
ular knowledge of the thermal environment can still
be used today. The rationality of vernacular knowl-
edge was also verified by other researchers (Du et al.,
2016; Nguyen et al., 2019).

Figure 10
Optimised
neighbourhood
simulation.

Figure 11
Optimised block
simulation.

Figure 12
Optimised single
courtyard design.

Figure 13
Comparison of
thermal simulation.

OPTIMISED ACOUSTIC SIMULATION
For the acoustic environment, the CadnaA simula-
tion showed that results meet the requirements of
the standard. However, for vernacular knowledge,
the measures of high-rise plants, soundproof walls,
and tight building envelopes were typically used.
Tall-growing plants not only help to address issues
caused by the heat-island effect but are also useful
for reducing the spread of noise. Often structures
such as soundproofwalls are erected to reduce noise.
In vernacular buildings, a more sensible approach is
employed. By placing a unique wall in the court-
yard opposite the entry reduces the noise that comes
from the entry door. Besides, the solid building en-
velopes used in vernacular buildings provide an im-
proved indoor acoustic environment. These are sam-
ples of how vernacular wisdom can aid new residen-
tial buildings to reduce environment noise (Table 4-G
& H & I) (Vukmirovic et al., 2019).

OPTIMISED LIGHT SIMULATION
For the light environment, to prevent glare in the
single courtyard building a sunshade roof is con-
structed, while at the same time, material that is less
reflective is used in the vernacular building practice
(Table 4-J & K & L). These sunshade roofs are being
used all over Lingnan due to the high solar elevation
angle. Building layouts are placed such that west-
facing facades or windows avoid intense solar radia-
tion exposure. Here, the sunshade roof situation sim-
ulated in the Ecotect. The optimised daylight factor
is 4.97%. It is better than before, not only meeting
the requirement of the standard but also avoiding
the glaring problem (Figure 14).

DISCUSSION SUMMARY
Finally, the optimised design has been constructed
and tested in real buildings (Table 4). They verify that
it is beneficial to employ Lingnan’s vernacular knowl-
edge in new residential building developments to
achieve an overall better environment from XS to
XL scales. The traditional vernacular knowledge in-
cludes the more known aspects of Feng-shui. The
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previous research by Li et al. (Li et al., 2020) has con-
firmed that Lingnan’s vernacular knowledge is still
being used today. In their research, virtual build-
ing simulations have been employed to validate the
recommendations given in vernacular wisdom. Ar-
chitects and designers of new residential buildings
in Lingnan are referring to vernacular building tradi-
tions to achievebetter building and living conditions.
The presented study has confirmed that vernacular
knowledge that is part of a larger body of traditions,
wisdom or philosophies has valid points to generate
architectures that satisfy not only cultural needs but
also these of current building regulations and perfor-
mances that are defined via means of computational
architectural and building science.

Figure 14
Comparison of light
simulation.

CONCLUSIONS
The virtual simulations based on PHOENICS, ENVI_-
MET, CadnaA, and Ecotect software are the methods
to simulate and analyse the case of new residential
buildings in Lingnan. The results of wind, thermal,
acoustic, and light environment simulations showed
the new building design defects separately. For the
wind environment, the neighbourhood orientation
should be optimised; moreover, the blocks should be
detached. The single courtyard should put the func-
tional rooms in the downwind position. For the ther-
mal environment, there exists a heat island problem.
For the acoustic environment, the resultsmeet the re-
quirements of the standard, but this can also be op-
timised. Finally, for the light environment, the glare
problem exists.

By combining this with the vernacular knowl-
edge, these problems are solved. The built-up opti-
mised design used a comb layout to solve the calm
wind zones, generating cold lanes and courtyards for
a better wind environment. It not only increased

the greenery and water areas to solve the heat is-
land problem, but it also used hollow fences for a
better thermal environment. For better acoustics,
the optimised design used high-rise plants, sound-
proof walls, and tight building envelopes. Further-
more, the buildings used sunshade roofs, sun-proof
layouts, and reduced ground-reflecting material to
solve the glare problem.

Research through virtual simulation verified that
vernacular knowledge can still be used for new resi-
dential buildings from XS to XL in Lingnan. To some
extent, the research has also confirmed that the wis-
dom of Feng-shui contributes positively to how we
design and construct buildings and neighbourhoods
nowadays.
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The project Vibrant Formations presents a series of experiments based on the
research of the behavior of granular materials. The experiments shown in the
paper are seen as a link between native material geometries and designed
geometries. The project perceives granular materials as an intelligent matter
capable of creating distinct patterns and actively responding to the environment
they are placed in. This attitude towards material positions the project in an
opposition to standard 3D printing technologies, where materials are seen as a
proto-matter that acquires its properties and capabilities first after being formed
into computed geometries and 3D printed shapes. The project Vibrant
Formations explores material properties of different granular materials and
processes and materializes their behavior. It works with the phenomenon called
``granular segregation'' to achieve specific objects connected to material logic
which resemble frozen, digitally simulated particle systems. The material
properties found in the research are further utilized. The process of granular
segregation is investigated and material geometries replaced by fabricated
geometries. This leads to a semi-automatised interlocking system capable of
assembling and disassembling.

Keywords: granular material, material behaviour, self-assembly, material
assembly

INTRODUCTION
Granular materials build a broad field that attracts in-
terests across scientific disciplines, from abstract par-
ticle physics to cosmic engineering where dynam-
ics of granular material flows are especially relevant
(Behringer et. al. 1999). Thepotential of granularma-
terials in architecture has been investigated by sev-

eral relevant projects, suggesting either an interlock-
ing system (Menges et. al. 2017) or controlled robotic
production (Kohler et al. 2017). The interlocking sys-
tem concentrates on “programming” of single grains
using fabricated geometries. The fabricated geome-
tries raise the friction capability of grains that can in-
terlockwith eachother onphysical basis and stabilize
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the position of the grains in an exact position. The
robotic production, on the other hand, concentrates
on an exact positioning of additional geometrical el-
ements to stabilize the position of a grain. Both of
these methods focus on stabilizing the position of a
single grain in a shaped geometry. This paper rather
focuses ondynamic aspects of granularmaterials: the
moment before the material is stabilized. It presents
granular materials as a pre-programmed matter ca-
pable of form-finding and self-organization. The
project builds upon the existing research on granular
segregation (f.e. Pihler-Puzovic, Mulin 2013), a phe-
nomenon typical for granular materials that appears
only in dynamic environments. Thus the project ac-
tively investigates the architecture of dynamic envi-
ronments and the material and geometrical effects
these environments produce. This builds a different
framework for architectural interpretations. Granu-
lar segregation is a process inwhich a heterogeneous
mixture of different granular materials separates into
its two (or more) homogeneous parts. After being
exposed to a dynamic environment, heterogeneous
mixtures of granular materials will separate into its
homogeneous parts. This distinguishes granular ma-
terials widely from liquid or gas materials. The topic
of segregation has already been presented in differ-
ent scientific fields - for example particle physics or
material research (Daniels 2013). NASA has been do-
ing an extensive research on that topic since mid
1990’s (Behringer et. al. 1996). Even though it is
well described, this phenomenon is not completely
understood and poses a continuous attraction. Most
of the present research investigates mainly the pro-
cesses leading to emerging pattern formations typi-
cal for granular segregation. The topic of this design-
oriented project is to utilize the process of granular
segregation to get actual architectural objects. In the
early phases of the research, thermoactive granules
were used to freeze the process of segregation and
to acquire specific formations with a potential appli-
cation in the field of design. Later, the segregation
process is explored to develop a strategy towards a
“material engine” that delivers specificmaterial or ge-

ometry to a specific location. Inspired by the move-
ment of single grains through themixture , themate-
rial grains were exchangedwith fabricated geometri-
cal shapes that could on the one hand interlock and
create a formation, on the other hand suppress the
locking process. As some studies suggest, different
geometries have different impact in a dynamic envi-
ronment (Guo, Z. et. al. 2015, Gravish N. et. al. 2012).
Thedesignedgeometriespresented in this article can
either support or prevent the interlocking and thus
also the segregation process. This system can poten-
tially be applied in wide range of scales, from small
design objects to complex building processes. The
segregation can also be suppressedor forced anduti-
lized as a construction technique.

GRANULAR SEGREGATION
In this project, a granular material is generally de-
fined as a material that forms granules and that can
exchange forces among each other. A typical ex-
ample of a granular material is sand, kitchen salt or
poppy seeds. The granular segregation process ap-
pears only if a granularmaterial (or amixture ofmore
of them) is placed into a dynamic environment. A dy-
namic environment emerges through impact of an
external energy source. This could be for example
shaking or vibrating, but it appears also in natural
flows of materials such as avalanches or mass soil
movements. The segregation can be traced in both,
the horizontal and the vertical level of the mixture.
The segregation pattern, the speed and the distri-
bution of materials depend on many factors, among
them the size of a single grain, friction, the overall ge-
ometry of grains or weight (Daniels 2013). This re-
search investigated both levels of organization - the
horizontal (1-2levels of grains) and the vertical (ap-
proximately 100 levels of grains). Both levels of or-
ganization revealed different patterns of behaviour.
This article focuses only on the horizontal organiza-
tion of grains. The process of granular segregation
begins with a heterogeneous mixture of two gran-
ular materials (fig.1b). Three phases of the vibrat-
ing process can be traced. After the initial energy
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input, the mixture starts to move and single grains
travel randomly through the mixture (Phase 1). No
recognizable pattern in the movement can be ob-
served in this phase. If the energy input remains sta-
ble, specific distinct patterns start to emerge (Phase
2). This phase can take from several minutes to sev-
eral days. When another threshold is reached, the dy-
namic mixture remains stable and the emerged pat-
tern doesn’t change, although the mixture still ac-
tively transfers the incoming forces (Phase 3 ). The
systemhas reached an equilibrium. The particular in-
terest of this paper lies between the phase when the
mixture remains dynamic - in Phase 2.

INITIAL EXPERIMENTS
The following paragraphs named Initial Experiments
and Geometry Replacement describe the methodol-
ogy of the experiments as well as the relation of ma-
terial to digital. For the purpose of experiments, a
simple machine was constructed. The machine con-
sisted of a metal tray in the size of 25 x 25cm. For
later experiment, this tray was replaced by a bigger
one with the size 75 x 75 cm. The tray was fixed to
a wooden frame and leveled. It contained the grain
mixture. The vibrating universal electric motor op-
erating on standard 50-60Hz with 3 different stable
speed outputs (see Table 1) was attached to the tray
by a strong magnet. When initiated, the mixture in
the tray started to respond to the vibrations. The
scheme of the machine can be seen in figure 1a.

Figure 1
1a: the vibrating
machine (1-upper
cover, 2-tray,
3-shaking bed,
4-motor unit,
5-base with leveling
and slides). 1b: the
detailed view of the
tray with an
experiment setup
before the start of
the vibrations

Table 1
The granular
segregation process
and the numeric
details of the tests.

A typical experiment started by creating a heteroge-
neous mixture from two granular materials mixed in
volume ratio approx. 50:50, putting the mixture into
the tray and vibrating the tray until the patterns ap-
peared and eventually remained stable. The initial
setup before the experiment started can be seen on
the figure 1b. The first phase of vibrating is called
Phase 1. Phase 1 threshold is reached, when at least
one marked grain follows a circular path, followed
by at least one other marked grain. As circular path
is understood, when a marked grain repeatedly re-
turns to the same square area in the mixture. Af-
ter passing Phase 1 Threshold, the experiment has
reached the Phase 2. All the marked grains are now
following circular path and other grains. Phase 3
would be reached, when the materials were com-
pletely segregated. However, none of the experi-
ments has reached the Phase 3, although all the ex-
periments were potentially converging to this phase.
Details about the experiment with the mixture of
thermo-active nylon-based granules and salt can be
seen in Table 1. Two different vibrating scenarios
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were tested: 1.vibrating the mixture by only one of
the three stable motor inputs or 2. vibrating the
mixture by randomly switching between the three
speeds. In the first case, the mixture developed typi-
cal homogeneous islands that could potentially con-
verge towards a stable state (Phase 3). In the sec-
ond case, the appearing pattern could be varied and
changed by switching the vibrating speed, without
convergence towards a stable state (The mixture re-
mained in the Phase 2).

The same experiments were repeated with sev-
eral different material mixtures: salt, poppy seeds,
thermoplastic granules (nylon-base), bee wax, paraf-
fin wax, PLA granules or ABS granules. All the tested
mixtures showed the expected circular segregation
patterns. The patterns revealed slight differences
in different mixtures - mainly due to the size of the
grains and their properties. Different sizes of grains

result in a different amount of granules in themixture
which influences also the chaining forces. The tests
with differentmaterials could prove that the patterns
appeared in any of the material mixtures. Thus the
emerging patterns are independent on a specificma-
terial, but depend on the system setup and granular
properties that allow forming of chaining forces like
size, hardness or weight. This was later utilized (see
the geometry replacement paragraph).

Themain interest of the project was to create ac-
tual objects. Therefore the most of the experiments
focused on mixtures where thermo-active materials
(nylon-based granules, PLA granules, ABS granules)
were combined with thermo-inactive materials (salt,
poppy seeds, chia seeds, chickpeas). At the point
when the pattern appeared and started to converge
to a stable state, the vibration process was stopped,
the tray was taken out of the machine and the mix-

Figure 2
2a-2d: the objects
acquired from the
vibration process in
different phases
and using different
materials.
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turewas heated to the temperature of approx. 160°C.
The thermo-active materials melted and connected
on a chemical base while the thermo-inactive ma-
terials remained granular. After cooled down, the
thermo-activematerial preserved its shape while the
other material could be easily taken away. This re-
sulted in the objects presented in figures 2a-2d.

PARTICLE TRACKING
As seen in figures 3a-3c, a particularly interestingmo-
ment is that a single grain doesn’t move randomly
through the mixture, but follows a circular move-
ment pattern. The figure 3a-3c is a real-time track-
ing record of a single marked grain. To be able to
track the movement, several grains in the mixture
were marked red and placed on an initial position in
the tray (fig. 1b). The vibrating process was video
recorded and the positions of the red marked grains
were constrained to points constructed in a video-
editing software (Adobe After Effects). The software
was able to reconstruct the path of a single grain
through the mixture. A similar movement along a
similar path could be found by most of the grains in
themixture. Thatwas provedbyplacing and tracking
marked grains in different positions. This moment is
a reminiscent of a computer software simulation - a
particle system circling around a force field, known
from 3D softwares. The tracking experiment setup
corresponds with the experiments from Table 1.

Figure 3
3a-3c: tracking of
single grains in the
mixture.

VIBRATING MOVEMENTS AND PATTERNS
FORMATION
When the segregation appeared, the grains of a sin-
gle material follow a similar path. This happens due
to an uneven force distribution in an enclosed vibra-
tion tray: the side profiles of the tray transmit hori-

zontal energymore efficiently than the surface of the
floor. As the grains in the mixture travel closer to the
sides, they receive more energy from the chaining
forces than the grains far away from the sides. This
energypushes thegrains away from the sides, return-
ing themcloser to the “central path.” This logicmakes
clear that a grain with similar properties (geometry,
weight, size) have a higher chance to be found in the
areas with a similar distance from the side profiles of
the tray. These areas correspond with the emerging
patterns. In these experiments, the granular segrega-
tion process should rather be called the granular con-
centration process.

GEOMETRY REPLACEMENT
As presented, the granular segregation system can
be seen as a computational machine with its own
agency. It can approximate the future position of a
single grain in a dynamic system in relation to other
grains. This makes it possible to utilize the system
and create a “material computer”. To achieve such
a result, the “material computer” needs to undergo
certain changes. First of all, it must be reversible. In
the experiments shown in figures 2a-2d the grains
were connected on a chemical base. Although melt-
ing allowed to create an object with specific mate-
rial qualities, this act was bought back by the irre-
versibility of such an action. Therefore, based on the
previous experiments with the mixtures, it was sug-
gested to replace the thermoactive material in the
mixture with interlocking geometries. The geome-
try travels through the material mixture similarly to
a single grain (fig. 3a-3c). Corresponding to the first
experiments, areas with a higher geometry concen-
trations appear and the geometries interlock. The re-
sulting objects consist of several geometries that are
connected on amechanical level and not on a chem-
ical one. This doesn’t only allow the reversibility of
the system, but it also further explores the relations
between geometries and forcing chains. For the ex-
periments, twodifferent geometrieswere suggested.
Both geometries were first tested in digital simula-
tions. TheMASHenginewith bullet solver commonly
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found in the animation software Autodesk Maya was
used to find and develop the geometries. The single
geometries were 3D printed using a standard resin
3Dprinter.

The first geometry - the lock - is designed as a
grain capable of accepting and transmitting chain-
ing forces and capable of connecting to other locks.
The lock is a combination of a sphere and a spiral.
Its spherical form guarantees flexibility and reactiv-
ity to the other grains and the spiral the interlocking
capability. The lock form is derived from a thickened
spiral curve topologically connecting all the vertices
of a platonic solid (figure 4a). The interlocking con-
nection happens due to the jamming of spirals. The
second geometry - the disruptor - is designed as the
opposite. The disruptor is not capable of interlocking
and breaks the force chains. It formally resembles a
cross with anchors (figure 4b) that guarantees stabil-
ity rather than interactivity.

Figure 4
The locking
geometry (4a) and
the disrupting
geometry (4b)

Figure 5
Testing the
interlocking
capabilities of the
geometries.

In the first tests, the interlocking capabilities of
the locks were tested. On figure 5 it is shown that
the system is capable of forming randomobjects and
that these objects posses a basic stability. The object
on the figure was formed by the interlocking of 30
pieces. These objects were first assembled manually,
than by shaking in an enclosed capsule.

In the next step, the interlocking capability was
tested in a dynamic environment (figure 6a-6c). This
was investigated by placing the locks into a vibrating
traywithout any secondmaterial. These experiments
proved that the interlocking in a dynamic system is
possible. The first interlocking appeared shortly af-
ter the start (6b), a big interlocked knot appeared af-
ter about 5minutes (6c). The most fragile configu-
ration is the connection of two geometries, because
the tested geometry also easily unlocks. When three
oremoreobjects interlock, the configuration remains
stable and resembled the non–dynamic assembly.

In the third step, the interlocking capability was
tested in combination with the second material.
From the initial experimentswe knew that the impor-
tant parameters to keep the forces chaining are the
size and weight of the geometries. Because the in-
terlocking geometries size was 2cm in diameter, the
appropriate geometry had to be chosen. Dried chick-
peas appeared to be perfectly fitting. Themovement
of the geometries through the tray was significantly
slower than in the step 2. The geometries followed
the generally slower stream of grains in the mixture.
The separation (or rather concentration) process ap-
peared aswell as the interlocking in the denser areas.
Some of bigger interlocked configurations showed
the tendency to disengage from the general stream.
This behavior suggests that the interlocking geome-
try can also become a disruptor. In some of the ex-
periments, the locks were replaced by the disruptors
in the mixture. The disruptors showed some minor
interlocking on a horizontal level due to it’s anchors
but remained mostly as single independent units in
all the experiments.

In the last step, the interlocking capability was
tested with the chickpeas replaced by the disruptors
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Figure 6
6a-6c: the locking
geometries in the
vibration tray.

(figure 7). As expected, the disruptor highly sup-
pressed the interlocking capability of the locks. After
the same vibrating time, significantly less interlock-
ing was experienced.

SUMMARY
The main topic of the project was to explore the vast
field between material and geometry, between de-
sign and self-organization andbetweendynamic and
static systems. The initial experimentswith themate-
rial mixtures led to objects that were directly gener-
ated by a material behaviour rather than calculated
objects that resembled frozen particle systems. Al-
though being the result of material interactions, the
objects are artificial products. Due to the nature of
the system, it is complicated (yet possible) to predict
the future shape of the formation. The objects result-
ing from the experiments are similar, yet not same
(Bernhard Cache described his Objectiles in a similar
way (Cache 2011). If repeated, the experiment will
after reaching the vibration phase 2 very likely form
a similar pattern as its predecessor did. In the fur-
ther investigations, one material in the mixture was
replaced by a designed, computed geometry. This
step doesn’t only allow the reversibility of the system,
but also more influence on the system without loos-
ing its material properties from the first phase. The
separation process can be slowed down or acceler-
ated. Different geometries have different effects on
the system.

Figure 7
The interaction of
the locks and the
disruptors.

CONCLUSION AND FURTHER STEPS
In architecture and design, we often approach mat-
ter as a medium that materialises (not only, but also)
digital ideas. Therefore we can often witness a dis-
crepancy between a geometry and its materialisa-
tion. The project Vibrant Formations proves that ma-
terial behaviour and computational design methods
aren’t necessarily in opposition to each other. This
leads to different designing methods which profit
from the knowledge acquired in the field of digital
architecture. At the same time, these methods don’t
require any complicated translation of material be-
haviour into a computational model whose further
materialisation is often connected with selection or
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a loss of information. The interlocking system sug-
gested in this paper is under development. More ge-
ometries will be tested to achieve a better result in
interlocking. In the best case scenario, both materi-
als in the mixture will be able to cooperate to pro-
duce a real-time architectural object. Collaboration
of interlocking geometries and a secondmaterial can
also be further developed, for example as a compos-
ite material similar to reinforced concrete. This paper
describes only experiments in a single material layer.
There is a great potential if we extend this mono-
layered system to a multi-layered system. Of course,
there are questions arising with systems based on
self-assembly. A main concerns are their integration
into existing building constructions and structures or
the maintaining of standards and norms (Lu 2017). A
serial production based on this system is hardly pos-
sible. Nevertheless, the self-assembling systemoffers
a great potential for situation where an individual re-
active solution is needed or where no serial product
is available, as well as construction in dynamic and
changing environments. Because of the dynamic na-
ture of the system, it is hard to imagine an integra-
tion into existing building industries. But this dy-
namic nature can also mean adaptable, evolving de-
sign that can easily and actively respond to the lo-
cal conditions. The process presented in this paper
is not a computation of a form, but rather a genera-
tion of a form. The role of architects in such system
shifts rapidly from fabrication (top-down) to interac-
tion, generating a new architecture where architect
and matter collaborate on creating a new reversible
and interactive constructions.
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Scarceness of resources, lack of waste sites, dependency on imports, increasing
urbanization thus increasing consumption of resources and upcoming of waste
are current challenges in built environment. Reduction of both, energy and
resources consumption, should thereby be the primary aims for sustainable
design. Even though by 2020 70% of the building waste has to be either recycled
or reused , resources efficiency is less considered than energy efficiency in the
design stage of buildings. Previous research has shown, that the generation of
Building Information Modelling (BIM)-based Material Passports (MP) is
possible and can for example be used for optimization in early design stages. In
the current curricula the energy design is well represented in the courses of
building science, however, optimization of resource efficiency and recycling
potentials are still lacking. The focus of this proposal is the implementation of the
developed BIM-based Material Passports in teaching for optimization of design
proposals, thus enhancing the awareness for recyclability and reusability in
construction among students of architecture and civil engineering.

Keywords: BIM in education, Material Passport, Sustainability in education,
Environmental sustainability, Integrated Planning

INTRODUCTION
Scarceness of resources, lack of waste sites, depen-
dency on imports, increasing urbanization thus in-
creasing consumption of resources and upcoming
of waste are current challenges in the built environ-
ment.The Architecture, Engineering and Construc-
tion (AEC) industry is responsible for 60% of global
raw material extractions (Bribian et al., 2011), 40% of
CO2 emissions (WGBC 2016) and a significant pro-

portion of waste. In Austria, construction waste ac-
counted for about 17% (BAWP 2017) of total waste
in 2015 (about 40% of the total amount of waste,
if excavated materials are not considered), although
there is a strong local divergence here. However, not
only the proportion of ”construction waste” is very
high in urban areas but is often but is often similar
in size as the mass required for the construction of
new buildings (Brunner 2011). Reduction of both -
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energy and resource consumption - should thereby
be primary aims for sustainable design. Even though
by 2020, 70% of the building waste (non-hazardous)
must be either recycled or reused (EU-WRC 2008), re-
cycling is currently a less considered design objec-
tive than energy efficiency. Material management
therefore plays a crucial role in creating a more sus-
tainable future. Not only valuable primary resources
are saved through recycling andcascade use in ac-
cordance with the (EU-CL 2015), but the limited vol-
ume of landfill space is also preserved. However,
the (AWG, 2002), which represents the national im-
plementation of (EU-WRC, 2008), only defines a very
vague criterion in this respect to when components
must actually be reused or recycled: ”Recyclable ma-
terials need to be recovered if this is ecologically ex-
pedient and technically possible and if it does not
involve disproportionate costs.” (AWG, 2002) P. 29,
§16 pt. 7.1 (translated to English). Therefore, it is
essential to know which materials will be available
and how the Ecological Footprint of these materi-
als changes due the use of secondary raw materials.
Only through knowledge of the effects of stakehold-
ers’ actions a conscious decision-making process is
possible. Therefore, it is essential to impart knowl-
edge already during the education of planners, ar-
chitects and engineers who are responsible for the
creation of the built environment. Raising aware-
ness offers a suitable action at the social level (Filho
et al. 2019; [5]). The research questions that will
be addressed are the degree to which MPs can be
used for such optimization and how the optimiza-
tion process affects architectural and structural de-
sign quality, as well as the cost. Thereby, the research
objective of this paper is to enhance the awareness
and competences of students from architecture and
civil engineering for recyclability and reusability in
construction. Through simulation of a design to de-
construction process supported by Building Informa-
tion Modelling (BIM) in teaching, BIM-based Material
Passports were used for optimization of design pro-
posals. A further expected impact is introducing the
knowledge of resource efficiency in architectural and

civil engineering curricula. Therefore, the curricula
of civil engineering, architecture and environmental
engineering were examined and searched for suit-
able contents. In a further step, a course, which of-
fers students the opportunity to deal with the topic,
was established. The examination of the curriculum
of civil engineering at the TU Vienna shows one com-
pulsory course with explicit teaching content in the
bachelor’s programme and four in the master’s pro-
gramme, whereby their completion is optional. The
faculty of architecture at TU Vienna offers bachelor’s
theses on this topic, and in the master’s programme
also four optional courses. The environmental engi-
neering programme delivers four courses in the bac-
calaureate and four in the master’s programme. Due
to the new curriculum of environmental engineering
at TU Vienna, the master’s programme is not acces-
sible yet, but will be in one or two years. Measures
which can be found in the literature include (manda-
tory) material documentation, as well as a life cycle
assessment / recycling evaluation. In the current cur-
ricula the energy design is well represented in the
courses of building science and building physics in
both teaching and research. However, the design
tools for optimization of resource efficiency as well
as material and recycling potentials are still lacking.
This paper is structured as following: first, a digres-
sion of the data and tools used as well as the origin
of the data is given. This includes which parameters,
such as eco- and disposal indicators as well as cost
indicators for cost calculation, are needed to create
a Material Passport For cost calculation, parameters
are provided ranging from single element layers and
layer packages, like layers of floor constructions, to
facade elements. Next, it is shown how the calcula-
tion process of the Material Passport and cost calcu-
lation works, and how their results are linked to ob-
tain conclusions about the necessarymonetary input
to improve the sustainable performance of the build-
ingmodel. In a further step this is shown through a
BIM-model given to the students as an example and
analysing the results afterwards.
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METHODOLOGY
Through research led teaching the students of civil
engineeringwill implement BIM-basedMaterial Pass-
portswith 5DBIMassessment and conduct optimiza-
tion upon delivered predesigns by students of ar-
chitecture. Using qualitative evaluation and feed-
back,the optimization potentials and design trade-
offs will be explored, thereby developing the strate-
giesfor recycling and reuse of building elements and
materials already in the early design stage. Themod-
els were created by architecture students in a previ-
ous semester. The theme of this coursewas to design
a building for social housing, considering aspects of
sustainability, prefabrication and modularity.The use
of BIM already during this design process was of par-
ticular interest, as it allows to consider how much
waste avoidance could have been achieved with an-
other design. However, the focus of this course is
not only the material optimization, but also the con-
sequences on costs. For this purpose, masses and
quantitiesare readout from the BIM model, includ-
ing all relevant components with their geometric pa-
rameters,as well as their material structure and ref-
erence quantities such as areas, lengths and num-
bersof units. This element/component information
is then combined with the relevant parameters (life
cycle assessment and recycling evaluation - IBO[3, 4];
costs - BKI [1]). It is important that suitable materi-
als and structures as well as databases are found and
that these areassigned (matched) to the existing data
generated from the BIM model. Due the lack of data
regarding eco-indicators and disposal indicators of
windowsand doors in the data sources used , a con-
sideration of these parts was not possible. For ex-
ample, the influence of replacing plastic windows by
wood-aluminium windows can unfortunately not be
taken into account.

Data and tools
”Material Passports are digital sets of data which
provide the necessary information about materi-
als,products and components for a circular use of
.” (BAMB 2019) In order to process planning tasks,

suchas the creation of an MP, or the calculation of
construction costs, certain data, such as cost pa-
rameter per unit (depending on the planning phase
you needdifferent parameters) or material parame-
ters, like the density, are required. It is important
to have an extensive as possible databases (from
the same source). Due to different approaches or
calculation models during data collection and the
creation of databases,it should be avoided to use
different data sources for the same purpose. To
fulfil the task demanded in this course, necessary
data was collected on the one hand from [4] (Aus-
trian Institute for Building and Ecology), more ex-
actly baubook-eco2soft [3] for sustainability aspects,
and on the other hand for the cost calculationchar-
acteristic values from the [1] (Baukosteninformation-
szentrumDeutscher Architektenkammern), more ex-
actly the data of 2017 for residential buildings.Even
if these data is catptured in Germany, it has been
shown that this data fits good enough for further
calculation in Austria. Therefore, the different tax
level unddifferent cost group classification must be
considered. To generate the Material Passport, the
calculation is based on (EI10 2018b and OI3 2018a),
linkedwith the data from [3]. (EI10 2018b and OI3,
2018a) are guidelines on how to deal with the data
from[3], for example which recycling quota must be
assignedto the respective disposal indicator. The cal-
culation of building indexes like in those guideline-
sis waived, but the disposal indicator is applied on
building level. Furthermore, in this paper the tota-
lamounts of the parameters Global Warmth Poten-
tial (GWP), Acidification Potential (AP), and Primary
Energy, Non-Renewable Resources (PENRT), as well
as the total mass of waste and recycling material of
the entire life cycle are described. When looking at
the material results (EI 10 2018b), an evaluation is
made according to the school grading system and a
correspondingrecycling quota. The result depends
on how much of the whole building can be recy-
cled.The data was provided as the BIM model, in the
form of the native ArchiCAD files and in IFC format,
atemplate (Excel) for creating and calculating theMP,
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anda template (Excel) for calculating the costs during
the planning phases (cost framework; cost estimatio-
nand cost calculation according to ÖNORM B 1801-
1). The data for the creation of the MP can be seen in
eco2soft. This is an online calculation tool, in which-
components can be created and modelled, thus en-
abling the calculationof an entire buildingmodel. An
extensive material database is available, which con-
tainsguideline values for general material designa-
tions, but also data of explicit products. In the field of
Baukosteninformationszentrum Deutscher Architek-
tenkammern, the chapters for ”Wohnbauten”of the
2017 edition weremade available in digital form. Us-
ing data which is not completely up to date is a com-
mon strategy in the field of cost calculation.

Figure 1
Workflow for the
Material Passport

Relevant parameters
The data required from (eco2soft, 2020) are divided
into the areas of waste and recycling management
relevant parameters, and life cycle assessment rele-
vantones. Information about density and life time of
the component layers and materials is required for-
both areas. Further, thematerial parameters GWP [kg
CO2 equ/kg], AP (kg SO2 equ/kg] and grey energy
- PENRT [kJ/kg] are required to calculate the envi-
ronmental impact. For the calculationof the material
management aspects, the disposal classification is
also necessary. The data used to consider the impact
on costs resulting from the optimizationstep ( BKI

2017 Bauteile-Neubau, chapter - Ausführungsvari-
anten). This step is only possiblewith cost parameters
in a certain level of detail, because with these data
the material change of a single shift can be consid-
ered in part. However, since the data for precast and
elementary components are not very high, the use of
the data from 2020 might be more useful.

CalculationMethodology
MP. After determining all necessary data, like layer
structures, materials, ecological data, disposal char-
acteristics and others, and matching the materials of
the databases with thematerials of the BIMmaterials
. The scheme of the calculation is level based, where
the building is divided into four levels: the Building-
Level, which consists of the massand the amount of
all materials in the whole building; the Component-
Level, which is the sum of all materials existing in
a particular component; the Element-Level, which
represents materials of one particular element and
where each element is identifiedthrough the Glob-
ally Unique Identifier (GUID a fixed 22 character
length string) (e.g. “01Storey slab_-Regelgeschoß”),
which is automatically assigned in BIM-Software, and
the Material-Level, whereby the mass, type of con-
nectionwith the enclosedmaterials and the recycling
potential is described for one specific layer/mate-
rial.The first step is to calculate the mass produced
at layer level per unit. For example 14.8 kg/m² for
a2cm thick solid parquet layer. By taking into ac-
count the existing surface area and service life, the
mass incurred during construction and the planned
servicelife, for example 100 years, can now be calcu-
lated. It must be considered that the life expectancy
calculated must be adjusted to reflect reality.This is
the case, for example, if the outer layer has a longer
life than the inner layer. Furthermore,this is also nec-
essary for the disposal classification. Bonding, for ex-
ample, often reduces the recyclability. Therefore, a
downgrading of the bonded layers mustbe carried
out. With the total masses identified in this way, it
is nowpossible to determine the future recycling and
wastemasses thatwill be produced.The environmen-
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tally relevant emissions result from the use of these
materials. In a further step, one can see to what ex-
tent these emissions areinfluenced using secondary
raw materials obtained from the recycling process
(figure 1).

Figure 2
Workflow for cost
calculation during
the planning phase

Figure 3
Workflow to link the
environmental
sustainability
potential, with the
change of
consequent
environmental cost

Figure 4
Material
composition on
component level

Costs. The costs which were used for further consid-
eration correspond to a cost calculation. Since data
from Germany was used and structured according
to DIN,some adaptations had to be made. The cost
groups must be changed and restructured, the value
added tax (VAT) difference has to be taken into ac-
count,and since the data is from 2017, they had to be
adjust using a cost index. Even if the data basisis not
consistent here, students are requested to research
non-existing data concerning refabricationelements
themselves (figure 2).

Optimization and Evaluation
After the MP was created and the cost calculation
was made, the MP had to be optimisedand the re-
sulting changes were compared to the costs. As sus-
tainable aspects were required in the creation of the
BIM models, but were not the only focus, there is
some optimisation potential. Improvements can be
achieved in differentways. For example, by changing
a layer thickness, by changing amaterial (e.g. chang-
ing from plastic to wooden windows),by changing a
construction (e.g. changing from bitumen sealing to
water-repellent concrete), orthe targeted use of ma-
terial according to mechanical aspects (hollow core
slabs, ribbed slabs). Basedon these optimisationpro-
posals, an MP-optimised and a cost-optimised calcu-
lation can bemade. Subsequently, themonetary use
is to be compared with the ecological improvement
(figure 3). However, as this is a multi-criteria assess-
ment, it is alsopossible that the improvement of one
parameter has negative effects on another.

RESULTS OF THE USE CASE
Material Passport
Material EI10. In figure 4 the results of one particular
building component is shown. This component rep-
resents the ceiling of the standard storey, and thus
represents aconsiderable proportion of the flat com-
ponents. The main structure is a Cross Laminated
Timber (CLT)-plate with a thickness of 18cm. Because
of the goodperformance of CLT, and the share in the
total mass of the component (75%), the component
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is performing good as well. More than 50% of the to-
tal component masscan be recycled (figure 5). This
is because of the high amount of wood in this com-
ponent. But wood isn´t just performing good under
the aspect of the ability to be recycled,but also the
ecological performance is good as well.

Figure 5
Waste and
Recycling mass on
component level

Figure 6
Material
composition on
building level

Figure 7
Waste and
Recycling mass on
building level

On Building-level, you can see the big influenceof
concrete structures, as well as cement containing
building parts. Just two floors of concrete (cellar
and ground floor as well as the balcony structures) in
combination with gypsum plaster, which makes the
recycling process of concrete more complicate, and
the disposal indicatormust be downgraded, produc-
ing half of the building mass, and change the recy-
cling rate under 50% (figure 6 and7). Thus, the build-
ing has disposal grade 3, according to the disposal
index on material level and adaptation on building
level (figure 8).

Ökobilanz OI3. In figure 9 the results of the life cy-
cle analysis (LCA) are shown, whereby the calcula-
tion of a single key figure according to (OI3 2018a)
waswaived. The scale of the individualeco-indicators
was adjusted to make the results more transparent.
For example, the result ofGWP100 is given in 10 kg
CO2equ.

Costs
See table 1 for the results of the cost calculation,
structured according to (ÖNORM B1801-1). BWK are
the costs of the physical building, BAK are the costs of
BWK with the costs of for example work you have to
do on the building sight to be able to build and cre-
ate outdoor facilities. Relevant to link the costs to the
Material Passport is the BWK.

Evaluation andOptimization
Ideally, an improvement will be achieved in both the
eco-indicators and thematerial balance. More essen-
tial, however, is that interactions between the differ-
ent areas can be shown, depending on the optimiza-
tion measures, and based on this a discourse about
good and less good, maybe even bad measures be-
comes possible (figure 10).
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Table 1
Cost calculation
results

Figure 8
Disposal grade of
the building

Figure 9
eco indicators on
building level

Figure 10
multi-criteria
analysis

CONCLUSION
The aim of this lecture is to create awareness of the
students, to the problem of high material consump-
tion and lack of waste sites, and the growing impor-
tance of doing something against these problems. In
order to overcome these problems, the use of tech-
nical tools such as BIM is suitable for documenting
the necessaryinformation in the construction sector
and for taking optimization steps based on this in-
formation.Therefore, during a course the Material-
Passport was presented, which shows the informa-
tion required to performwhich calculation steps and
howBIM can be used to support this. The optimiza-
tion step of the Material Passport and the determi-
nationof the conclusion on costs enables not only a
holistic view, but also creates an awareness of which
measures have positive or negative effects on dif-
ferent areas. Since models of students of architec-
ture are used as a basis for planning, a situation
which is common to practice is created and which
should underline the importance of an integral plan-
ning approach. The implementation of the MGP in
this form in teaching is not only an attempt to cre-
ate awareness for sustainability aspects already dur-
ing the education, but also offers the opportunity to
give students an insight into the current state of re-
search. In addition, results have shown that creative
approaches to solutions in theuse of BIM are some-
times created in the course. The results of the calcu-
lation, especially the costs and improvement of en-
vironmental factors, in addition to further data like
the demolition, disposal and recycling costs can be
used as an aid to decision-making in future demoli-
tionprojects after validation for correctness, and thus
be applied in the implementation of the (ARR 2002)
- see above - guidelines. In a further step, the con-
sideration of reuse should also be embedded in the
processpresented, as this is stillabove recycling in the
waste hierarchy. Another suitableuse of the Mate-
rial Passport would be to generatea Material Cadas-
tre, especially in big cities, becausethere thematerial
balance is mostly given as
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In the 20th and 21st centuries, urban populations have increased dramatically
with a whole host of impacts to human health that remain unknown. Research has
shown significant correlations between design features in the built environment
and human health, but this research has remained limited. A better understanding
of this relationship could allow urban planners and architects to design healthier
cities and buildings for an increasingly urbanized population. This research
addresses this problem by using discriminative deep learning in combination with
satellite imagery of census tracts to estimate rates of obesity. Data from the
California Health Interview Survey is used to train a Convolutional Neural
Network that uses satellite imagery of selected census tracts to estimate rates of
obesity. This research contributes knowledge on methods for applying deep
learning to urban health estimation, as well as, methods for identifying
correlations between urban morphology and human health.

Keywords: Deep Learning, Artificial Intelligence, Urban Planning, Health,
Remote Sensing

INTRODUCTION
Existing research suggests that thedesignof our built
environment can have a significant impact on hu-
man health but remains limited in terms of themeth-
ods used to find correlations between specific de-
sign features and health outcomes (Dumbaugh and
Rae, 2009; Jackson, 2003; Lopez-Zetina et al., 2006;
Marshall et al., 2014). The development of improved
methods could allow policy makers to better esti-
mate thehealth needs of neighborhoodswithout the
use of expensive surveys, while giving urban plan-

ners and architects insight into how to design more
healthy cities and buildings.

In recent decades, the availability of low-cost
aerial and satellite imagery has increased dramati-
cally through both governmental sources and the
private sector (e.g., Google, Bing, etc.). This image
data has allowed the built environment to be visual-
ized with a coverage and frequency that is unprece-
dented in human history. The urban planning and ar-
chitectural disciplines have used this data to analyze
the morphology of street networks, neighborhoods,
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and cities through traditional qualitative and quanti-
tative statistical methods (Dumbaugh and Rae, 2009;
Marshall et al., 2014), but these approaches are time
consumingandunable to take advantageof the large
image datasets available.

Deep learning (DL) is a branch of machine learn-
ing (ML) that has demonstrated the ability to out-
perform competing approaches, including human
experts, in a variety of image processing, recogni-
tion, and prediction tasks (Liu et al., 2017). Super-
vised DL takes advantage of large labeled datasets
to train a predictive model composed of many layers
of artificial neurons. DL models that contain at least
three layers are capable of representing any func-
tion. This capability, coupled with the ability to work
withmany forms of data (e.g., images, drawings, text,
3d models, sounds, etc.), makes DL approaches ex-
tremely useful to disciplines like design, whose data
tends to be image-based.

Convolutional Neural Networks (CNNs) are a spe-
cific DL architecture for working with images. CNNs
work by progressively filtering input images through
layers of artificial neurons. These layers learn the low-
level (e.g., edges, corners, etc.) and high-level (e.g.,
street networks, buildings, etc.) features that un-
derlie the statistical distribution of the input dataset.
CNNs have been used by previous research with
aerial, satellite, and POV imagery of neighborhoods
to estimatepoverty, obesity, andgeneral healthmea-
sures (Suel et al., 2019). This work has been limited,
however, in the type of CNN architecture used; the
health measures explored; and the development of
methods to identify design features that might cor-
relate to a particular health measure.

This research addresses these issues and con-
tributes new knowledge on the development of
DL approaches for urban morphology analysis and
health estimation. The research specifically examines
the state of California and uses health data from the
2017 California Health Interview Survey (CHIS) with
satellite imagery of census tracts to train a CNN re-
gressionmodel based on the Xception CNN architec-
ture (Chollet, 2017) to predict rates of obesity. Meth-

ods for identifying correlations between design fea-
tures of urban morphology (e.g., street organization,
building density, vegetation patterns, materials, etc.)
and health are also explored - providing urban plan-
ners and architects with insights into how DL might
be leveraged for these tasks.

PREVIOUSWORK
Research in the field of urban planning has identified
multiple correlations between the design and orga-
nization of the built environment at the urban scale
(i.e., urban morphology) and human health. Density
measures (e.g., street network characteristics, pop-
ulation density), in particular have been found to
correlate with obesity and diabetes (Lopez-Zetina et
al., 2006; Marshall et al., 2014). Research using vi-
sual imagery of urban fabric, such as aerial, satellite,
and point of view (POV) imagery, has demonstrated
correlations between visual features and a variety of
health measures (Maharana and Nsoesie, 2018; Suel
et al., 2019).

Deep learning has been used in previous re-
search with aerial and satellite images to estimate
health and income measures. Jean et al. (2016)
use a CNN to predict poverty levels from satellite
imagery from five African countries. The work at-
tempts to find correlations between features in the
images and poverty measurements through a qual-
itative method involving visualizing selected neural
network layers in the CNN. Maharana and Nsoesie
(2018) use satellite images of census tracks in eight
U.S. cities with a CNN to estimate levels of obesity
and verify that features in the images explain thema-
jority of variance in obesity rates, but are not able to
identify specific correlations between features in the
images (e.g., buildings, street network patterns, etc.)
and obesity rates. Suel et al. (2019) use Google street
views and census data on a variety of social, environ-
mental, and health measures from the U.K. Census to
train aCNNmodel to estimate levels ofwellbeing, but
the research does not address the problem of find-
ing correlation between specific image features and
outcomes. This is a common omission in much of

298 | eCAADe 38 - D1.T2.S2. HEALTH AND MATERIALS IN ARCHITECTURE AND CITIES - Volume 1



Figure 1
The Xception CNN
architecture is
shown. The
diagram shows that
the following
sequential CNN
blocks are trained
on the dataset: CNN
block 6-14; 1024
fully connected
layer; 512 fully
connected layer;
and one output
neuron with RELU
activation function
for regression. The
diagram shows that
block 1 is visualized
for correlational
analysis between
urban design
features and the
estimated health
outcome.

the previous research in this area. Developing meth-
ods for the analysis of DL models that can allow re-
searchers to develop insight on the correlation be-
tween features in satellite, or aerial, images is there-
fore a pressing problem that this research attempts
to address.

METHODOLOGY
Deep Learning Architecture, Data, and
Training
Previous research has primarily focussed on the Vi-
sual Geometry Group (VGG) family of CNN architec-
tures (Simonyan and Zisserman, 2015) for its deep
learning models. New and more accurate CNN ar-
chitetcures (e.g., Inception, Xception, ResNet) have
emmerged in recent years, but research using these
new architectures for health estimation with satel-
lite/aerial images has been limited. In this research,
the Xception CNN architecture (Chollet, 2017) is used
because it provided the best trade-off between ac-
curacy and a lower number of trainable parameters.
This architecture is pictured in Figure 1.

The input dataset for training the Xception ar-
chitecture is comprised of 7,949 census tract satellite
images of California from 2017 obtained through the
U.S. Census. Each image in scaled non-uniformly to a
dimension of 299 x 299 pixels. This input dataset was

then matched with health measures related to each
census tract obtained from the2017CaliforniaHealth
Interview Survey (CHIS 2017). The CHIS data covers a
range of physical and mental health measures.

Transfer learning is a technique used to improve
the training of deep learning models when the avail-
able training dataset for the model is small (i.e.,
datasets containing thousands of examples instead
of hundreds of thousands, or millions of examples).
Transfer learning was used in this research with the
chosen Xception architecture. Specifically, as shown
in Figure 1, all convolutional blocks up to 5 were
frozen, leaving blocks 6 through 14 to be trained.
Two dense layers, made up of 1024 and 512 neurons
respectively, were then added to the end of network
and trained as well.

The Xception architecture was trained with a
batch size of 32 using the Adam optimizer with a
learning rate of 0.003, and the use of mean abso-
lute error (MAE) as the loss function for 100 epochs.
The weights for the trainable CNN layers were initial-
ized with values normalized by ImageNet averages.
Added dense layers used a Glorot uniform initializa-
tion scheme. Dropout layers were added between
the dense layers for regularizationwith dropout rates
of 0.2 and 0.5 respectively. These parameter settings
were chosenbased onprecedentworkwith Xception
(Chollet, 2017) and validation experiments.
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AnalyzingDeepLearningModels to Identify
Correlated Design Features
CNN models use a series of neural network layers
to progressively learn low-level (e.g., edges, corners,
etc.) and high-level (e.g., street networks, buildings,
etc.) features present in an image dataset that statis-
tically correlate to some value of interest (e.g., health,
economic, environmentalmeasures, etc.). Analysis of
these layers can reveal what image features the CNN
model has learned from thedata andgive insight into
which design features might correlate to a specific
measure. This research explores two potential meth-
ods of analysis to reveal these correlations.

The first method, referred to here as global pool-
ing layer comparison (GPLC), finds the top 20% of
convolutional activation maps that are on average
most active for a particular dataset by summing
all the activation values together of each activation
map. This method is applied to activation layers one
and two of the first convolutional block of the Xcep-
tion CNN architecture as shown in Figure 1. These lo-
cations in the architecturewere chosen because they
represent early stages of feature learning in which
low-level features (e.g., edges, corners, etc.) are be-
ing learned. These layers are also easier to visually
interpret as they are closer in pixel dimensions to the
original images.

The second method focusses on finding combi-
nations of activation maps that are most active and
correlated with one another for a particular data in-
put. It does this by multiplying all possible combi-
nations of the feature maps together and selecting
the combinations with the largest multiplied values.
This approach differs from the first in that it gives in-
sight into which combinations of features might be
correlated with a particular input. For this analysis,
this process is done for all census tractswithhigh inci-
dence of obesity. The average of these values is then
used to find the highest activating combinations of
activation maps.

RESULTS ANDDISCUSSION
The trained Xception CNN model was able to predict
the percentage of obesity based on satellite images
of census tracts to within a MAE of 0.21. Meaning,
that its predictions of obesity rates were on average
off by around 21%. This result seems decent consid-
eringall themodel is using is satellite images, butdef-
initely leaves room for improvement. The accuracy
of the model could be due to several factors. First,
rates of obesity have many causes and correlations.
This result shows that visual features of the built en-
vironment have likely correlations with obesity, but
that this correlation is limited. Second, it is possible
that the accuracy of themodel could be improved by
adjusting parameters in the model relating to the in-
put images themselves (e.g., image scale; resolution;
number of examples in the dataset; etc.), the archi-
tecture of the CNN model ( e.g., number of convolu-
tional layers; activation functions; etc.), and the train-
ing approach (e.g., how transfer learning is applied;
learning rates; etc.).

The top row of Figure 2 shows sample Califor-
nia census tracts thatwerepredictedmore accurately
by the CNN model. These images all show relatively
constant street network grids. These tracts also all
have relatively high rates of obesity. The second row
shows tracts predicted with a low accuracy. These
images all have very irregular street grids and seem
to have a lower density than the images on the top
row of the figure. They also share very low rates of
obesity - indicating that the CNN model is less accu-
rate when predicting low obesity rates.

Onehypothesis for this behavior, is that it reflects
the data distributions of the training set. Because
the training set had few examples of very low rates
of obesity, the model never has enough examples
to learn from. Data augmentation is an approach to
dealing with this problem in which extra image data
is created by applying scaling, reflection, and noise
adding operations to existing images in the dataset.
This approach was used to boost the number of ex-
amples of low obesity areas. It improved the accu-
racy of predicting these areas but reduced the over-
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Figure 2
(a-d) Sample
California census
tracts where the
CNN model
achieved high
accuracy. (e-h)
Samples of tracts
where the model
predicted poorly.

all accuracy of the model for higher rates. In this sit-
uation, it therefore seemed the best trade-off to stick
with the model that had a higher accuracy for high
rates of obesity - as high rate areas are more preva-
lent. Issues of data bias (i.e., having too many or too
few examples of one measure) are therefore key for
any urban planner or architect working with DL to
address. Experiments with different data augmenta-
tions must be undertaken to find the approach that
gives thebest trade-offbetweenoverall accuracyand
accuracy on outlier examples.

The DL model was then analyzed using the two
methods mentioned previously in order to identify
design features represented in the images thatmight
correlate with high obesity rates. Figure 3 part a and
b, uses the GPLCmethod and shows visualizations of
the individual activation maps from the first and sec-
ond convolutional blocks of the Xception CNNmodel
for a particular census tract image that has a high in-
cidence of obesity. The activationmaps indicatewith
brighter pixels the aspects of the image that are acti-
vating the CNN themost. Looking at these activation
mapsprovides awindow into theCNNmodel and the

visual features it may be using to make its estimate.
In parts c and d, the top two activationmaps that are
most activewhenestimatinghigh rates of obesity are
shown. In part c, commercial and industrial buildings
seem to be activating the CNN most, while in part d
the vertical line of a road is the brightest element.

This approach can reveal which activation maps
are most active when making particular predictions
but has several drawbacks. First, it reveals which indi-
vidual activationmapsmight correlate to a result but
doesnot reveal howcombinationsof activationmaps
might be correlated with it. For example, it could
be that the combination of visual features relating to
building density and street network morphology is
a critical correlational factor. Second, this approach
requires a degree of subjective interpretation. Once
the activation maps that are most active are found,
the analyst is left to make sense of what the bright-
ened pixels in the images are referring to. Sometimes
this canbe clear, but other times it is a guessinggame
as to what visual features are triggering the model.

The second analysis approach, described previ-
ously, focusses on finding the most active combina-
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Figure 3
a) Shows the
activation maps of
the CNN after the
first convolutional
block for a census
tract with a high
percentage of
overweight adults.
b) Shows the
activation maps of
the CNN after the
second
convolutional block
with a high
percentage of
overweight adults.
c) Shows the most
active activation
map in the first
convolutional block
using the GPLC
method. d) Shows
the most active
activation map in
the second
convolutional block
using the GPLC
method.

tions of activation maps correlated with high inci-
denceof obesity. Figure 4part a andb show thehigh-
est activating combination of activation maps from
the first convolutional block of the CNN model for
an image input of a census tract with a high rate of
obesity. Part a shows the brightest pixel activations
being situated within the boundaries of the build-
ings and part b seems to show activations for paved
surfaces. This implies that the ratio of buildings and
hardscape to softscapes (e.g., parks) might be an im-
portant correlated factorwith highobesity rates. This
also supports the analysis in Figure 3. Again, a certain
degreeof interpretationhere is required, but this pro-
cess more clearly sheds light on which combinations
of urban featuresmight bemost correlatedwith obe-
sity.

CONCLUSIONS
This research built on existing work suggesting cor-
relations between the built environment and urban
morphology with health outcomes. Discriminative
deep learning was used in combination with satellite
imagery of 7,949 California census tracts to estimate
rates of obesity. This research contributed knowl-
edge on methods for applying deep learning to ur-
ban health estimation for the allied design fields and
validated the use of the Xception CNN architecture
in combination with transfer learning training strate-
gies for small image datasets. Further, the research
introduced the use of two different methods that ur-
ban planners and architects could use to identify cor-
relations between urban design features and obesity.
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Figure 4
a-b) Show the
highest activating
combination of
activation maps
from the first
convolutional block
of the CNN model
for an image input
of a census tract
with a high rate of
obesity.

The research had some limitations worthy of fu-
ture research. The satellite images used were all at
a relatively low resolution. This low resolution elimi-
nated details that may have been useful for the CNN
model. Another limitation in this area, was the re-
liance on images that were purely from above, in-
stead of incorporating street views aswell. Future, re-
search will address both of these issues through the
use of block-level satellite images comprising a par-
ticular census tract in combinationwith google street
views.

Additional research is also needed in the devel-
opment ofmethods to identify design features corre-
lated with targeted health measures. The two meth-
ods introduced in this researchmix both quantitative
and qualitative methods to find these correlations.
Further research is needed to validate thesemethods
more thoroughly and reduce the amount of subjec-
tive interpretation involved.

Deep learning has the potential to contribute
greatly to our knowledge of urban and architectural
design. The methods presented here are a first step
in creating a new analytic toolkit for urban planners

and architects to inform the design of healthier cities
and buildings. Many questions and challenges re-
main for the allied design fields, in terms of engag-
ing this emerging era of artificial intelligence, but the
potentials seem worth the hard work.
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The use of parametric modeling in architectural design processes has made
possible the creation of novel complex-shaped projects, but also launched new
materialization challenges. This hard task addressed to a relevant need to
comprehend the impact of constructibility on parametric design teaching. We
analyzed how multicultural collaborative teams of students introduced
construction constraints in parametric design processes, in an European
architecture school. The method consisted of two design experiments with
architecture students who designed a pavilion, starting from constraints such as
time, material and pre-existences. The results addressed that the introduction of
construction constraints since the early conceptual design stages conditioned the
architectural shape, but also optimized time, decreased rework, and helped on
decision-making. Despite the multiculturality, the students' lack of knowledge in
construction methods indicated a high need for integration with engineering
students and industry partners since graduation.

Keywords: Parametric Design, Constructibility, Collaborative Design, Design
Process

INTRODUCTION
This paper explores howarchitecture shifts from “dig-
ital to material” by analyzing collaborative paramet-
ric design processes and it was focused on building
constructibility in educational context.

With the advent of parametric modeling, archi-
tects start to createunprecedent architectural shapes
(Kolarevic 2008). But along with the freedom to
create novel architectural shapes, new materializa-
tion challenges arose. The combination of managing

the complexity of the parametric design media and
the constructibility of the building demands collab-
orative work, as recommends the New Structuralism
manifest (Oxman and Oxman 2010).

The concern with materialization in the digital
agewas brought to discussion by authors such as An-
toinePicon (Picon2004),whoaffirmed that thedevel-
opment of computational design is often presented
as a challenge to physical aspects and construction
technologies. The author attests that computer-
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based design often appears to neglect the material
dimension of architecture, its intimate relation with
properties likeweight, thrust, and resistance. He indi-
cates that on a computer screen, forms seem to float
freely, without constraint other than those imparted
by the program and by the designer’s imagination.

In this direction, digital media and emerging
technologies are rapidly expanding what we con-
ceive to be formally, spatially, and materially possi-
ble (Iwamoto 2009). Digital practices have the poten-
tial to narrow the gap between representation and
building, affording a hypothetically seamless con-
nection between designing and making in architec-
ture. Many remarkable buildings such as Gehry’s
Guggenheim Bilbao Museum and Walt Disney Con-
cert Hall are samples of this new way of designing
and materializing architecture.

Designing those buildings demands expertise
and hours of planning and requires a collaborative
team of designers and consultants. This context ad-
dresses that complex architectural shape needs to
emerge concomitantly to a structural design pro-
posal. This may decrease the risk of unfeasibility, es-
pecially when the shape defines the architecture it-
self (Cordeiro and Rocha 2017).

The demand for materializing contemporary ar-
chitecture made emerge specialized companies of-
fering consultation in design and fabrication pro-
cesses (Celani 2017; Klinger 2008; Kolarevic 2008).
Those companies act in the design process during
conceptual and/or late design stages. When acting
later in the process, it contradicts what recommends
the New Structuralism manifest (Oxman and Oxman
2010), which claims for a high integration between
architects and engineers since the early conceptual
design stages.

Regarding the architectural education scenario,
several organizations and associations around the
world support the efforts of academic programs to
create and implement an effective new curriculum
that brings together students from multiple disci-
plines, industry professionals, and advanced design
technologies to learnhow to address practical design

challenges (Nicknam, Bernal, and Haymaker 2013).
However, the teachers’ motivation is not enough to
make multidisciplinary happen, and most architec-
ture schools are not at this level of collaboration.

Many authors (Schnabel 2004; Gallas et al. 2015;
Nicknam, Bernal, and Haymaker 2013) state ways of
teachingparametric designwith specificmethodolo-
gies. Most of them mention the phases of identi-
fication of possible design parameters, creation of
parametric relations, and selection of better solu-
tion in a range of alternatives, close to what Bryan
Lawson (Lawson 2005) calls analysis, synthesis, and
evaluation. Besides this methodologic base, pro-
fessors should integrate a computational approach
both theoretical andpractical allowing the student to
acquire culture in contemporary architectural prac-
tices (Gallas et al. 2015).

Collaboration is an initiative defended as a con-
sensus to both practice and academia to parametric
design implementation. Collaborative design con-
sists of parallel expert actions, bracketed by joint ac-
tivity of negotiation and evaluation (Kvan 2000). Ne-
gotiation and evaluation, as moments of interaction,
can drive the design solution differently depending
on the capability of persuasion/leadership of each
designer. Types of leadership can be determinant to
teamwork. Vertical leadership may be interpreted as
an influence on team processes while shared leader-
ship is a team process where leadership is carried out
by the teamas awhole (Ensley, Hmieleski, and Pearce
2006).

Hybridity can also play an important role in the
design process of collaborative teams. At the prac-
tical teaching of the parametric, the crux lies in the
transition from paper sketch to the parametric struc-
ture (Gallas et al. 2015), indicating the potential of
using multi-media and multi-domain competences
(Lebahar 1999).

This leads to raise the question of “how con-
structibility impacts the parametric design process in
educational context?” As a hypothesis, we believe
that in the collaborative parametric design process,
the construction constraints assume the role of rad-
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ical constraints (Lawson 2005), and lead the design
and construction process more easily. We developed
a design experiment with architecture students, that
alongwithothermethodological stepsof anongoing
Ph.D. research, helped to confirm the hypothesis.

We aim to analyze how the constructibility con-
straints were converted into design actions and how
it impacted the parametric design process.

METHODOLOGY
Two design experiments served as base for the
study and have been conducted throughout the aca-
demic year 2019-2020 during the four credits course
named Geometric and Generative Modeling, within
the framework of a two-year master’s program for ar-
chitecture of the University of Lisbon, Portugal. In to-
tal eight Erasmus students from five different nation-
alities (Poland, Japan, England, Marocco, and France)
divided in 2 groups have participated and were su-
pervised by three design professors.

Instead of grouping students from other de-
partments and industry partners, we grouped only
architecture students to understand how different
cultures could show a variety of expertise in con-
structibility during the design process. Thus, the col-
laborative teams were multicultural instead of multi-
disciplinary.

The methodology of the experiments consisted
of two phases: training and designing subdivided
into specific stages. The training phase started with
the use of Rhinoceros software, shifted to the use of
its plug-in, Grasshopper and then went to the add-
ons Kangaroo and Karamba3D. The training phase
strategy was based on exercises from the simple to
the complex shape manipulation. Students mod-
eled simple shapes to understand surface manipu-
lation and Boolean operations. They also created
complex shapes by exploring the morphogenesis of
cephalopods (Figure 1).

Students then started to work with simple para-
metric geometries to understand how rules and pa-
rameters could be included and manipulated. This
was important for the phase of designing to give

them the idea of generation of design alternatives.
The last training class explored samples of physical
behavior, such as the simulation of origami move-
ments and structural analysis of a beam (Figure 2).

For the designing phase the students were
grouped according to criteria like assiduity, poten-
tial of interaction and skills in computational tools
Rhinoceros, Grasshopper, Kangaroo and Karamba3D,
based on the observation of their performance dur-
ing the training phase.

An architectural design exercise was launched
to be developed in four weeks. We asked students
to design a complex-shaped pavilion to serve both
as a covered path to pedestrians and as a place to
stay and contemplate the landscape. The final de-
sign should cover part of the internal sidewalks of
Jardim do Estoril (Figure 3). The construction site is
surrounded by a Casino, a Hotel, a train station, and
the beach, that can be reached by an underground
tunnel. It is possible to observe the beach from the
construction site due to its high ground level. This
urban context may affect the design solution.

Figure 3
Construction site.

The design team had to consider constraints such
as pre-existence (topography, sidewalks, pavement,
and trees), constructibility (foundations placement,
material, optimization, assembly, time of construc-
tion) and theuseof parametricmodeling as amanda-
tory designmedia. The chosenmaterial was wooden
pallets available at the University.
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Figure 1
Rhinoceros training.

Figure 2
Grasshopper
training.

THE PARAMETRIC DESIGN PROCESSES
Eight students in total were divided into two work-
ing groups (group 1 and group 2) and the number of
participants was four by group. Students had a mo-
ment of self-introduction, once they never designed
together before. Every group should follow three

mandatory design actions:

1. Study of design references;
2. Creation of a design concept;
3. Creation of code logic.
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The subsequent design actions would be selected
freely, so the groups could determine which re-
sources would be more suitable to their design. We
will describenextwhich free actions tookplace, high-
lighting some of them according to determinant
phases of the process.

Group 1: Multiuse Freeform Shape Pavilion
Two polishes, an english and a moroccan student
joined group 1. English student had a previous ex-
perience with parametric modeling, and this helped
with the first contact with the design problem. Ex-
perts users can reduce time spend on the parametric
model generation and givemore focus on the design
activities (Gallas et al. 2015).

This also caused a dispute for vertical leadership
that somehow interfered with the integration be-
tween the designers. Therefore, the other students
understood that after each colleague co-operates on
a few clusters of contributions they could collaborate
discussing and negotiating the final solution (Kvan
2000). During the process, shared leadership took
place.

The free design actions adopted by studentswas
mass study with hand sketches and geometric mod-
eling, interpretation of construction constraints with
sketches, and coding in Grasshopper (Figure 4).

Figure 4
Design actions of
Group 1.

In the first week, students surveyed the design refer-
ences and defined the design concept. It was a free-
formandorganic structure that emerged fromacom-
bination of three types of modules: entire pallets,

half pallets, and quarter pallets. They discussed how
those modules could be arranged, mainly regarding
the future code assemblage and the structural joints
(Figure 5).

In the week after students concerned about four
main design problems: movement of people under
the structure, the design shape, the pallets overlap-
ping (to create the joints), and the distribution of
the structural forces distributed through the entire
construction. The designers then worked separately
in co-operation: as three of them worked on hand
sketching and geometric modeling, the other col-
leaguemade the first attempts on coding. Therefore,
it was only in the third week that they started to have
a well-planned code. The students used a code logic
based on the construction of a non-parametric curve
divided into parametric points, which was turned
into circles and ellipses. Those curves were lofted to
generate a surface, with a cloud of points inside of
it. These clouds of points had a fixed distance, which
was the vertices of an outer bounding box of the pal-
let.

On week four the group 1 witnessed their ma-
jor impasse: the intersection between the cloud of
points and the surface was not matching the pallets,
generating a constructibility issue on the design pro-
cess. This led them to abandon the usage of three
types of modules, deciding to apply only the quar-
ter pallet to the final design. By doing this and rein-
terpreting the whole code, it was also necessary to
study the logic ofGrasshopperData Tree, aswell as list
managing, in order to be able to reorganize the cloud
of points and finish the design. Both constructibility
and computer constraints conditioned the paramet-
ric design process, confirming the launched hypoth-
esis.

The design solutionwas a free-form surface filled
with quarter pallet modules (Figure 6). Despite con-
cern about the trespassing of the structure to sustain
and connect the modules to each other, the group
did not explain how the connection between the pal-
lets could be solved, and this could affect the final
shape. This was a constructibility issue, related to
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Figure 5
Design actions
summary per week
for Group 1.

Figure 6
Final
representations of
Group 1

structural design, that would have to present a feasi-
ble solution before goes further on construction doc-
uments phase, and subsequently, to the construction
site.

Professors acted both as consultants in the para-
metric design tool and provoking when a construc-
tive solution was not properly solved, due to the lack
of multidisciplinary.

Group 2: Covered Hallway Pavilion
This group was composed of two japaneses, a polish
and a French student, and none of them had experi-
enced parametric design or parametric tools before.
As apossible consequencenovice usersmodeling ac-
tivity is expected to be considered as an additive con-
straint that influences the designprocess (Gallas et al.
2015).

The interaction between students happened
more fluidly than Group 1, leading to a more
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collaborative than co-operative environment (Kvan
2000). They adopted five free design actions: mass
study with hand sketches, study of spatial relations
both with hand sketching and physical scaled mod-
els, zoning and viewing studies, and coding with
Grasshopper (Figure 7).

Figure 9
Design actions of
Group 2.

In the first week, the students mainly discussed de-
sign concept and decided to use a slice of the wood
pallet as a basic module, that could be multiplied
to generate a parametrically controlled chain. This
would give them the so desiredmovement as well as
the design alternatives. The second week was deci-

sive to incorporate, with physical models, the type of
movements that would take place in the entire ge-
ometry, relating this with zoning studies. The follow-
ing weeks were dedicated to plan and develop the
Grasshopper code, always going back to the sketches
and physical models to validate how the movement
constraints would take place.

The architecture students conceived their cov-
ered hallway pavilion based on curves thatwere gen-
erated from a referential point attractor, that works
like a magnet and attracts the rest of the geometry.
The pallets were decomposed to generate a mod-
ule that can be compared to a chain link, which gets
tighten or loosen depending on the location of the
referential point attractor. As far as the referential
point goes away from the main geometry, the chain
gets loosen, andwhen the opposite occurs, the point
gets closer. The group coordinated the correct lim-
its of these movements on the Grasshopper defini-
tion, respecting the constraints of the chain links, ob-
servedduring the stageof study spatial relations (Fig-
ure 8). This denoted the importance of hybridity in
the parametric design process (Gallas et al. 2015).

Students had two impasses that stick the pro-
cess. The first one occurred after defining the con-
cept with sketches. They did not know how to pre-
dict the curved effect, mainly regarding the relations
between the pallet modules. One of them had the

Figure 7
Summary of design
actions of Group 2
during the four
weeks of the design
experiment.
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Figure 8
Final
representations of
Group 2.

idea to test the connections between the modules
by making physical models with waste of Styrofoam.
Students defined the types of spatial relations as im-
brication and chain. The second one occurred during
the coding stage. They had to reinterpret the move-
ments by observing the physical models and spent a
week trying to find the lightest way to assemble the
Grasshopper definition.

Group2delivered thefinal representationsof the
covered hallway pavilion, that was made with seg-
ments of pallets asmodules (Figure 9). The final prod-
uct presented a solution to the connection issues
thatwere problematic during the design process and
could compromise the building constructibility. Un-
til the last week of the course, these elements were
floating on the horizontal plane, without any struc-
tural support, reinforcement, or connection.

Theprofessorshad toact asguiders in somedeci-
sive moments of the design process. They interacted
with students as building construction consultants or
experts in parametric design tools, but always as pro-
vokers, not as designers.

RESULTS ANDDISCUSSION
The criteria alignment to subside analysis and evalu-
ation of the design processes considered the equal
number of participants with balanced skills as well

as the same design constraints and construction site.
Both groups delivered final designs with a good in-
terpretation of the architectural design statement.

The categories considered critical during the
total process of design-through-production are re-
search, fabrication, consultation, and software and
coding (Klinger 2008). Those categories were
adapted to this paper and became analytical cat-
egories, that combined the idea of other authors
- such as design study, materiality, constructibility,
and collaborative design - to reach the following pro-
posed categories: “design problem”, “constructibil-
ity”, “collaborative design” and “design media” (Fig-
ure 11).

Students of both groupsmade a proper research
in every step of the process through and reflected
on them through the design actions, especially dur-
ing the first week. There was a constant switching of
strategies observed on the design actions to find a
suitable solution for each design problem.

Construction constraints associated with para-
metric modeling challenges have made emerge the
main design problems and brought impact to the
process andfinal product. The lack of knowledge and
skills about parametric design could maybe poten-
tialize the construction constraintswithmore latency
(Gallas et al. 2015).
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Figure 10
Description of the
proposed analytical
categories.

Themulticultural combination reflected in amix-
ture of discipline and shared leadership. Japanese,
english, and polish students demonstratedmore dis-
cipline in co-operation tasks, asmoroccan and french
students demonstrated more leadership initiative
during the moments of negotiation and evaluation
(Kvan 2000). This combination of different profiles re-
flected positively, bringing dynamic solutions during
the design process.

A high variety of design media from analog
(such as hand sketching and physical models) to dig-
ital (parametric or non-parametric) showed the im-
portance of multi-media and multi-domain compe-
tences (Lebahar 1999), as a facilitatingmechanism of
the design process.

By observing the design process of both groups
and relating the results to the four analytic cate-
gories, it was possible to conclude that the students
combined the following skills:

1. Good systematization of ideas to solve the de-
sign problem;

2. Focus and discipline to dedicate time to design;
3. Balance of vertical and shared leadership, to

bring direction and focus to the team;
4. High skills in analog design media, such as

sketching and physical modeling;
5. Ability with mathematics, logic and computa-

tional design media;

The students were invited to answer a questionnaire
after the experiment to evaluate feed-back and com-
pare students‘ impressionswith our conclusions. The
electronic form is structured in four parts, coinciding

with the proposed analytical categories. The compi-
lation of answers confirms the professors’ impression
for each category. According to students:

• The design constraints that hadmore impact on
the process was shape and construction;

• Parametric modeling tool was used to integrate
construction constraints when replacing simple
geometry with the structural element;

• Pallet constraints led to the creation of ideas of
shape adaptability, impacting on design;

• Collaboration allowed a far more cohesive de-
sign but also lead to a lack of direction without
strong leadership in certain moments;

• Use of hybriditymade problemsmore apparent,
helping on decision-making;

CONCLUSIONS
The contribution and originality of this paper rely on
understanding how architecture students introduce
construction constraints through design actions dur-
ing a parametric designworkflow, bringing to discus-
sion how constructibility can impact the parametric
design process in academia. Initiatives like this one,
even not multidisciplinary, can help CAAD field re-
searchers to understand how a realistic parametric
design can start: by giving real constraints and ask-
ing designers to work collaboratively.

We recognize the importance of multidisci-
plinary approach in collaborative design like the one
developed at the Georgia Institute of Technology
among other institutions (Nicknam, Bernal, and Hay-
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maker 2013) over themulticultural, but the relevance
of this work relies on analyzing the second approach
and the impact of the construction constraints on the
parametric design process.

When relating the given design constraints with
three-dimensional design problem model (Lawson
2005), it is possible to state that during the design
processes the first constraint to appear was the for-
mal one. The practical constraints, mainly the con-
struction constraints, started to appearwhen the stu-
dents tried to migrate their design to digital media.
Constant use of hybrid design media helped to un-
derstand those mentioned constraints. Therefore,
themain students’ difficulty was the construction ex-
pertise itself, and this can be explained by the lack of
experience with practice.

The use of multi-media and multi-domain com-
petences (Lebahar 1999) was determinant to lead
and facilitate the design process due to the combi-
nation of different skills of each student. Some de-
sign actions can be highlighted as decisive: 1) hand
sketching to define concept and mass studies; 2)
planning the code logic; and 3) usemathematics and
computation to understand design. These design ac-
tions are some of the strategies observed in years of
courses and workshops in parametric design (Wood-
bury 2010).

The paradigm of combining digital andmaterial,
in the parametric design field, must be broken since
academia. A future version of the study intends to
integrate multidisciplinary students. Professors from
architecture and engineering schools have an impor-
tant role: to initiate collaboration with each other
by proposing new integrated and multidisciplinary
courses. By doing this, architects and engineers of
tomorrow will start to think about the constructibil-
ity of parametric design as mandatory collaborative
work since early stages.
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Healthy urban planning is about planning for people, considering the needs of
people and communities during the planning process and the implications of
decisions for human health and well-being. However, access to real electronic
health record (EHR) data is hindered by legal, privacy, security, and intellectual
property restrictions. The lack of freely distributable health records has become
an important issue for healthy urban planning. This research develops a source
of synthetic electronic health records based on reviewed and meta-analysed
evidence on the association between built environmental characteristics related
to lifestyle chronic diseases. This research uses Type 2 Diabetes Mellitus (T2DM)
as health for proof of concept. The results roughly approximate age and gender
groups at diagnosis curves (R2 = 0.876), and correctly generated more than 90%
of patients for the all age group in Singapore. As a summary, these pilot validated
synthetic records could be used as a risk-free (no privacy & security issues) data
for supporting healthy urban planning.

Keywords: synthetic patient, urban planning, computer simulation, Type 2
Diabetes Mellitus, GIS

1. INTRODUCTION
The relationship between urban planning and pub-
lic health are many and varied. Through ‘healthy ur-
ban planning’ (HUP) initiative, the World Health Or-
ganization (WHO) highlighted healthy urban plan-
ning (Duhl & Sanchez, 1999) “a clear need for urban
planners to integrate health considerations fully into
their work, both in policy and practical terms, and
for all sectors in cities to work together to improve
health, wellbeing and quality of life.” Barton et al.
(2009) described the connectionbetweenhealthpol-
icy and urban planning became weak in the twenti-
eth century. The original health objectives of clean

air and water are deeply entrenched in planning and
building control systems, but contemporary diseases
(lifestyle chronic disease) of civilization have been
ignored. The ignored relationship between urban
planning and lifestyle health could be caused by the
lack of availability of real electronic health record, as
hindered by legal, privacy, security, and intellectual
property restrictions. Hence the lack of freely dis-
tributable health records has become an important
issue.

To meet the aforementioned urban health chal-
lenge (freely distributable health records) depends
upon integrating public health and urban planning.
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The WHO Healthy Cities Project Office has also de-
veloped an understanding of health that relates to
all principles of healthy urban planning. One of
the principles, as set out by the WHO Healthy Cities
Project (WHO, 1995, 1997), is a supportive environ-
ment. Changing patterns of life, work and leisure
have a significant impact on personal physical and
mental health. In the other words, a city health plan
should address the creation of supportive physical
and social environments, which include issues of per-
sonal physical andmental health (Coronary heart dis-
ease, Diabetes, Epilepsy, Multiple sclerosis, Stroke,
Alzheimer’s disease, etc.). The strategy behind this
principle is manifold. It places the issue of human
health on the agenda of urban planners, promotes a
healthy lifestyle, public policy and serves as the ini-
tial step towards addressing complex problems that
shape the health of cities. To avoid the complexity
inherent to this planning principle, this research nar-
rows down the planning principle to a supportive en-
vironment of Type 2 Diabetes Mellitus (T2DM) as a
pilot case study to achieve the freely distributable
health records.

This research methodology includes three steps:
1) Review and meta-analyse the variables related to
the prevalence of T2DM. The variables are grouped
into two parts: a) individual variables (gender, eth-
nicity and income level) (Kautzky-Willer, Harreiter, &
Pacini, 2016) and b) built environmental variables
(residential density, land use, street connectivity, and
green space) (Braver et al., 2018; Dendup et al., 2018).
We systematically searched PubMed, Web of Sci-
ence, Scopus and Cochrane from their inception to
6 Jan 2019. Studies were included with adult pop-
ulations (>65 years), T2DM prevalence or glycaemic
markers as outcomes, andneighbourhood street net-
work characteristics (residential density, land use,
and green space) as independent variables. We ex-
cluded studies that performed prediction analyses
and that do not report original research.2) Generate
synthetic patients using the relationship to built en-
vironmental variables from step one. The develop-
ment framework is based on the use of the Publicly

Available Data Approach to the Realistic Synthetic
EHR (PADARSER) (Dube & Gallagher, 2013; Walonoski
et al., 2017). 3) Evaluate and visualise the synthetic
patient data with a standard file format (Fast Health-
care Interoperability Resources [FHIR]) in a web-
based Geographic Information System (GIS) applica-
tion. The evaluation compares the annual preva-
lence of T2DM by age, gender and ethnicity with
the public available health data in Singapore (MOH,
2018); The result roughly approximate age at diag-
nosis curves. Further correlation analysis indicated
that this method correctly generated the prevalence
of T2DM by age and gender group (R2 = 0.876). With
the GIS visualisation, urban planners will be able to
evaluate the long term health impact built environ-
mental variables (residential density, land use, and
green space). This pilot case study also lists a poten-
tial collaboration between the public health profes-
sionals with urban planners.

2. LITERATURE REVIEW
2.1 Healthy Supportive Environment: Dia-
betes
Diabetes Mellitus (DM) is characterized as a group of
metabolic diseases characterized by hyperglycemia
resulting from defects in insulin secretion and/or in-
sulin action (American Diabetes Association, 2009).
The pathophysiology of T2DM has not been com-
pletely elucidated until now, but influencing factors
include genetic susceptibility, environmental and
behavioural factors such as sedentary lifestyle, nu-
trition and gut metagenome (Wu et al., 2014; Zim-
met et al., 2001). A variety of lifestyle factors such
as sedentary lifestyle (Zimmet et al., 2001), smok-
ing (Mansonet al., 2000) and alcohol consumption
(Cullmann et al., 2012), are of importance to the de-
velopment of T2DM (Pan et al., 1997; The Diabetes
Prevention Program, 1999; Tuomilehto et al., 2001;
Wu et al., 2014; Zimmet et al., 2001; P. Z. Zimmet,
1999). The latest diabetes prevention programs in
the United States have demonstrated the efficacy of
lifestyle factors interventions that could reduce the
risk of progressing from impaired glucose tolerance
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(IGT) to diabetes by 58%. Hence, with this basic
knowledge of diabetes, achieving a supportive built
environment for human health is an interdisciplinary
research area involving evidence-based urban plan-
ning and design, and public health and related prac-
tice. Renalds et al. (2010) identified that aspects of
the built environment can play an important role in
supporting lifestyle choices that result in either ben-
eficial or adverse health consequences for the indi-
vidual and at the community level. Kent & Thomp-
son (2012) pointed out that physical inactivity, so-
cial isolation, and obesity are three of the major risk
factors for many of the chronic diseases and identi-
fied three key built environment domains: 1) sup-
porting physical activity, 2) connecting and strength-
ening communities and 3) providing equitable ac-
cess to healthy food. They concluded that the pro-
fessionals in health and the built environment (de-
signers and policy-makers) should work together to
translate health knowledge into effective policy and
practice. Since health-related research has not been
consistently translated into urban planning/design
policy and practice, Lowe et al. (2014) provided an
overview of the evidence of the association between
the built environment and chronic diseases, high-
lighting progress and future challenges for health
promotion. As a summary, many studies have inves-
tigated how Type 2 Diabetes Mellitus (T2DM) is im-
pacted by the built environment, however evidence
of environmental variables (residential density, land
use, street connectivity) from an urban planning per-
spective influencing behaviour that affect the risk
of T2DM is rare. This paper conducts a systematic
review and meta-analysis to investigate the T2DM
prevalence factors with respect to the built environ-
ment for inclusion in the urban planning process.

2.2 Synthetic data generation
There are a varietyof synthetic datagenerationmeth-
ods that have been developed and compared across
a wide range of domains (Choi et al., 2017; McLach-
lan, 2016; Walonoski et al., 2017). Within the public
health domain, many approaches are focused on the

investigation of pathophysiology (Ascoli et al., 2001;
Van den Bulcke et al., 2006), and the synthetic results
do not include the environmental variables in scope
to produce EHRs across ranges of patient types and
clinical conditions (Choi et al., 2017; Kartoun, 2016;
Mwogi et al., 2014). Walonoshi (2017) developed
a java-based synthetic simulation engine to gener-
ate synthetic patient, which would allow to include
more variables inside the simulation framework. His
approach could guarantee fully synthetic output by
accepting only publicly available information and
health statistics as inputs. Considering the existing
methods for assessing the quality and realism of syn-
thetic health record data, we use the synthetic frame-
work (Dube &Gallagher, 2013; Walonoski et al., 2017)
for this pilot case study.

3. RESEARCHMETHODOLOGY
This research methodology includes three steps: 1)
Review and meta-analysis of the variables related to
the prevalence of T2DM. 2) Generating synthetic pa-
tients using the relationship to built environmental
variables from step one. 3) Evaluating and visual-
ising the synthetic patient data in a web-based GIS
application. The evaluation compares the annual
prevalence of T2DM by age and gender group with
the public available health data in Singapore (MOH,
2018);

3.1 Review and meta-analysis of the vari-
ables
Based on previous studies, the variables are grouped
into two parts: 1) individual variables (gender, eth-
nicity, and incoming level) and 2) built environ-
mental variables (residential density, land use, street
connectivity, and green space). For the individ-
ual variables, we will use the same risk value for
the income level which has been used inside the
synthetic data generation engine (Walonoski et al.,
2017). The risk value of gender, ethnicity will be
changed according to the real prevalence data from
the Ministry of Health (MOH). For green space, the
previous reviews have indicated that people living
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in the greenest locations had a 19% lower rela-
tive risk of developing diabetes at follow-up when
compared to those living in the least green loca-
tions. But for built environmental variables (resi-
dential density, land use, and street connectivity),
we systematically searched PubMed, Web of Sci-
ence, Scopus and Cochrane from their inception
to 1 Dec 2019. A literature search was performed
based on the Preferred Reporting Items for System-
atic Reviews and Meta-Analysis (PRISMA) statement
(www.prisma-statement.org). Search terms express-
ing ‘diabetes’ were used in combination with search
terms comprising ‘environment’. Terminologies from
other reviews and those suggested by the review
team were incorporated. Bibliographies of the iden-
tified articles were hand-searched for relevant publi-
cations. Duplicate articles were excluded.

Studies were included if they: (i) studied a pop-
ulation of adults (65 years and above); (ii) had dia-
betes incidence or prevalence as outcomes; (iii) in-
cluded independent variables covering neighbour-
hood streetnetwork characteristics focusingonwalk-
ability that potentially influence the walking be-
haviours and physical activity; and (iv) were written
in English. We excluded studies if they: (i) were not
conducted in the general population, but in specific
subsamples, like pregnant women, or diabetes pa-
tients; (ii) focused on neighbourhood street network
characteristics that directly affect the cardiovascular
system (i.e. not via lifestyle behaviours), such as ex-
posure to particulates due to roadway proximity; (iii)
performed prediction analyses or (iv) were specific
publication types that do not report original scien-
tific research (editorials, letters, legal cases, and inter-
views). The vast majority of diabetes cases are type 2
diabetes, hence those studies which did not specify
the type of diabetes, we still included in our study.

Of the total 960 articles, 9 duplicates were re-
moved at the screening stage. Upon reviewing the
titles and abstracts, 889 were excluded, leaving 62
articles to assess for further assessment. The 62 ar-
ticles were reviewed to see if those were relevant ar-
ticles andmatchedwith the aimof systematic review.

Furthermore, 35 articles were excluded with reasons
like wrong exposure/outcome, duplicate, full-text
unavailable and wrong study population. Included
studies were categorised according to built environ-
mental variables (residential density, land use, and
street connectivity). We use the Review Manager 5.3
software for the data analysis. The systematic review
has been approved and registered in PROSPERO (ID
is CRD42020141806).

3.1.1 Residential Density. From Figure 1, higher res-
idential density was associated with higher T2DM
risk. It suggests that people living in a higher resi-
dential density area had a 4% higher relative risk of
developing diabetes at follow-up when compared to
those living in a lower residential density area.

Figure 1
Forest plots of the
meta-analysis of the
association
between residential
density and T2DM
risk/prevalence.

3.1.2 Land Use. Based on Figure 2, urbanisation was
associated with a higher T2DM risk/prevalence. It
suggests that people living in anurban area had a
6% higher relative risk of developing diabetes when
compared to those living in a rural area.

Figure 2
Forest plots of the
meta-analysis of the
association
between land use
and T2DM
risk/prevalence.
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Figure 3
Forest plots of the
meta-analysis of the
association
between street
connectivity and
T2DM
risk/prevalence.

3.1.3 Street Connectivity. Figure 3 shows that
higher street connectivity tended to be associated
with lower T2DM risk. The findings of this study sug-
gest that street connectivity (walkability)maybepro-
tective against the development of T2DM. People liv-
ing in the highest street connectivity location had
an 18% lower relative risk of developing diabetes at
follow-upwhen compared to those living in other ar-
eas.

3.2 Generating Synthetic Patient Data
The generation process follows the two existing
frameworks: the Publicly Available Data Approach to
the Realistic Synthetic HER (PADARSER) and the Gen-
erating the Realistic Synthetic HER (GRiSER) (Dube
& Gallagher, 2013; Walonoski et al., 2017). The
PADARSER framework is a top-down approach that
generates a basic synthetic EHR with coded entries
in the Health Level-7 (HL7) Fast Healthcare Interoper-
ability Resources (FHIR) standard format for the en-
tire lifetime of the synthetic patient. And the Gen-
erating the Realistic Synthetic HER (GRiSER) method
takes a bottom-up approach by generating detailed
synthetic EHRentries for healthproblems. Thegener-
ation process is modified from the simulation engine
Synthea (Walonoski et al., 2017). The input local pub-
lic data is collected from the Singapore Department
of Statistics (DOS). And thediseasemodule (statema-
chine) is modified based on the systematic review re-
sults from step 1.

3.2.1 Public Demographic data in Singapore. The
input demographic data requires local population in-
formationby regionarea,which includeing total pop-
ulation, gender, ethnicity, age group, annual income

group, and education group. Figure 4 shows the
prepared demographic data as input for the Synthea
simulation engine.

3.2.2 Disease module of T2DM. As the prevalence
of T2DMchanges annually, we revised the risk of indi-
vidual variables (gender, ethnicity) for disease mod-
ule of T2DM in Singapore by the year 1998, 2004 and
2010 (MOH, 2010). Figure 5-a, we change the risk
value of T2DM for Chinese: 8%; Malay: 11.3% and In-
dian: 15.8% in 1998. Figure 5-b, we change the risk
value of T2DM for Chinese: 7.1%; Malay: 11% and In-
dian: 15.3% in 2004. Figure 5-c, we change the risk
value of T2DM for Chinese: 9.7%; Malay: 16.6% and
Indian: 17.2% in 2010. In the meantime, we also in-
serted the risk factor from built environmental vari-
ables (residential density [6%], land use [4%], street
connectivity [18%] and green space [19%]) into the
disease module.

Figure 4
Public available
demographic data
in Singapore.

Figure 5
First part of the
whole state
machine as disease
module for T2DM
risk/prevalence.

3.3 Evaluating and visualising the synthetic
patient data
Table 1 shows the annual prevalence of T2DM by
age group, gender and ethnicity in Singapore (MOH,
2018). The synthetic results will be compared with
the real public data from the National Health Survey
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(NHS) from three aspects: age group, gender, and
ethnic group.

4. RESULTS ANDDISCUSSION
4.1 Evaluation by prevalence of T2DM of
age, gender, and ethnic group
The National Health Survey (NHS) data contains the
real prevalence of T2DM in the year 1998, 2004,
and 2010. An initial validation was performed on
qualities being produced by the Synthea generator
(Walonoski et al., 2017), in particular the T2DM mod-
ules. Here we will only focus on the quantities evalu-
ation: theprevalenceproportionwithin age andgen-
der group for disease progression, including patient
symptoms and complications such as nephropathy
and retinopathy.

Table 1
Real prevalence of
T2DM by the year
1998, 2004 and
2010 in Singapore
from MOH.

About 440,000 Singapore residents who were 18
years and above had diabetes in 2014 (MOH, 2018).
And the T2DM population and total population is
increasing by three years. To avoid influence from
increased patients and total population, we gener-
ate a total of 10k synthetic patient data as simple to
compare the prevalence of T2DM distribution from
age, gender, and ethnic group. First, comparing
the prevalence of T2DM within age group from the
patients at three years (1998, 2004 and 2010), the
synthetic results (Figure 6) roughly approximate age
group at diagnosis curves (R2 = 0.876), it correctly
generated more than 90% of patients for the all age
group in Singapore. And for the year 2010 shows
more accurate than the prevalence of T2DM in the
year 2004 and 1998.

Figure 6
Comparison
between the
prevalence of T2DM
within synthetic
data and NHS data
by age group.

From Figure 7, the prevalence of T2DM distribution
by gender group shows the male group in 2004 is
the most accurate (R2 = 0.903). The prevalence of
T2DMof females is lower (7%) than the real scenarios
in 1998, 2004 and 2010. This is caused by the lower
risk factor for females inside the simulation engine.
And the overall distribution by gender group repre-
sents the overall in the real scenario (Male > Female).

Figure 7
Comparison
between the
prevalence of T2DM
within synthetic
data and NHS data
by gender group.

Figures 6 & 7 have shown that the generated syn-
thetic results carry good overall distribution patterns
by age andgender group for Singapore. And the syn-

320 | eCAADe 38 - D1.T2.S2. HEALTH AND MATERIALS IN ARCHITECTURE AND CITIES - Volume 1



thetic datagenerationprocess only includes thepub-
lic local available data. Hence, these pilot validated
synthetic records could be used as a risk-free (no pri-
vacy& security issues) data for supportinghealthy ur-
ban planning at a macro level.

4.2 Visualisation of synthetic patient data
Wehavedeveloped awebGIS application to visualise
the synthetic results. Figure 9 contains the multiple
synthetic patient results size (1k, 10k and100k) in Sin-
gapore from the year 2005 to 2019. From Figure 8,
planners could easily find out the current health im-
pact from 1) individual variables (gender, ethnicity,
and income level) and 2) built environmental vari-
ables (residential density, land use, street connec-
tivity, and green space). The visualisation of syn-
thetic patient data addresses discussion on the pu-
bic health implications of urban planning. To discuss
aspects of synthetic patient data that have had im-
plications for healthy urban planning, it is necessary
to reemphasize our definition of health. In terms of
this research, health is to reduce the prevalence of
lifestyle chronic disease, T2DM. Planners are looking
at health through the built environmental parame-
ters, not as a medical model but as a clinical diagno-
sis. And the health is both a social issue and a politi-
cal issue (WHO, 1997). Hence, to improve the health
situation in cities, it is necessary to start where the
people are and to involve them effectively in the pro-
cesses of change. As urban planners, a primary focus
must be on changing basic conditions (risky built en-
vironments) to create long-term, sustainable health
improvements. With these considerations in mind,
urban planners need to explore examples that serve
as evidence of some of the health implications, both
positive and negative, of traditional urban planning.
The generated synthetic patient data from this pi-
lot case study helps planners to uncover and exam-
ine the potential unintended consequences of urban
planning policy and decision-making from the com-
mon built environment parameters. This synthetic
patient data GIS visualisation is also crucial to un-
derstanding where intervention is needed to create

healthy urban planning that considers thewhole and
is organic. Therefore, the synthetic patient data gen-
erated from built environmental variables will help
the urban planners who have a major responsibility
to contribute to the development of primary preven-
tion intended to thwart the spread of unhealthy and
the related human and economic losses.

Figure 8
Visualisation of
synthetic patient
data in Singapore
by year.

5. CONCLUSION
This research develops a source of synthetic elec-
tronic health records based on reviewed and meta-
analysed evidence on the association between built
environmental characteristics related to lifestyle
chronic diseases. In summary, synthetic patient data
can be simulatedwithmodels of disease progression
and corresponding built environment to produce
risk-free realistic synthetic data at scale (no privacy &
security issues). The synthetic patient datagenerated
from built environmental variables will help the ur-
ban planners to consider the direct & indirect health
impact during the planning process. This result will
leverage the synthetic data to connect public health
with the urban planning process. In the future, ur-
ban planners may envision two scenarios with this
synthetic data and simulation: 1) For the generated
synthetic data: planners could use the generated
data directly to identify the public health issue with
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the existing planning solution, then identify the envi-
ronmental inequalities in health and health-related;
2) For the simulation method: planners could use
this simulation method to evaluate health outcomes
by the new plannings. This proposed simulation
method could be further developed as an assess-
ment support tool for planning process. And there is
still a need to consider other factors and validation in
multi-scales in the future.
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UrbanWell-Being in Dense Cities

The influence of densification strategies, experiment in virtual reality
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Urban morphology significantly impacts resident's well-being. This study
examines the impact of urban environments on the sense of well-being, using
virtual reality as a research environment. Most of the world's population already
live in urban localities; and it is expected that in two decades, more than 70% of
the total population of the planet will be city dwellers(UN 2018). This study
examines the impact of various urban configurations on dwellers well-being.
Participants were presented with simulated pedestrian movement through 24
virtual urban environments. The environments differed by density level, spatial
configurations, vegetation, and commerce. Participants assessed each alternative
through structured questionnaires. It has been found that the density and
presence of vegetation and commerce in the urban area have a significant impact
on the subject's well-being in urban environments. extreme levels of densification
have a negative effect on subjects' feelings, but vegetation and commerce,
especially at the high levels of density, can improve them. In this research we
established the framework for planning principles that can improve urban
densification processes. An understanding of the wellbeing of urban dwellers,
and the parameters that can influence this, will help urban designers and
planners in creating better urbanized future environments.

BACKGROUND
Fifty five percent of the world’s population lives in
urban localities (UN 2018); and it is expected that
in two decades, more than 70% of the total pop-
ulation of the planet will be city dwellers (Fisher-
Gewirtzman 2017). The link between urban plan-
ning practices and the wellbeing of inhabitants has
been conclusively established in research (Martin
and March 1972). Numerous studies have sought to
identify the design principles which positively reflect
user needs (Hawley 1963, Martin and March 1972,
Rapoport 1977, Lynch 1984, Fisher-Gewirtzman and
Wagner 2003, Fisher-Gewirtzman 2017). In densely

populated areas, carefully considered architectural
and urban design practice are critical tools for ensur-
ing a quality living environment and broader wellbe-
ing (Bardhan, Kurisu et al. 2015). However, it must be
noted that urban morphology and dense residential
developments-an inevitable consequenceof popula-
tion growth-have a complex relationship, an impor-
tant role in shaping urban space (Cheng 2009).

Urban density has a crucial impact on various as-
pects of quality of life. It can adversely affect its res-
idents (the perception of the historic city as noisy,
dirty, crime-ridden, and an incubator of disease). But
when carefully planned, the high density urban envi-
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ronment can facilitate significant quality-of-life ben-
efits including educational facilities, cultural infras-
tructure, vibrant commercial activity, and livelihood
opportunities (Carmon 1999). In addition, when bal-
anced urban growth policies are in place, dense cities
have the potential to support a higher quality ofwell-
being (Bardhan, Kurisu et al. 2015). It is not enough
to build new neighborhoods according to demand;
emphasis must be placed on design and planning
practice that acknowledges and complements urban
wellbeing (Amir and Carmon 1996, Pedan 2014).

Density is defined in various ways, generally in
relation to the ratio of the housing units to the
land area. According to Fisher-Gewirtzman (Fisher-
Gewirtzman, Burt et al. 2003), density has both quan-
titative and qualitative parameters. The latter are re-
lated to demand and convenience with respect to
privacy, texture, color, odor, quality of life, nostalgia,
and other physical and psychological aspects influ-
encing perceptions of density. Gewirtzman agrees
that existingmethods ofmeasuring density as a fore-
casting and evaluation tool is suitable for architec-
tural planning at the macro, city and region levels;
but with regard to dense urban environments, per-
ceived density is equally influenced by the accumu-
lated 3-D visibility from each viewpoint in a built-up
environment (Fisher-Gewirtzman et al, 2003).

The effect of vegetation on perceived density
and wellbeing has been examined in earlier research
(Wolch, Byrne et al. 2014, Gilchrist, Brown et al. 2015)
and found to increase the sense of wellbeing. How-
ever, the effect of commercial activity on wellbeing
is yet to be examined, as too the interplay between
vegetation, commercial activity, and density. The
current study explores the impact of commercial ac-
tivity (shops, cafes) and vegetation in urban environ-
ments on the wellbeing of residents.

Wellbeing is strongly influenced by urban plan-
ning (Martin andMarch 1972, Adkins, Dill et al. 2012),
and extensive research has been directed toward
defining the relevant factors (Hawley 1963, Lynch
1972, Martin andMarch 1972, Rapoport 1977, Fisher-
Gewirtzman and Wagner 2003, Fisher-Gewirtzman

2017). In order to promote an overall high quality of
life for residents, architectural design and urban de-
sign should incorporate such identified factors (Bard-
han, Kurisu et al. 2015). The present study explores
some features of the morphology of urban densified
areas, and their effect on wellbeing. What aspects of
general morphology promote a higher sense of well-
being; what is the density threshold beyond which
wellbeing is impaired; andhowcanplanningpractice
contribute togeneralwellbeing, even inhigh-density
environments?

Previous studies defined a framework that com-
bined between urban morphology, spatial human
behavior, and the use of the VR lab as an effec-
tive research tool for analyzing complex urban situa-
tions (Natapov and Fisher-Gewirtzman 2016; Fisher-
Gewirtzman 2018). The study presented in this pa-
per is based on a behavioral experiment in a virtual
reality (VR) laboratory (Kuliga, Thrash et al. 2015,
Portman, Natapov et al. 2015, Natapov and Fisher-
Gewirtzman 2016, Shushan, Portugali et al. 2016,
Kaya and Mutlu 2017). Design alternatives, differen-
tiated by variable parameters (density, commercial
activity, vegetation) for an urban environment were
presented to research participants via a VR interface.
The experiment was based on an existing case study,
a Tel Aviv street undergoing urban renewal-and con-
sequently, densification.

RESEARCH GOAL
Themain research goal for this study is to identify the
relationship between different forms of urban den-
sification, vis-à-vis the wellbeing of subjects (poten-
tial residents), in a specific urban environment pre-
sented to them in a virtual reality lab. The focus on
three variables: densification levels, existing green-
ery or no greenery and existing commerce or nonex-
istence of commerce.

The goal is to identify planning principles config-
uring spatial/geometric solutions responsive to the
needs of potential residents, preserving the sense of
wellbeing. Such principles can play a key role in the
planning and design of existing urban environments

324 | eCAADe 38 - D1.T2.S2. HEALTH AND MATERIALS IN ARCHITECTURE AND CITIES - Volume 1



undergoing densification, improving existing envi-
ronments and suggesting solid design infrastructure
for the planning and design of urban environments
in the future.

MATERIEL ANDMETHODS
The research study comprised of a controlled exper-
iment in a visualization laboratory; statistical anal-
ysis of the results; and extraction of design criteria
which could inform future densification processes,
placing emphasis on the wellbeing of inhabitants.
After approval by the Institutional Ethics Committee
(obtained under study 1485/15), the experiment was
conducted in the Virtual Reality Laboratory (VisLab)
of the Faculty of Architecture and Urban Planning at
the Technion (see Figure 1).

The methodology was chosen on the basis of
earlier research conducting laboratory experiments,
and on the use of virtual reality to investigate space
perception and behavior (Conroy-Dalton 2002, Port-
man, Natapov et al. 2015, Natapov and Fisher-
Gewirtzman 2016, Fisher-Gewirtzman 2018).

76 students at the Technion-Israel institute of
technology participated in the study (students from
all faculties). Their average age was 25.9 (5.2) years.
44 (59.5%) participants were female and 65 (86.7%)
participants were single. Each participant spent ap-
proximately 45 min at the VizLab.

Tel Aviv, a city undergoing rapid urban renewal,
densification, andpopulation expansion, was chosen
as the case study. Tel Aviv was deemed particularly
suitable because it meets all the criteria of prosper-
ous urbanism with regard to congestion, urban sup-
ply, a diverse population, various services, employ-
ment and cultural activity. (Lynch 1960, Ford 1999).

Bloch Street, a medium-sized street currently
experiencing significant urban renewal, was identi-
fied as a typical representation of urban densifica-
tion and renewal processes in downtown Tel Aviv.
Most of the buildings on Bloch Street were built dur-
ing the 1950s and 1960s. They are characterized by
a pillar-ed street floor plan facing the street, some
housing several ground floor apartments and some

with basements. The building form is characterized
by several balconies around the building, some sin-
gle dwelling units having up to 3 balconies. Typi-
cal street construction types are represented in the
three-dimensional model of density X (existing con-
dition), and will be presented in the section describ-
ing the 3-D models (see Figure 2).

Figure 1
Participants in the
visualization lab.
during an
experiment

Figure 2
Bloch St., Tel
Aviv—actual view
from Google street
view and virtual
model
representations
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Study design
For the purposes of the present study, “density” was
defined as the built-up volume, divided by the gross
area of the specific area. The density alternatives em-
ployed the present study were multiples of two and
three, up to six times the existing density of the case
study. In this research project, the density of each al-
ternative was defined as the calculated built volume.

Scenarios were based on fixed parameters and
variables. The constants were the street area and
width; the variables were density levels, built mor-
phology, considered in combination with the pres-
ence or absence of vegetation and/or commercial
activity. 24 videos were prepared; these simulated
pedestrian movement across the six densification
modes, combined with the four vegetation and/or
commercial activity options.

The six densification alternatives are as follows
(see Figure 3):. 1. EXISTING CONDITION (X) (shown
in the diagrams as A): The existing condition, used as
a reference point for the other planning alternatives.
Built-up volume was calculated in units of cubic me-
ters.

2. DOUBLE HEIGHT (2X) (based on Israeli urban
renewal principles, shown in the diagrams as B): Each
building in the virtual model was added with 2 typ-
ical floors and on top of them 2 floors retreat back-
wards. This typical street style maintained the build-
ing’s original characteristics.

3. MERGING ALL PLOTS (3X) (shown in the dia-
grams as C): All plots along the street were merged
into one contiguous block. This morphology resem-
bles that found in many European cities, and has no
spaces between buildings.

4. MERGING 2 PLOTS + TOWERS (4X) (8 or 18 sto-
ries high, shown in the diagrams as D): Provides a
varying street section.

5. MERGING ALL PLOTS + TOWERS (5X) (shown
in the diagrams as E): Merging all the plots (3 above),
interspersedwith towers in order to increase density.

6. TOWERS (6X) (shown in thediagramsas E): This
alternative is basedon themergerof each2plots, cre-
ating towers of similar height in each combined plot.
18 stories high, this formed a sequence of towers
along the street. This alternative presents the most
extreme state of densification in the case study.

Figure 3
The alternative
environments,
outlining density
levels, vegetation,
and commercial
activity
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Representing the vegetation variable. Vegetation
representation was uniform across the virtual mod-
els. It was represented by trees along the street, and
green gardens at the front of the buildings adjacent
to the street. This layout resembles the case study’s
existing configuration. In the alternatives without
vegetation, the gardens became pavements at the
building entrance.

Representing the commerce variable. Commercial
activity represented in the virtualmodelswere: cafes,
banks, clothing stores and toy stores. These were
distributed uniformly in each of the relevant alterna-
tives. The variable was presented in color, and at a
uniform frequency for each building density alterna-
tive. The cafe option was distinguished by an um-
brella, in order to catch the pedestrian’s eye from a
distance.

Creating the 3-D virtual models and videos simu-
lating a pedestrianwalk. Threemain types of build-
ings were chosen to represent the façade typology
along the street. Random repetitions of the three
buildings resulted in a diverse environment, similar
in character to the real-world environment. Figure 4
presents an image fromeachdensity level used in the
experiment.

Thequestionnaires. In order to identify the parame-
ters influencing feelings of comfort and security, and
the (hypothetical) attraction of the research subjects
to a certain type of neighborhood, we sought to un-
derstand how they felt in each of the density op-
tions, combined with the commerce and vegetation
options. We developed a questionnaire which as-
sessed the individual’s perceptions of these factors.
The questionnaire comprised of 10 closed questions,
rated on a scale of 1-7. The questions focused on a
variety of topics:

* Belonging vs. Alienation
* Vibrant vs. Boring
* Dense vs. Spacious
* Bright vs. Dark
* Calming vs. Stressful
The questionnaire was made up of five pairs

of meaningful questions, directed toward validating

participants’ perceptions and feelings (Nishio and Ito
2019). The questions were presented in random se-
quence, in order to increase the reliability of the an-
swers.

Figure 4
illustrating the
densification level,
basic morphology,
Volumetric 3D
model and street
view for each of the
variations

The research environment. The experiment was
conducted in a controlled environment at the (Vis-
lab) Visualization Laboratory of the Faculty of Archi-
tecture and Urban Planning at the Technion. The
laboratory is equipped with a 2.4x7.5-meter concave
screen with a 75-degree viewing field, and three co-
ordinatedHDprojectors which project a uniform and
continuous image. The laboratory is used for re-
search, and for teaching.

Course of the experiment. Participants attended
the Visualization Laboratory in groups of 3-8 per ses-
sion.At the beginning of each session, participants
completed a consent form, and were then given a
brief description of the experiment. They were asked
to imagine that they were moving to a new city, and
were looking for a residential neighborhood to live in;
sampling different residential neighborhoods, they
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were asked to report their impressions in each case
(see Figure 5).

Figure 5
The path that was
simulated in all the
alternatives

STATISTICAL ANALYSIS
Continuous and categorical variables were described
as mean (standard deviation) and proportion (%), re-
spectively. First, univariate analysis was performed.
A comparison of the continuous variables was per-
formed using the Smirnov-Kolmgorov test. Subse-
quently, 3 ordinal regression models were fitted. The
outcome of the models was Sense of Belonging, as
rated by users on a Likert scale (1 - lowest, 7 - high-
est). The first model included level of densification,
commerce and vegetation as explanatory variables
only. In order to examine the interplay between
the explanatory variables, the second model exam-
ined the bivariate interaction between densification,
commerce and vegetation densification. Finally, the
third model also considered the triradiate interac-
tion between the factors. Multiple comparisonswere
corrected by controlling the false detection rate, in
line with the Benjamini-Yekutieli method (Benjamini
and Yekutieli 2001). The statistical analysis was per-
formed using SAS (SAS Institute, Cary, USA). Statisti-
cal significance was set at p <0.05.

RESEARCH RESULTS
The highest sense of calmness was reported for X,
with commercial activity andno vegetation. The low-
est sense of calmness was reported for the 6X and
5X densifications, without-commerce and or vegeta-
tion. Low levels of relaxation were also reported for
6X, with commerce and no vegetation. The 5X and
6X densification environments, without vegetation

or commerce, were reported as themost stressful en-
vironments. Variation X, in all its manifestations, was
reported as the environmentwith the lowest levels of
stress. Both 2X with vegetation and commerce, and
4Xwith commerce and vegetationhad similar values.

The greatest sense of belonging was expressed
in the existing state (X), with commercial activitywith
and without vegetation. The lowest sense of be-
longing was recorded for 5X and 6X, without com-
merce and vegetation (Figure 6). High levels of sense
of alienation was reported for all the environments
without vegetation and commerce. A direct relation-
ship was identified between densification and alien-
ation; the highest values were reported for the X5
and X6 densification environments. High levels of
alienation were reported for all the X6 densification
(towers) alternatives.

Figure 6
Sense of belonging
distribution across
alternative
environments

The highest sense of spaciousness was reported for
X, with all alternatives; and for 2X, with commerce
and with or without vegetation. The lowest results in
terms of spaciousness were reported for 5X and 6X,
without commerce or vegetation. We found that the
reported sense of illumination for 2X, 3X and 4Xwere
significantly higher than for the 5X and 6X settings.
The benchmark density X had the highest sense of il-
lumination.

The highest perceived levels of density and
crowdedness were reported for 5X and 6X, without
commerce or vegetation. The lowest perceived lev-
els of density were reported for X (benchmark densi-
fication level), without commerce and with or with-
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out vegetation. Similar values were reported for 2X
and 4X, with vegetation and commerce.

The highest sense of vitality was reported for the
benchmark density environment X, and for 2X with
commerce and vegetation. It is important to note
that when paired with commerce and vegetation, al-
most all the densities received high values for vitality
and lively environment. Variation 6X, without veg-
etation or commerce, received the lowest reported
sense of vitality value; 5X, 4X and 3X, without com-
merce or vegetation, also received low vitality values.

Multivariateanalysis - the regressionmodel
Vegetation and commerce were found to be inde-
pendent predictors of the sense of belonging (OR
3.31 and4.9 respectively, p<0.0001). In relation to the
benchmark density level (existing condition) X, an in-
crease in densification resulted in a decrease in the
sense of belonging (OR 0.16, 0.12, 0.23, 0.06 and 0.03
for 2X, 3X, 4X, 5X and 6X respectively; p<0.0001).

We found that the levels of densification and
vegetation interacted with each other. At densifica-
tion levels 2X, 4X, 5X and 6X, the presence of vegeta-
tion independently predicted the sense of belonging
(OR 5.2, 5.0, 6.2 and 8.3 respectively). However, there
was no interaction between densification and com-
merce. The presence of commercial activity was an
independent predictor of the sense of belonging, re-
gardless of densification level.

In contrast, if the commercial activity was
present in the model, vegetation only predicted a
sense of belonging in the 6X densification environ-
ment. Without vegetation, commerce predicted a
sense of belonging for all the densification levels ex-
cept the benchmark X density level. In the presence
of vegetation, commerce only predicted a sense of
belonging for the 3X, 4X and 6X densification levels.

In the absence of vegetation and commerce, the
benchmark density level (existing state) X received
the highest values for sense of belonging. There was
no difference in sense of belonging for 2X-6X levels,
all significantly lower than existing X (p <0.001).

DISCUSSION
The aim of this study was to assess the effect of den-
sification and urban morphology alternatives, cou-
pledwith thepresenceor absenceof commercial and
vegetation, on the research participants’ perceptions
and feelings.

Our univariate analysis shows that densification
levels had a significant effect on the different feel-
ings that the participants were asked to rate (the
pairs of sensations behaved inversely). As illustrated
by Fisher-Gewirtzman, perceived density is inversely
proportional to wellbeing(Fisher-Gewirtzman 2017).
The results of our univariate analysis support this as-
sumption; but we also show, for the first time, that
the relationship between densification levels and
measures of wellbeing is complex. For example, the
sense of calmness in the 2X-4X densification settings
was similar and high compared to the 5X and 6X
levels; similar results were recorded for the sense of
illumination. It is possible to maintain a sense of
wellbeing even at high levels of densification; how-
ever, there is probably a threshold beyondwhich this
sense of wellbeing will be impaired. Future studies
should explore this threshold with regard to urban
models characterized by different morphologies. In
addition, the presence of commerce and vegetation
had a significant impact on the sense of belonging.

In order to identify the independent predictors
of wellbeing, multivariate regression analysis was
performed. The presence of vegetation and com-
merce predicted a high sense of belonging, regard-
less of levels of densification (OR = 3.32 and 4.9 re-
spectively). These factors are known to reduce per-
ceiveddensity, and thus increase the sense ofwellbe-
ing (Cooper Marcus and Sarkissian 1986). However,
an increase in densification levels predicted a lower
sense of belonging. This result is supported by ear-
lier studies, which showed that higher levels of den-
sity create higher levels of perceived density-which
impairs the sense of wellbeing ((Cooper Marcus
andSarkissian 1986, Natapov andFisher-Gewirtzman
2016, Fisher-Gewirtzman and Polak 2019). The cur-
rent study shows that the presence of vegetation or
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commerce increased the sense of belonging for all
levels of densification, apart from densification X.

The interplay between all three factors was also
examined. In the absence of commercial activ-
ity, vegetation increased the feeling of belonging,
mainly at high density levels. However, when com-
merce was present, vegetation did not have any im-
pact on the senseofbelonging for any level of density
other than the very highest. In the absence of veg-
etation, the presence of commerce did improve the
sense of belonging; however, when there was vege-
tation present in the setting, this phenomenon was
only observed at medium density levels. Future re-
search should explore the possibly similar effects of
vegetation and commerce on wellbeing. The pres-
ence of either seems to eliminate the effect of the
other. When designing the street level of future de-
velopments, a designer can choose fromeither factor
according the local requirements.

In an attempt to define the extent to which a city
can be effectively densified under different vegeta-
tion and commerce conditions, the triple effect of all
factors was examined. In the absence of vegetation
and commerce, we found that-with the exception of
the existing densification X-all other levels of den-
sity were rated as bestowing a low sense of belong-
ing. Thus, the benchmark density level can be con-
sidered as the reference alternative. Without com-
merce but with vegetation, the 3X density level was
rated significantly lower with regard to belonging
values. This interesting result quite possibly stems
from the monotony of this morphology option-an
unvaried cross-section, with no spaces between the
buildings. Finally, with vegetation and commerce
present, densification up to 4X did not significantly
affect the sense of belonging.

An interesting result of the study is that the
4X densification level had a tendency to engen-
der higher belonging values, compared with lower
density levels (see Figure 7). We hypothesize two
possible reasons for this outcome. First, the cross-
sectional variability and the change in the built-in
morphology uniformity created an increased “inter-

est” among the subjects. Second, spaces between
buildings have a decisive effect on perceived density
(Fisher-Gewirtzman and Wagner 2003).

Figure 7
4X densification:
this variation was
found to indicate
higher belonging
values

Our study has several limitations. First, 72% of partic-
ipants are aged 20-30. This means that most of the
research population is a young population. As a re-
sult our conclusions may not be generalizable to a
more diverse population. Future studies should in-
clude broader age distribution. Second, there are
many other spatial parameters that potentially influ-
ence urban well-being such as morphology, street
type and level, facades etc. future studieswill address
these points.

In summary, our results highlight the need for ur-
ban planners to consider the delicate interplay be-
tween levels of density, vegetation and commerce,
and their impact on the residents’ sense ofwellbeing.

RESEARCH CONCLUSIONS

• density and the presence of vegetation or com-
mercial activity in an urban environment have a
significant impact on the well-being of the resi-
dents.

• The density level has a negative effect on resi-
dents’ feelings.

• implementation of vegetation and commercial
activity improves residents’ feelings, especially
at the high-density levels.

• In the present of commerce or vegetation, an ur-
ban environment can be densified up to a cer-
tain threshold (4X) and still maintain a positive
sense of urban well-being
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• introduction of mixed building heights and vol-
umes, interspersed with spaces, enhances the
sense of urban wellbeing is significant.

• street section constituted of buildings of differ-
ent heights with gaps between them enhances
the sense of wellbeing.

This study is a milestone in a larger research project
that is aiming at establishing planning principles that
can improve urban densification processes. It also
opens a path for future research considering the in-
fluence of additional urban characteristics on the
wellbeing of potential dwellers. An understanding of
the wellbeing of urban dwellers, and the parameters
that can influence this, will help urban designers and
planners in creating better urbanized future environ-
ments.
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``Architectural harmony with natural systems - including natural light - is
essential to the wellbeing of building occupants'' (Shrum, 2017). A preliminary
study of existing daylight recommendations in standards and sustainability
certificates, applied in Denmark, revealed a neglectance of the importance of
receiving direct sunlight in dwellings. The qualities of sunlight were defined
through a modest qualitative analysis, resulting in five parameters: Sunlight
Hours, Winter Sun, Morning Sun, Golden Hours and Magic Moments. These
were defined as specific time periods supported by research on the visual and
non-visual effects on well-being. The parameters were subsequently translated
into a parametric analysis tool, using design application Rhinoceros 3D and
elaborating on a new usage of the design software Ladybug Tools. This analysis
tool is predicted to be of high use to identify problematic apartments in the
architectural design phase, to compare different design proposals and to meet the
individual needs of new occupants.

Keywords: Nordic daylighting, sunlight in dwellings, sunlight qualities,
parametric design, daylight design

INTRODUCTION
This paper is written on the background of a mas-
ter thesis in Lighting Design at Aalborg University in
Copenhagen by the two first authors.This paper in-
cludes the most essential and significant findings of
developing a new usage of a parametric analysis tool
for ensuring better sunlight exposure in dwellings.

Thepaper takesdeparture from investigating the
limitations of the most common daylight metrics in
relation to the characteristics of Nordic daylight and
especially the neglectance of the importance of di-
rect sunlight exposure in dwellings, found in building

standards and sustainability certificates, commonly
used in Denmark.

Daylight, and especially sunlight, can be consid-
ered as a limited resource in the dense urban areas in
the Northern latitudes. People in the Western world
spendmost of their time indoors and since sunlight is
proven to be necessary for our health andwell-being
(Whitsett & Fajkus, 2018), it is crucial that we design
residential buildings with focus on direct sunlight ex-
posure. The current daylight metrics mainly focus on
the intensity anddistributionofdaylight, additionally
addressing glare and the amount of sunlight hours.
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In the Northern latitudes the dynamics of day-
light are revealed not only in the variations in in-
tensity, color temperature and in the ever-changing
cloud coverage, but also with vast seasonal differ-
ences. In Copenhagen the daylight hours vary from
around 7 hours at winter solstice to 17 ½ hours at
summer solstice [3]. To design living environments
that can enhance the many qualities that come with
the presence of direct sunlight, there is a poten-
tial to develop a new analysis tool, which addresses
thesequalities in theearly architectural designphase.
Therefore, we raise the following questions: How can
qualities of Nordic sunlight in dwellings such as apart-
ment buildings be defined? And how can these quali-
ties subsequently be translated into a parametric anal-
ysis tool, with the aim of improving the daylight design
of our homes?

Qualities of sunlight
Sunlight is proven to have a positive effect on our
health and well-being. Matt Fajkus and Dason Whit-
sett argue that sunlight is notmerely beneficial to hu-
mans but is an absolute necessity (Whitsett & Fajkus,
2018). As we humans on average spend up to 90%
of the time indoors (Klepeis et. al, 2001), it is cru-
cial thatwe ensure direct sunlight exposure in our liv-
ing environments. Exposure to sunlight affects our
physical health positively in numerous ways. The UV
parts of sunlight work antiseptically and are deadly
to some bacteria (Downes & Blunt, 1877), even in in-
terior spaces with low-iron window glass, enabling
penetration of the UVb parts of light (Volf, 2013). Un-
der the same conditions, our bodies are able to pro-
duce vitamin D (Tragenza & Wilson, 2011). In the
Northern latitude of 56°, where Copenhagen is lo-
cated, the UVb light is present from April to Septem-
ber, however fortunately vitamin D can be stored by
our bodies for the winter period (Volf, 2013). Vita-
minD is for instance crucial for production of calcium
for strong bones, whereas a lack of vitamin D can
be related to a number of health issues such as de-
pression, cancer, diabetes, high blood pressure, mul-
tiple sclerosis, and rheumatoid arthritis (Whitsett &

Fajkus, 2018). Exposure to sunlight, with emphasis
on the short-waved blue light, helps our bodies to
regulate our circadian rhythms, the daily eating and
sleeping patterns (Boyce, 2014). The intense expo-
sure to light has also an important relation to thegan-
glion cell in the eye, which regulates two closely re-
lated hormones. Serotonin, which is the happiness
hormone, affecting mood, activity, appetite, plea-
sure and memory. The second hormone is the sleep
hormone melatonin, which is synthesized from sero-
tonin (Volf, 2013).

The presence of sunlight also affects psycholog-
ical well-being and mental health. The less amount
of daylight and sunlight hours is found to be a cause
for common psychiatric illness known as seasonal-
affective-disorder, SAD. This depressive condition
is estimated to affect around 14 million people in
Northern Europe (Tragenza & Wilson, 2011). On
the other hand, the exposure to direct sunlight is
found with positive physiological effects and is gen-
erally appreciated in dwellings during cold winter
months, welcoming occupants with a sensory feel-
ing of warmth and high level of brightness, stimu-
lating the eyes (Whitsett & Fajkus, 2018; Tragenza
& Wilson, 2011). Moreover, the direct sun rays are
found to affect the perceived atmosphere, making
rooms bright and cheerful and creating a therapeu-
tic, health-giving effect (Littlefair, 2001). The direct
sunlight in an interior architectural space is also con-
tributing to the visual appearance of the space, with
sunlight patches and reflections of light appearing,
disappearing and moving in the space; and creating
temporary light-zones (Madsen, 2006). Direct sun-
light can create a quality of enhancing an architec-
tural space by extending or decreasing the dimen-
sional appearance e.g. depth of a space. Moreover,
the three-dimensionality of objects, characterized by
distinct shadow patterns and highlights appear with
a presence of diffuse (skylight) and direct light (sun-
light) components. This light quality has been re-
ferred to as light modelling and has been a subject
for numerous studies (Zakina, 2016; Hansen & Math-
iasen, 2019).
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Standards and certificates
For many years, the Daylight Factor has been one of
the most used and well-known metrics worldwide.
This metric only includes the skylight component of
daylight, including theexternal and internal reflected
skylight [7]. Thus, the sunlight component is not in-
cluded in this metric.

During the last decade, a series of new daylight
metrics have been introduced. The main evolution
is the introduction of climate-based daylightmetrics,
which takes into account the intensity of the day-
light at a given site, based on standardized weather
data, thus including the contribution from the sun-
light component of daylight. Among the most com-
mon climate-based daylight metrics today are the
spatial Daylight Autonomy (sDA) [1] and the Annual
Sunlight Exposure (ASE) [2]. Common for themetrics is
that they are made to ensure an accurate amount of
daylight within a room. The DF and the sDA metrics
document a sufficient amount of daylight, whereas
the ASE sets upper limits of daylight intensities to
limit glare and overheating.

The development of the metrics has included
visual and qualitative assessments of the interior
spaces in order to determine acceptable values (He-
chong, 2012). However, the sDA and ASE were eval-
uated based on room types such as offices, schools
and libraries where visual tasks are carried out on a
daily basis, but the sDA metric is also used for docu-
menting daylight in dwellings.

Looking into daylight recommendations in the
Danish Building Regulations [10], the new European
Daylight Standard (European Standard, 2018) and a
series of sustainability certificatesDGNB (GreenBuild-
ingCouncil Denmark. 2016), BREEAM (BREGlobal Ltd,
2016), LEED (U.S Green Building Council, 2018) and
WELL (Delos Living LLC, 2014), two main conclusions
could be drawn. Firstly, the same recommendations
are often set for both office and living environments
- except for glare, which is only addressed for offices.
Secondly, little focus is set onensuringdirect sunlight
in the living environments. Out of the six reviewed
standards and sustainability certificates only the Eu-

ropeanDaylightStandard andDGNB set requirements
for minimum sunlight hours in living environments.
There is found to be a general neglectance of the im-
portance of receiving direct sunlight in dwellings.

Urban densification
The major cities around the world are going through
urban densifications. The main factors affecting the
urban densification are: birth surplus, longer life ex-
pectancies, change in family constellations and net
immigrations fromother parts of the country. In gen-
eral, more andmore people choose to live in the city,
due toappealing lifestyles, largernumberof activities
and broader job opportunities (Christensen, 2016).
As an example, the Danish capital, Copenhagen, has
increased its population with approximately 10.000
inhabitants per year since 2008 (Københavns Kom-
mune, 2018).

When the population increases, a higher hous-
ing demand follows, which often results in densifica-
tions of existing built areas along with expansions of
the cities. The increased densification of urban areas
has consequences for thedaylight in thebuildings, as
the daylight intake in interior spaces is dependent on
the surrounding context. The denser the urban con-
text, the less direct daylight, both from the sky and
the sun, is available.

In Nordic regions the combination of a dominant
overcast sky condition and low sun elevation angles
during the winter period (10° in Copenhagen at so-
lar noon at winter solstice), results in limited day-
light availability with overshadowing as an obvious
problem in the context of dense cities (Strømann-
Andersen & Sattrup, 2011). Therefore, the subject of
direct sunlight in dwellings from an inhabitant per-
spective was chosen to be investigated, with the aim
to support the literature findings and identify new
qualities, which are appreciated by the residents.

ANALYSES TO DESIGN PARAMETERS
Qualitative analyses
To define the qualities of sunlight in dwellings, a se-
ries of modest qualitative analyses were conducted.
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The analyses took departure from a phenomenolog-
ical approach, studying the residents’ subjective ex-
perience of direct sunlight in their homes. As the
German philosopher Böhme states, if architecture
shapes the space, one must move about in these
spaces in order to evaluate them and must be phys-
ically present (Böhme, 2002). For the first set of data
collection, photo-survey was chosen. The partici-
pants were asked to photograph or record a short
video sequence at their homes, when sunlight made
an impression on them. The reflexive photography
(Close, 2007) research technique was applied to gain
knowledge into participants’ personal reflections, us-
ing a short questionnaire form including information
about time, date, location as well as a detailed de-
scription of the photographs. The data was collected
during the weeks of March and first week of April in
2019. The photo-survey consisted of 20 images and
7 statements from 11 female and 1male participants,
ranging in age between 26-66 years, with the mean
age of 41,5 years. The participants were located in
Denmark (9), Sweden (1), Norway (1) and the Nether-
lands (1). Prior to the data analysis of reflexive pho-
tography, an additional visual analysis method was
applied. A subjective descriptive visual analysis of
the participants’ imagery, addressing a simple ques-
tion: Which sunlight qualities appear to be present in
the captured photographs? (Figure 1).

To gain more in-depth knowledge on the sub-
jective experience of the possible qualities of di-
rect sunlight inflow in dwellings, a second qualita-
tive analysis in form of three semi-structured video in-
terviews (Bjørner, 2015) were conducted. The inter-
views were recorded in the participants’ own home
environments to register the surroundings and en-
able the interviewees to best reflect and recall their
experience in relation to daylight and sunlight as a
phenomenon in their homes. The interviews were
transcripted andmanual coding conductedby twoof
the authors separately, identifying key findings, us-
ing the meaning condensation method within con-
tent analysis (Bjørner, 2015). The participants were
all female, one of them in hermid 20s and two others

in their 50s. The interviews were carried out in March
in 2019 with durations between 10-25 minutes, two
of them in apartment buildings in Copenhagen and
one of them in a house, located in a suburban area,
50 km from the capital.

Figure 1
Photograph from
photo-survey with
following
description:
“Sometimes early in
the morning, the
rising sun shines
directly into my
kitchen and living
room, which is one
space. I love it. I
love the images it
creates on the wall
and the fact that it
fills the space with
warm reflected
light. On this image
it’s orange, but it
can have so many
different colour
tones, from soft
pink to blurred
multi-colored
orange.” — Merete,
Copenhagen

Keywords from the three qualitative analyses were
formed and collected for further analysis (Figure 2).
To structure and analyse all the qualitative data, affin-
ity mapping method, which can be ideal for group-
ing data [4], was applied. Themain keywords formed
the basis of the mapping exercise. Numerous key-
words in the analysis were identical or in close rela-
tion to the sunlight qualities identified in the litera-
ture study. The following three additional qualities
emerged from the qualitative analysis: 1) sunlight
is informative, providing information about orienta-
tion, weather, time of the day and is an indicator of
season; 2) sunlight highlights the connection to na-
ture and to the outside; 3) sunlight can be a source of
visual expression and wonder in form of play of light
through shadows and change in color.

All the keywords were thereafter evaluated in re-
lation to each other and groupings were formed, re-
sulting in five categories with specific titles assigned.
The five categories represent the main qualities of
Nordic sunlight derived from the series of qualita-
tive analysis. The categories are: Sunlight Hours, Win-
ter Sun, Morning Sun, Golden Hours and Magic Mo-
ments. The sample size of the qualitative analysis was
modest, due to time constraints, and therefore fu-
ture studies are proposed to further validate the find-
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ings. However, these five categories formed the basis
of the definition of the five design parameters, sup-
ported by references to the literature research, car-
ried out in the first stage of this project.

Figure 2
Extract of the
affinity mapping
exercise: key words
and key phrases
from the three
qualitative analyses,
forming the basis of
the two sunlight
parameters Golden
Hour and Magic
Moments.

Five sunlight parameters
The design parameters address solely the positive ef-
fects of direct sunlight on our physical and physio-
logical well-being. They are definedwithmeasurable
relations to time continuum and the Sun movement
in order to be applied in a parametric design pro-
gramme.

SunlightHours is defined as the amount of time
when direct sunlight inflow is present in a given ar-
chitectural space, with the emphasis on the positive
effects. This parameter is the basis and departure for
all five. Direct sunlight has a large amount of quali-
ties and benefits on our physical well-being: includ-
ing production of vitamin D, related to the preven-
tion of numerous diseases (Whitsett & Fajkus, 2018);
deadly to somebacteria (Downes & Blunt, 1877); trig-
gering our circadian rhythms; regulating our happi-
ness hormone serotonin and affecting our sleep hor-
mone (Volf, 2013; Boyce, 2014). The physiological
well-being is impacted by: providing a sensory ex-
perience of warmth (Whitsett & Fajkus, 2018); creat-
ing rich light modelling of objects and architecture
(Zakina, 2016; Hansen & Mathiasen, 2019); impact-
ing the perceived atmosphere in the space to be pos-
itive, therapeutic and cheerful (Littlefair, 2001); be-
ing informative and with indications to orientation,
weather, timeof the day and season; highlighting the
connection to nature and outside; being a source of
visual expression andwonder in formof play of shad-
ows and change in color.

Winter Sun is defined as the sunlight hours dur-
ing the period from the beginning of November
to the end of February. The time period was de-
fined on the background of the astronomical sea-
son and consideration of the Sun position during
winter solstice being in December and not in mid-
season. Therefore November month was added. The
presence of direct sunlight, affects the physiologi-
cal well-being positively by: contributing to the pre-
vention of the seasonal-affective-disorder (Tragenza
& Wilson, 2011); providing a sensory experience of
warmth, welcomed in contrast to the cold weather
outside (Whitsett & Fajkus, 2018); creating rich light
modelling of objects and architecture (Zakina, 2016;
Hansen &Mathiasen, 2019), where possible, with low
sun angle penetrating deep into the building; being
informative and with indications to season, charac-
terizedwith low sunangle and long shadowpatterns.

Morning Sun is defined as a time period be-
tween 6 am and 9 am, where the direct sunlight is
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present in the dwelling. The time is related to Dan-
ish word for morning ’morgen’ defined as 6 to 9 am
and themost commonwake-up time 6:50 am inDen-
mark was also considered. The morning sun is found
to have a positive impact on our physical well-being
by: triggering our circadian rhythms, influencing eat-
ing and sleeping patterns and affecting our morning
alertness (Volf, 2013; Boyce, 2014). In an architectural
context themorning sun has been a design element,
dating back to 1st century BC. The Roman architect
Vitruvius emphasized the morning light to be suit-
able for bedrooms and libraries (Rowland & Howe,
2001).

Golden Hours are defined as the time periods
around the transition of day and night, when direct
sunlight is entering an architectural space. The pe-
riod is defined by Sun elevation angle between 0 and
6 degrees above the horizon. This phenomenon of
transition between day and night and the change of
color of the sunlight, changing from around 5000 K
to color temperatures below 3000 K (Dubois et. al,
2019), is characterized with a palette of colors yel-
lows, oranges, pinks, purples and red tones. The du-
ration of the golden hour is dependent on the lati-
tude on the Earth and the season. In Copenhagen,
the duration of golden hour varies between 48 and
77 minutes [5]. This criterion is expressed in sev-
eral positive effects for our physiological well-being,
hereunder: being informative and with specific in-
dications to time, marking the transition of day and
night; being a source of visual expression and won-
der in the form of coloring the sky in a palette of col-
ors, triggering a positive emotional response. This
parameter can be described in relation to time and
geometry, however the expression can vary drasti-
cally, depending on the amount of particles in the at-
mosphere and cloud coverage.

Magic Moments are defined as the time peri-
odswith direct sunlight, entering a spacewith amax-
imum duration of 30 minutes. This was a finding
from an interview and supported by examples from
architecture. For instance, Jørn Utzon designed his
house Can Lis at Mallorca with a small specific detail,

a daylight opening, thatwouldbemarkinga seasonal
change, as the change in the Sun’s position on the
sky. The design ensured to exclude a sun stripe en-
teringa spaceduring June, thoughotherwisepresent
throughout the year (Mathiasen, 2015). The aim of
this parameter, Magic Moments, is to enable occu-
pants to discover these special moments of tempo-
rary sunlight patches more often. The positive qual-
ities impacting the physiological well-being are fol-
lowing: sunlight being informative and with indica-
tions to change in season, for instance the first spring
sun rays entering a North-East facing space; being a
source of visual expression andwonder in the formof
play of light and shadow, extending and decreasing
the dimensions and depth of the architecture (Zak-
ina, 2016), with the appearance of temporary light-
zones (Madsen, 2006).

DEVELOPMENT AND IMPLEMENTATION
Analysis Tool
In order to make the sunlight qualities measurable,
the five sunlight parameters were defined in relation
to time continuum. All five sunlight parameters have
the common factor, that they are originating fromdi-
rect sunlight exposure, see the defined time periods
for each parameter in the previous paragraph.

The purpose of the new analysis tool is to pre-
dict the timing and duration of each sunlight param-
eter for a chosen 3Dmodel of a space to be analyzed
during the course of one day (Figure 3). The tool was
developed in aGrasshopper/Ladybug/Honeybee envi-
ronment [6] for Rhinoceros 3D [8], which is an ideal
setup for making custom made environmental anal-
ysis. In this stage, the tool is defined as a new frame-
work within the Grasshopper environment. The tool
is based on two existing Ladybug components: the
Ladybug_SunPath and the Ladybug_Sunlight Hours
Analysis [9]. As these components solely address so-
lar geometry, two additional parameters were added
to the new analysis tool: the daylight hours of the
chosenday (21st of themonth) and typical cloud cov-
erage for the specific site on the specific month. By
adding these, the five sunlight parameters can be re-
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viewed in relation to theprobable amountof sunlight
hours for the given day and provide the best possible
prediction of sunlight presence.

In general, the Ladybug Tools is intended for
hourly based simulations, however intervals of one
hour are not found suitable for the development of
this tool. The primary purpose of the tool is not to
quantify the amount of sunlight exposure, but to de-
tect the timing and duration of the previously de-
fined sunlight parameters, in order to enable a de-
sign method for dwellings, that truly enhances the
dynamics of sunlight. Amore frequent time step was
necessary for detecting the brief occurrences of sun-
light qualities, such as Magic Moments and Golden
Hour. A calculation time step of 10 minutes was
found suitable for the first four sunlight qualities,
whereas a time step of 5 minutes is recommended
for Magic Moments. These adjustments forlong the
calculation timeduration and therefore additional re-
search should be conducted for further development
of the tool.

The output of the analysis is comparable to a
bar chart, illustrating the daylight hours, the proba-
ble cloud coverage and the five sunlight parameters
on a timeline, representing one day (00:00 to 24:00).
The result of the analysis is plotted for every timestep
(10/5minutes), thus the exact timing and duration of
each sunlight parameter can be read from the graph.

To identify the five sunlight parameters in
dwellings during a year, it is recommended to make
an analysis for every single month. The 21st of ev-
ery month was chosen in order to include the low-
est and highest Sun elevation angle, during winter
and summer solstice. In practice, calculations of only
seven months are necessary, including solstices and
the five mirrored months. Even though January and
November are mirrored months, in terms of the per-
ceived daylight hours, the cloud coverage for these
months is to be presented according to the months,
which shows variations. For instance, in Copenhagen
on average in January the sky cloud coverage is 60-
80%, whereas in November there is an increase, up
to 80-100% in 1/3 of the time (Nielsen, 2018).

Figure 3
Demonstration of
analysis output for
a single day on a
L-shaped building
with South-East
facing window and
two tall obstructing
buildings.

Implementation
The analysis tool was tested in collaboration with
a major Danish building engineering consultancy
company, Sweco Denmark A/S, applying the tool on
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a case study of a new apartment complex devel-
opment in Copenhagen. Three almost identical 1-
room apartments, on different floor levels and ori-
entations were compared. The first apartment was
placed on the ground floor with North-facing win-
dows and an obstructing building of three-stories 25
meters away. The second apartment was placed on
the first floor with windows towards West and with
20meters distance to a three-storyobstructingbuild-
ing. The third apartment was also placed on the
first floor, with East-facing windows and without ob-
structing buildings within 50 meters distance. The
aim was to demonstrate how different spaces per-
formed in relation to the sunlight parameters with
the various parameters. The output of the tool pre-
sented the timing and duration of the five sunlight
parameters for each month and in addition the day-
light hours and probable cloud coverage was pre-
sented.

The visualized analysis data enabled a more
holistic understanding of the current daylighting
conditions of the different apartments throughout
an entire year. From visiting the construction site,
a general understanding of the daylight intake and
sunlight exposure were gained, in relation to win-
dow orientation, building geometry and obstructing
buildings. However, the analysis tool provided more
in-depth information about the sunlight exposure -
especially theGoldenHours andMagicMomentswere
difficult topredict from the site visit. With thebig sea-
sonal changes in the solar path in Northern latitudes
theMorning Sun can also be difficult to predict at site,
as the azimuth angle at sunrise in Copenhagen varies
from43 degrees at summer solstice to 133 degrees at
winter solstice [3].

Based on the analysis output for the case study,
several design alterations for preliminary evaluations
of the effectiveness of the tool were applied. In or-
der to improve the possible exposure to the five sun-
light parameters three design strategies were tested:
altering the building orientation, introducing a ter-
raced plan distribution of the apartments and in-
creasing the depths of the existingwindowbays. The

alterations showed promising improvements, how-
ever further research is proposed.

DISCUSSION
Further development of the tool
Thefive sunlight parameters, emerged from thequal-
itative analyses, can be questioned in terms of the
scale of the study, analyses and the subjective in-
terpretations. For instance, Evening Sun as a sun-
light parameter was discussed, though discarded in
the context of evaluating one-room apartments, as
it can be argued to have a negative influence on cir-
cadian rhythm, especially for the elderly population.
It is to be stated that the five sunlight parameters
are proposed to be confirmed in extended qualita-
tive research. Moreover, additional qualities could
be detected in future work and elaborated in specific
relation to room-types, for instance separating bed-
rooms and living rooms, serving different functions
for the users.

For further development of the tool a few addi-
tional testing protocols are proposed including the
possible new definitions of calculation surfaces, from
one to several window openings combined and sun-
light exposure detection on vertical and horizon-
tal surfaces separately. These investigative develop-
ments could lead to additional sunlight parameters
and qualities to be considered in the daylighting de-
sign.

In this project, the Danish daylight climate, stan-
dards and the dense urban context has set the focus.
The adaptation of the tool beyond Nordic countries
is found self-evident with an extension to neighbor-
ing countries, such as the Baltics, United Kingdom,
Ireland and inclusion of parts of Canada and Russia
in similar latitudes. The equivalent version of the
tool for other climates and latitudes, however, would
suggest further research andanalyses, with elaborate
knowledge.

The current demo version of the new analysis
tool can be evaluated as difficult to navigate and the
speed of calculations has not been addressed. The
tool is therefore envisioned to be tested and opti-
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mized to become a new single component in the La-
dybug environment, requiringminor software devel-
opments. This would enable the adaption of the tool
in the daily workflow of architectural and engineer-
ing practices as well as with ease.

Potentials of the tool
The new analysis tool is predicted to be applicable in
numerous ways. First of all, the analysis tool can be
used to evaluate the performance of interior spaces
in relation to the five sunlight parameters. In exten-
sion, the analysis output can be used to compare the
performances of different design solutions and im-
pact the decision-making in early stages of architec-
tural developments. Ideally, the tool would be used
aspart of a performance-baseddesignmethodology,
where the architectural form is gradually changed in
relation to the analysis output in order to obtain a dy-
namic daylight design, including diverse sunlight ex-
posure, for living environments.

As the analysis tool is developed in theGrasshop-
per/Ladybug Tools environment, the tool can be used
simultaneously with standard daylight metrics such
as the Daylight Factor, spatial Daylight Autonomy or
Useful Daylight Illumination. The analysis tool exclu-
sively addresses the positive effects of sunlight expo-
sure, therefore the tool is envisioned to be used in
combination with the Annual Sunlight Exposure met-
ric and thermal calculations, in order to avoid exces-
sive sunlight exposure and potential overheating.

One of the aims of the tool is to increase the
awareness of the benefits and qualities of sunlight
exposure for new homeowners. On real-estate web-
sites today it has become common to include infor-
mation about sun path, ground pollution, noise lev-
els, risk of flood etc. Therefore, additional informa-
tion and documentation about the sunlight qualities
couldbepredicted tobebeneficial tomeet individual
needs and preferences for daylight, as our daylight
rhythms, habits, needs and work-life balance varies
from person to person.

CONCLUSION
In this paper, we question: how can qualities of Nordic
sunlight in dwellings such as apartment buildings be
defined? And how can these qualities subsequently be
translated into a parametric analysis tool, with the aim
of improving the daylight design of our homes?

Taking a departure from phenomenological ap-
proach, qualitative research was conducted with the
emphasis on subjective experiences, supported with
literature research findings to identify qualities of
direct sunlight in dwellings. These qualities were
grouped into five sunlight parameters and defined
in relation to time continuum and Sun position to
make the immeasurable qualities into measurable
numeric parameters to be developed and applied
in Grasshopper/Ladybug/Honeybee environment for
Rhinoceros 3D. The sunlight analysis tool enables not
only a quantification of direct sunlight exposure, but
also the exact timing anddurationof the five sunlight
parameters over a course of a year, presented in rela-
tion to daylight hours and standardized data of cloud
coverage. The tool is especially suitable for detecting
short occurrences of direct sunlight (MagicMoments)
and sunlight exposureduring transitionhours, where
the color of the sunlight changes to lower color tem-
peratures, perceived as a change from yellow to red-
dish tones (Golden Hours).

This experimental approach enabled us to work
with daylighting and sunlight in a new perspective.
The sunlight analysis tool is envisioned to be im-
plemented as a part of performance-based design
methods with the emphasis on the human-centric
design, harvesting the numerous benefits and qual-
ities of sunlight. We hope to contribute to the de-
sign process of living environments that stimulate
our psychical and psychological well-being in posi-
tive and sustainable ways.
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BloomShell
Augmented Reality for the assembly and real-timemodification of complex
curved structure
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Augmented Reality (AR) as a new technical tool has developed rapidly in the last
few years and has now the potential of bridging the gap between holographic
drawings and the real world. This paper addresses whether AR can guide
unskilled labour on complex structure assembly and fabrication process. It
contains three experiments developed with AR. The research aims to prove that
with intuitive holographic instructions, AR helps to reduce the time spent in
comparing 2D drawings to the real site during the assembly process, and
therefore offers possibilities to improve the construction efficiency significantly.
The research also paves the way for shell structures, considering the latest
technology such as AR and AI, and gives emphasis on the communication
between computer and human during the fabrication process through the physical
model. It is an exploration of how people might change their mind or decisions
can be changed in a real-time manner harmoniously using AI through AR.

Keywords: Augmented Reality, complex curved structure assembly, real-time
modification, holographic instruction, HoloLens, Artificial Intelligence

INTRODUCTION
The technologies we are using and exploring today
are fundamentally going to redefine the next age of
humanity. We are now entering a new epoch called
‘Augmented Age’ (Brett et al., 2016). At the same
time, Augmented Reality (AR) has significantly im-
proved, including the technologies and related de-
vices in recent years (Wang et al., 2016). AR aims to
display 3D virtual holographic objects overlapping
the real world and to provide the user with the op-
portunity to interactwith the co-existingvirtual holo-
gram in the real world.

AR can be used to provide visual information
for an existing plan in detail. More generally, AR is
used as an interface between digital information and
the real world. It has the ability to show the digital
pre-design 3D model and fabrication guidance (Gio-
vanni Betti, 2018). Physician Michio Kaku imagined
the architects will be relying heavily on AR technol-
ogy in the future (Kaku, 2015). It opened up possi-
bilities in every aspect of our daily lives, and it is ex-
pected that this will have a significant impact on ev-
ery field in the near future, including design and fab-
rication. AR deliberates a method by using the aid
of high precision and detailed holographic assem-
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bly instructions (Chengyu Sun, 2019). Previous re-
search and commercial applications have progressed
this model (Soomeen et al., 2019), and it looks into
developing technology to ease the working pipeline
for AR-based fabrication. The assembly of complex
structures required detailed 2D drawings and skilled
labour to interpret and operate. This method takes
time to compare the drawings with the actual con-
struction by the skilled labour (Gwyllim Jahn, 2019).
Researchersmainly focused on showing the 3D holo-
graphic projects in the real world and exploring how
users interact with them in the previous projects
rather than testing a way of applying AR technology
to the fabrication process. Therefore, the opportu-
nity now is ideal for exploring the impact of AR tech-
nologies on the architectural construction industry
and themethodof AR technologies on computer and
human intelligence.

Contemporary research in curve shell surface
has been enormous advancements over the last few
years in digital fabrication and automated construc-
tion technologies, such as 3D printing, CNC and
robotics. Composite SwarnandMinima-Maxima (Fig-
ure 1) are the perfect projects exploring the use of
the computational method in the design process
and construct digitally and robotically in the fabri-
cation process. Although they demonstrated they
can control the curve surface precisely in fabrica-
tion, those processes are highly dependent on the
skilled labours to translate the construction introduc-
tion into complexed coding to operate the robotic
machines and expensive machines to deal with the
errors and tolerances. These projects achieved the
accurately restored of the physical model from the
digital model. Still, this high technology and high-
cost process seem not that economy and not acces-
sible for unskilled labours to achieve. It appears to be
a creative way by using material behaviour and low-
cost technology to aid unskilled labour in the fabri-
cation process as well as using human and computer
communication to reduce the errors and modify the
digital outcome in real-time to achieve the design
and fabrication of complex curved surfaces.

Figure 1
The complex
fabrication process
of Composite Swarn
and
Minima-Maxima
project

BloomShell is a research experiment developed
in the Bartlett School of Architecture (Figure 2). This
project departed and elaborate on the concept of
AR Assisted Fabrication for highly complex curved
geometry which can be effectively managed man-
ually by the unskilled worker according to its ma-
terial property. Beyond that, BloomShell designed
a unique project trying to find out the relationship
between human and computer, especially to em-
phasize on the communication between computer
and human while making decisions harmoniously
through the physical model fabrication process.

Since the methods which architects produce the
design are no longer expected to be limited to a sim-
ple process, this exercise confronts the complexity
of using digital and physical protocols to explore the
use of adaptive ‘unexpectedness’ of the digital gen-
erative design, relating to previous research on de-
sign ‘glitches’ as a trigger for further critical produc-
tion and novelty (Austin, 2017).
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Figure 2
Augmented Reality
assembly process
and virtual
holographic
information
demonstration:
Project BloomShell

RESEARCHMETHODOLOGY
This research aims to find a way of precise and quick
craftsmanship fabrication and assembly of complex
curved structure without any mould for builders in-
cluding unskilled labour under the guidance of vir-
tual target holographic introduction in the real world
through Augmented Reality.

BloomShell Experiment 1
- Kinect and projector system
BloomShell experiment 1 (Kinect and projector sys-
tem) explores the feasibility of manually curved sur-
face fabrication through augmented information. To
achieve that, we need a material which suitable for
manual work and easy to operate into curve surface.
After several material tests, WBA (Worbla Black Art)
plastic is chosen as the main fabrication material.
WBA thermoplastic sheet is smooth modelling and
moulding material, safe and clean. It will be easy to
shape to approximately 80°C heated by a heat gun.
It will be sticky to connect with each other without

other material or joint. It also can be re-used and re-
activated at that temperature. The property of WBA
meets the possibility of manually surface fabrication
and complex structure assemble.

According to the basic concept of AR - overlap-
ping the virtual instructions on the real world, the re-
searcher decided to use Microsoft Kinect and a pro-
jector to achieve that. The Microsoft Kinect device
was applied to scan the processing model in real-
time. The projector was applied to project the virtual
information calculated by the computer in real-time
on the continuous model surface to show the guid-
ance for builder and unskilled labour.

After the workflow was designed, Kinect will be
utilized to identify thematerial shape and sent it back
to the computer by linking Kinect to Qyokka plug-
in in grasshopper. The designer will show a compo-
nent to Kinect. Being recognized by Kinect and cal-
culated by computer, the generative outcomes will
be shown on the ongoing material surface through
the projector (Figure 3). The result will be influenced
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by the component location which placed by the de-
signer in real-time. The physical information will
transform into virtual information digitally through
this method.

Figure 3
The Kinect device
identify system and
the projector
showing system
about the human
interpretative
generation
outcomes in real
time
Figure 4
The color-based
augmented
fabrication
guidance
information
through Kinect and
projector system
during modeling
process

To transform the 3D virtual information to material,
a color-based information projector system was de-
signed. Kinect will detect the distance between the
physical model and sensor, and the color will be pro-
jected to the physical model surface from blue to or-
ange. Blue indicates that it needs to move in the
horizontal direction. The closer to orange, the closer
physical model is similar to the digital target in com-
puter. The builder just needs to heat-bent the ma-
terial under the guidance of the color shown on the
surface. When the full color changes to orange, the
physical fabrication process is complete (Figure 4).
By transforming the distance information detected
by the Kinect sensor to the augmented color infor-
mation projected by the projector, designer and un-
skilled labour can fabricate the material manually by
the color guidance shown on the model.

Although the result of this test is quite success-

ful, it has amassive limitation through this Kinect and
projector system. Because theprojector canonlypro-
vide 2D informationthe builder can only fabricate
in one direction. If we use multi-Kinect and multi-
projector system to provide 3D information, this will
cause unnecessary errors inevitably. The best solu-
tion is to find an AR device and method to offer a 3D
holographic fabrication introduction insteadof using
a projector to improve the accuracy of physical out-
comes.

BloomShell Experiment 2
- custom-made system
The fabrication process of heat-bent cannot be con-
trolledprecisely becauseof the information transmis-
sion errors betweenMicrosoft Kinect and a projector.
The projector can only show 2D information. There-
fore, 3D space geometry such as double-curved sur-
face cannot be achieved under the 2D information
guidance. In this research, we change the device
fromKinect andprojector toMicrosoft HoloLens. The
Microsoft HoloLens was invented to show 3D holo-
graphic and animation overlaying in the real world,
which has the capability to illustrate 3D fabrication
guidance. Microsoft HoloLens enables theuser to en-
gagewith digital content and interactwith hologram
in the real world.

Figure 5
The BloomShell
fabrication
guidance interface
in Augmented
Reality including
the process
guidance, video
illustration, material
information, etc.
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Figure 6
The Augmented
Reality hologram
guidance in
component deform
area from HoloLens

Figure 7
The Augmented
Reality hologram
guidance in
assembly area from
HoloLens

BloomShell experiment 2 (custom-made system) ex-
plores continuous double-curved surfaces assem-
bled by custom-made components which can be
produced efficiently in AR for unskilled labor. The
components are made from synthetic material -
polyurethane foam board laminated by two WBA
sheets on each side - each component can be bent
to any curvaturebyapplyingheat. WBAsheetswill be
sticky and flexible shaping when they reach a certain
temperature. Therefore the component can be Heat-
Stick panel to panel without additional joint and can
be Heat-Bent without prefabricated mould. WBA
sheets will be strong enough when they cool down
to support the load and weight. The polyurethane
foam board in the middle will maintain the supple-
ness and curvature of the surface and enhance the
structural support.

The user can follow the BloomShell interface in
HoloLens headset to activate the 3Dholographic fab-
rication guidance step by step. In order to do this,
the interface with the selectable buttons (Figure 5)
was developed and imported to Unity. To create the
corresponding code will help the user visualize each

step of the virtual fabrication illustration process in
Microsoft HoloLens. The script in Unity allows users
to activate the program when they gaze their eye on
the button of each option shown on the interface in
Microsoft HoloLens by “Tap” gesture.

When the interface is activated, the user will first
select the fabrication object and the user will be
guided to Heat-Bent each component by the holo-
gram shown in Microsoft HoloLens. For example,
after the user selects the chair object, it will show
a Component Deform Area which guides the user
to Heat-Bent the flat component to fix the 3D holo-
gram (Figure 6); and an Assembly Area which guide
the user to Heat-Stick the 3D component to adjust
the right hologram position in the real world (Figure
7). All the processes will be identified and guided
by Microsoft HoloLens. The user can perform the
“Tap” gesture again when he finished the first com-
ponent, and the second will be shown. The user can
Heat-Bent and Heat-Stick the second component in-
dicated by Microsoft HoloLens and repeat the “Tap”
gesture step-by-step to finish the whole object fabri-
cation process.

The further development will focus on estab-
lishing the output of instructions for physical exe-
cution. An “auto labeling system” was established,
an AR-based workflow that assists unskilled labor in
identifying each of the prefabricated components
using computer vision analysis through Microsoft
HoloLens.

The unskilled labor first shows the sensor the
component which needs to be identified. The com-
puter will detect the outline of the panel and analyze
pixel information to identify the component within
the overall surface. After being recognized by the
sensor, all the necessary information about the com-
ponent, including label number and precise position
within the global surface, will be sent back to the
Microsoft HoloLens and shown to the unskilled la-
bor as a hologram overlay to the physic component
(Figure 8). This process can help the unskilled labor
who is wearing the Microsoft HoloLens AR headset
to recognize and find out the corresponding compo-
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nent quickly and to fabricate step by step using the
“Tap” gesture and finish the fabrication process by
the holographic instructions.

It is worth discussing the initial approach, as
it required the use of computer vision in order to
identify different components and provide unskilled
labourswith instructions on labeling and positioning
of a component on the overall surface through Aug-
mented Reality (Figure 9). The custom-made system
has the limitation that itmakes the process harder for
the computer to identify different components. It is
difficult to improve the accuracy of the smooth curve
surface by using different sizes and different shapes
of custom-made components. For this reason, a shift
to a unified component tile system was made. That
will provide a higher degree of freedom during the
assembly process, as well as compensating for any
imprecision and accumulated error during the fabri-
cation process.

Figure 8
The demonstration
of computer vision
recognition:
recognizing
physical panel
sillouette and
showing label
information in AR

Figure 9
The work flow
demonstration and
fabrication
recording of
BloomShell test 2 -
custom-made
system

BloomShell Experiment 3
- tile component system
BloomShell experiment 3 (tile component system)
explores continuous doubly curved surfaces assem-
bled by a single type of component tile which can be
modified and simplified easily in AR.

Early BloomShell studies utilize custom-made
components in order to describe a given surface.
This was later replaced by the tile component sys-
tem to allow for greater flexibility. The idea of using
the same tile component type will make it achiev-
able for the sensor to identify the component and
for the designers to interact with the components
during the construction process. In addition, the de-
vicewill scan and identify the key tile which has been
changedandmodifieddifferently from thedigital de-
sign by the designer according to their preferences
and inspirations during the construction process eas-
ier. This system provides a flexibility relationship be-
tween human and computer, which allow the de-
signer to obtain different design outcomes from fur-
niture to building elements.

In order to achieve that, we upgraded out AR in-
terface to adapt the tile component system. Design-
ers can choose the object which they want fabricate
first, after that, they can select the shape of the tile
component such as rectangle or oval, etc. and pre-
view that in the AR device. The detail information of
the object will be shown by the holographic instruc-
tion in Microsoft HoloLens, including the number of
tile component the designer need to prepare, the lo-
cation of each component and the fabrication time.
Designers can also control the construction process
by themselves using “Tap” gesture (Figure 10).

The material of the tile component is
lightweight, the direction of the component does
not influence or change the structural properties of
the surface itself, but can bring the various outcomes
of the surface instead. The idea of changing tile di-
rection will lead this research into an immersive in-
teractive design, which allows the designer to make
changes to the component direction on a local scale
while maintaining the whole shape on a global scale
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Figure 10
The work flow
demonstration and
fabrication
recording of
BloomShell test 3 -
tile component
system

to give more detailed outcomes. The headset sensor
will detect the transformation and send it to design
software to generate a new outcome. For example,
the designer can activate the interface by “Tap” ges-
ture and choose the favorite object. If the designer
decides to build awall, a self-standingwall with basic
panel will be calculated by the computer and shown
as a holographic object in Microsoft HoloLens (Fig-
ure 11). However, during the assembly process, the
designer decides to change the orientation of the
next panel (Figure 12), the computer will recalcu-
late and give the evolution scheme of the remaining
panels, while keeping the original wall shape (Figure
13). This process can be done repeatably at any time
during the assembly process. This idea will build a
bridge between human and computer to let the ma-
chine learn and give reasonably calculated outcomes
at any time human make new decisions. That will be
a new Artificial Intelligence exploration through AR
technology.

Figure 11
The self-standing
wall with basic
panel calculated by
computer before
human-made
change

Figure 12
The self-standing
wall with evolution
scheme calculated
by computer after
human-made
change detected by
Microsoft HoloLens
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Figure 13
Demonstration of
computer-
suggested pattern
changing direction
after recognizing
human-made
changes

Figure 14
The 1:1 physical
model BloomShell
Pavilion on B-Pro
show of RC9 in the
Bartlett school of
architecture UCL

Figure 15
The AR holographic
construction
process in
architectural
purposes (intended
work in the future)

A 1:1 physical prototype pavilion was produced to
illustrate the idea (Figure 14), as well as a larger
scale architectural proposal, which was designed to
show the application on building elements and ar-
chitecture scale in the future (Figure 15 and 16). Al-
though, the WBA plastic sheet with polyurethane
foam boards can be understood as a concept mate-
rial, the proposed system is adaptable to any sheet
material with flexible bending property without the
use of moulds, such as metal sheets and so on.

CONCLUSION
The above experiments give an overview of the cur-
rent stateofAR technologies and thepotential for the
application in the field of building elements and ar-
chitecture scale design.

Through the three prototype experiments in this
paper, AR technology was initially confirmed to have
the ability andpossibility for guidingunskilled labour
on complex structure assembly and fabrication pro-
cess by step-by-step 3D holographic introduction.
These tests are in the prime of the research, which
tries to bridge the gap between digital design and
physical outcome by designing a workflow which
transforms a 2D drawing into 3D construction guid-
ance for the design and unskilled labour through AR.

These research experiments are not really about
training unskilled labours or trying to shorten pro-
duction time, they are explorations of how peo-
ple might change their mind or decisions can be
changed in real-time manner harmoniously using
computer-human intelligence. The three experi-
ments are alsodesigned togive emphasis on the con-
cept of communication between computer and hu-
man during themaking process through the physical
making process. Using an AR device, the computer
can detect and identify the designers’ thinking and
idea at any time, and give reasonable outcomes cal-
culated by fixed rules through AR hologram overlap-
ping on the real world in real time.

Although the last part of experiment 3,
computer-suggested solution after identifying a
human-made change in real-time, in this paper has
not technically achieved yet, the value is to pave the
way for complex curved structure projects in the fu-
ture through computer-human intelligence and AR.

In conclusion, AR accuracy, with step-by-step
holographic instructions, can be used for precise and
quick execution in manual fabrication, especially for
complex curved structures based on a large number
of components. The augmented assembly provides
the constant feedback loop between the digital and
physical to the assembly phases. At the same time,
AR provides a real-time scanning capability. It brings
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Figure 16
BloomShell large
scale architectural
application
imafination
(intended work in
the future)

the possibility to interact with AR and get the enor-
mous advantage of feedback throughAI to designers
in real-time.

Further work will take in premeditation the ad-
ditional development of real time communication
between human and computer interaction through
the physical to the digital. This will be done by
collaboration not only with AR technology but also
AI, Robotics, Wearable Machines, etc., in order to
achieve the precise and fast fabrication and assem-
bly of complex structures. The final goal is to make
the whole AR-based fabrication and assembly work-
flowsimplifiedandmodified for architectural scale el-
ements and applications.
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Involving laypersons in collaborative design projects faces the challenge of
having an adapted representational ecosystem. There is a lack of adequate
representational tools for multidisciplinary actors to graphically and physically
vizualize and externalize their ideas. Using VR is a promising way of renewing
participatory design, but settings with VR raise the difficulty to express ideas on
the model, and to support collaboration since using VR headsets eventually
hinder design communication between participants wearing them. In this paper
we present the a case study of one workshop involving non-designers as
participants, based on collective 3D sketches using a Social VR system (without
headsets), in which several users simultaneously and immersively sketch using
handheld tablets, operating a 3D model as contextual background. The workshop
was supported by a representational ecosystem containing: (1) Traditional
freehand sketching on paper and working with pre-cut physical components used
as boundary objects to represent a scaled model; and (2) immersive 3D model
allowing collective life-sized visualization, 3D sketching and interaction. The
paper describers the case study and provide insights about layperson's
collaborative design.

Keywords: Social VR, Representational ecosystem, Laypersons participation,
Co-design

INTRODUCTION
Design projects are complex because they relate to a
wide variety of end-users and involvemultiple stake-
holders along the process. As users and citizens
increasingly demand the right to be fully involved
in design projects, we claim that new kinds of rep-
resentations are needed to allow the efficient in-
volvement of users in these projects, in a perspec-
tive of active co-design, instead of merely looking

for user approval or consensus on previously set de-
sign decisions. Involving laypersons in the design
process raises one major challenge: public organi-
zations and design offices dictate the engagement
of projects’ prime stakeholders by using representa-
tions that are not well adapted for this persons, re-
ducing them to the role of receptors instead of ac-
tors. Co-design must give the opportunity to all the
participants to co-create ideas simultaneously (co-
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ideation), in a democratic (horizontal) and multidis-
ciplinary way. Nowadays, participatory processes in-
volving laypersons tend to limit their contribution to
proposing general, abstract and ”immature” design
ideas through ideation techniques like brainstorm-
ing or mind maps using post-it notes, without fur-
ther diving into design concepts at a mature level
and resolving them. These techniques succeed in
supporting problem analysis, but fail to support the
ideation of mature concepts. As designing is a mat-
ter of representing (Visser 2006), proper representa-
tion tools have tobeprovided todesigners, andespe-
cially to laypersons involved in design. Post-it notes
and abstract words do not support ideas shaping.
Consequently, we claim that the co-design approach
needs to be enhanced by an appropriate represen-
tational ecosystem supporting active participant in-
tervention. To this end, we developed a Social VR
(Virtual Reality) co-design system, aiming to support
democratic user participation. Thanks to its natu-
ral interaction, immersion and embodiment without
wearing VR headsets, users can resolve design prob-
lems together with other specialist collaborators,
using life-sized representations, immersive and 3D
sketches, actively interacting with design ideas. Di-
verse groups of co-located participants (including ar-
chitects) are immersed and use different kinds of rep-
resentations. Because complex codified representa-
tions like plans or scaled presentation mock-ups are
challenging to grasp for neophytes, we expect Social
VR to support representations suited for the creative
phases: real-scale, immersive, with high evocative
power, andwith the easiness of sketch-based graphi-
cal expression. The aforementioned representational
ecosystem may support user co-creation by immers-
ing them in the project, and facilitating participation.
This paper is based on an extensive case study. We
first highlight the expected benefits and weaknesses
of VR for supporting laypersons co-design. We then
present the setting we use to overcome these diffi-
culties, based on a technical solution. Finally, we re-
port and discuss the results of a workshop of the in-
terior design of a library space. The resulting projects

were analyzed based on Abstraction Hierarchy (AH)
scale showing the coexistence of very concrete and
abstract ideas in the co-design process.

USING VR FOR LAYPERSONS IN COLLABO-
RATIVE DESIGN
Using VR with laypersons during a collaborative/par-
ticipatory urban design process is a promising way
of renewing participatory design. VR is supposed
to help people to understand spatial proprieties, to
compare designs (Fukuda et al., 2003), to evaluate
proposals and to understand context (Kaga et al.,
2008). But settings with VR and laypersons raise two
major issues: the difficulty to express ideas on the
model, and the emergence of barriers in collabora-
tion.

Fukuda et al. (2003) for example used walk-
throughs and driver’s and bird’s-eye view for review-
ing and comparing multiple propositions, including
night/daytime designs, for making design changes
(affine transformations, importing 3D elements, tex-
tures and colours) interactively and for getting di-
mensions/quantifying elements. They report that
people have better spatial feelings.

Nevertheless, VR was only used for comparison
with the present and future conditions, like a physi-
cal study model. Moreover, the design proposal was
created by a design team and the other stakeholders
were involved to study the proposal, that was modi-
fied again only by the designers. Moreover, it seems
that in this study only by publicity, the consensus and
the trust was build and obtained by citizens. It is
important to signify that, citizens never understood
master plans data (Fukuda, Kaga & Terashima 2008);
(Fukuda et at. 2009).

To ensure citizen participation Kaga et al (2008)
added Weblog as middleware of the design tool
for information exchange (including texts, pictures,
records ofmeetings andmaster plan data) combined
toVRandReal-time simulations. Basedon that, a final
solutionwas prepared. These devices are reported as
effective communication tools among stakeholders,
supporting efficient and rapid examination andopin-
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ion by citizens. But they hardly support real-time,
contextualized design information. Moreover, in this
setting, it is not clear who participated andwhere oc-
curred design ideation.

Other options were studied using an economi-
cally accessible flow from an easy to learn 3D CAD
(SketchUP) system to VR, where files were then ex-
ported, as comprehensive mode of expression for
active role of laypersons and for reproducing a de-
sign context (Fukuda & Takeuchi 2010). Neverthe-
less, only models of non-specialists were compared
to thoseof VR specialists reproducing thedesign con-
text. However, the authors do not report any specific
design method since they only represented the cur-
rent space.

Finally, a methodology was implemented to en-
gage laypeople in neighbourhood design (Chowd-
hury & Schnabel, 2018): One user was designing us-
ing a VR headset and a gesture 3D modelling soft-
ware while other laypersons were observing and de-
signing, by talking to this one. The reported con-
versation includes design decisions but was tainted
by the fact that communication was affected by the
“blind” people person that was using the VR headset.
No training about co-design or design process was
reported.

In these different settings one can argue that the
3Dmodelling couldhinder abstracts, ambiguous and
accurate ideas proposed during the ideation stage.
Our approach aims to take advantage of VR for co-
design, while enriching the approach by support-
ing participant contributions (thanks to Social VR) in-
cluding the use of sketching, developing specific co-
design representational ecosystem for laypersons in-
volvement.

REPRESENTATIONALECOSYSTEMANDSO-
CIAL VR
Involving lay persons (untrained in design) in collab-
orative design projects faces a major practical chal-
lenge: having an adapted representational ecosys-
tem. Indeed, non-designers can experience trou-
ble visualizing and placing themselves into design

ideas. In particular, the representations that are mo-
bilized by design professionals (scaled models, tech-
nical drawings, Computer-Aided Design “CAD” mod-
els) do not always make it possible to evoke effec-
tively the characteristics of theproject (VandeVreken
and Safin 2010). In addition, there is a lack of ade-
quate representational tools for inter-professional ac-
tors (designers, engineers, users, etc.) to graphically
and physically externalize their ideas, that is, to in-
volve positively users in design and ultimately trans-
form non-specialists into real actors. Indeed, non-
designers are rarely trained in freehand sketches, per-
spective views or 3Dmodelling, tools that are central
in “professional” design practice. Externalizing and
framing design ideas are also critical for the construc-
tion of a common ground in collective processes,
which is necessary for the development of quality
projects (Stempfe and Badke-Schaub 2002). Kvan
(2000) indicates that collaboration is more compli-
cated than the mere participation of a group of indi-
viduals. It requires a greater synchronization of work
and simply bringing new software and hardware is
not sufficient to create the right environment to fos-
ter collaboration (Kvan 2000). Thus, communication
plays a decisive role for this synchronization which
subsequently allows the evolution of each person’s
mental representations (Darses 2006).

We have previously studied the characteristics of
the representational ecosystem that support or en-
hance the co-design processes (Dorta et al. 2016a).
Four main required elements were found: it has to
(1) be hybrid, mixing analog (made by hand) and
digital representations; (2) allow project visualization
using several scales including life-sized; (3) support
active co-design by allowing all users to represent
through sketches and physical models and manip-
ulate these representations, all in an intuitive way;
and finally, (4) the ecosystem must grant opportuni-
ties to use and bridge across several kinds of repre-
sentations, including physical (models) and graphi-
cal (different views, photos, etc.). For this purpose,
we developed an immersive co-design platform: Hy-
brid Virtual Environment 3D (Hyve-3D) (Dorta et al.
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2016b) (Figure 1), improving local and remote design
communication. This system allows local immersive
co-ideation and is integrated to the representational
ecosystem. The system consolidates multiple repre-
sentations which support co-ideation without inter-
feringwith the process, in contrast to traditional CAD
tools. It permits to work at different scales (includ-
ing life-sized) with hybrid representations and to co-
ideate in anactivewayvia immersiveand3Dsketches
and interaction using handheld devices. The system
supports the communication between local partici-
pants and is considered as “Social VR” because they
don’t use occlusive headsets that hinder their ver-
bal and non-verbal communication (e.g. design ges-
tures) allowing to share the collective design experi-
ence.

Hyve-3Dhas a three-dimensional representation
of a drawing area moving it in the 3D space by com-
bining changes in the orientation of the tablets and

3D tracking them (optical or magnetic) or using mul-
titouchgestures. 3D immersive sketches canbe com-
bined with imported 3D geometries from a commer-
cial 3D modeller or photogrammetry files (.obj for-
mat) (Dorta et al. 2016b) (Figure 1). Hyve-3D VR Cin-
ema software also project immersive 4K movies on
the screen captured by 360 4K cameras as the GoPro
Max. The system can be interconnected in real-time
to other remote HHyve-3D to support simultaneous
remote co-design.

CO-DESIGNING IN SOCIAL VR: PRINCIPLES
Our setting proposes to involve users and stakehold-
ers to plunge in the hearth of design process. This
approach is deployed through six-hour workshops, a
duration which ensure people participation. During
the workshop, laypersons are able to generate ma-
ture design proposals in the form of scaled physical
models and immersive virtual representations (im-

Figure 1
Hyve-3D multi-user
immersive 3D
sketching
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mersive and 3D sketches on a basic 3D geometry
used as context). Designers and architects can also
get involved in the project as well as engineers, other
specialists, and design students as design accompa-
nists (Sanders & Stappers 2008). The workshops are
structured in different sessions, each focused on a
specific project stage: the first session on the prob-
lem (re-)definition; the second session on propos-
ing a large set of ideas (immature ideation); the third
session on the concept deepening (mature ideation);
and the last on the preparation of the final presen-
tation. During each session, the groups are called in
turn in the Social VR system around 20-30 minutes
to design within the immersive environment. These
sessions are interspersedwith pauses and theoretical
returns on their co-design activities by the facilitators
and explanations on core concepts (co-design vs. co-
operation, basic vs. detailed ideas and the represen-
tational ecosystem). The goal is to show the rationale
underpinning those stages and the developed rep-
resentations, to favour a better understanding of the
process at hand during the workshop.At the end of
the day, formal presentations are held, using physical
models and hybrid representations in the Social VR
system as support. These presentations lead to the
selection of the most collegially promising project
among the proposed solutions made by each team.
Concerning the representational ecosystem, partici-
pants alternate using two kinds of representations.

Traditional graphical and physical repre-
sentations
They consist mostly in freehand sketching on paper
and working with a physical model where all the
architectural components (walls, furniture, columns,
etc.) are already pre-cut in foam-board or cardboard
at the right scale (depending on the dimension of
the given project). The model can be easily assem-
bled and manipulated collaboratively by the partic-
ipants This facilitates project discussion and manip-
ulation through their modification as boundary ob-
jects (Arias and Fischer 2000).

Social VR system
It allows visualizing the project life-sized and sketch-
ing immersively in 3D. The mock-up can be brought
inside the system’s space. At the end, the physical
models and the virtual models on the Social VR sys-
tem are used to deliberate the best proposition (sev-
eral if the group of participants is large). The physi-
cal and virtual models then also provide final 3D rep-
resentations of the project used to show to project
makers. A short training of one hour about the Hyve-
3D interaction is realized the day before the work-
shop. While an adaption period of few minutes is
necessary for some of them, especially during navi-
gation, after the training all the participants report to
feel comfortable with the immersion.

CO-DESIGNING IN SOCIAL VR: A CASE
STUDYWORKSHOP
In this paper we present one workshop involving
non-designers as participants, based on collective
3D sketches using the Hyve-3D, in which several
users sketch simultaneously in3Dusingas contextual
background a 3D model. This project was focused
on preliminary phase of the (re)design of the interior
of an existing space, a space currently being built, in
the context of a university’s library in France. Partic-
ipants were institutions’ employees and users (pro-
fessors and/or students that attend that facility), as
well as architecture and design students, which par-
ticipated as accompanists to facilitate the designpro-
cess. Among their tasks, the accompanists focused
on theproper useof thedifferent kindsof representa-
tions, on exploring alternatives to avoid getting stuck
with only one idea or on helping in the discussions
and the development of design arguments. Two
teams of six participants (users and employees of the
library and 1 design accompanists per team) partici-
pated in this full-day workshop, divided in four work
sessions, each with a duration ranging from 45 to 90
minutes: the first session was focused on analysing
the problem, the second on exploring solutions, the
third on refining the solutions, and the fourth on fi-
nalising the model.
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The workshop was supported by a representa-
tional ecosystem containing two major settings:

1. Physical mock-up: scale model pieces were pre-
cut and used as boundary objects to assemble
the physical model while designing the ideas. A
“workshop space” allowed participants to craft
their own mock-ups elements.

2. Immersive digital model: The Hyve-3D allowed
collective 3D sketching using two handheld
tablets. We provided a basic 3D model as a con-
textual background, made from SketchUp and
textured in a baking process using a rendering
software (Figure 2). In two periods of 30 min.,
four participantswere trained to sketching in 3D
and to interact with the model (affine transfor-
mations + navigation) using the two tablets of
the Hyve-3D.

During each work session, each group alternates be-
tween these two types of representations. The brief
was the re-design of a “coffee shop” space close to
the university’s library in a building currently being
built.

RESULTS OF THEWORKSHOP
In this case study, our main question is to identify
if laypersons in design are able to contribute to de-
sign projet with both immature/abstract concept,
and more mature/concrete proposals. In order to
tackle this issue and to assess the richness of the pro-
duced ideas, we classify each produced concept on

the abstraction hierarchy (AH) scale described no-
tably in Bizantz and Vicente (1994), which distinguish
five different layers in design projects, from the most
abstract to the most concrete levels of abstraction:
Functional purpose, Abstract function, Generalized
function, Physical function and Physical form. Re-
formulated in the context of our design project, we
distinguish the five following levels: (1) general or-
ganization of the space, (2) expression of concepts
about atmosphere or functions, (3) prefiguration of
new services or activities, (4) synthetic concrete pro-
posals, to (5) precise designof furniture elements. We
expect that the representational ecosystem will sup-
port ideas represented in all levels of abstraction.

The synthesis of the first group proposal is the
following: the space is sub-divided in three ar-
eas (general organization) with two key words: flu-
idity (concept) and flexibility (concept). To man-
age fluidity, the spaces are not delimited or sep-
arated (proposal), but green plants provide mark-
ers (proposals), and screens are available if users
want to isolate themselves (proposal). The first sub-
space encompasses a self-managed restaurant (ser-
vice) around a user-friendly service table (furniture),
without proposing vending machines, considered
cold (concept). There are chairs and tables in clas-
sical arrangement (proposal). The second space is
composed of curved mobile tables (furniture) and
suspended lamps with electrical outlets (furniture).
Transparent movable panels (furniture) help to de-
limit groupworkspaces andprovideboards for group

Figure 2
Hyve-3D allowing
collective 3D
sketching; and
rough scaled
physical models
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work (service). Billboards are present for ephemeral
events (service). The third space is a relaxation space
(concept). It consists of flexible furniture, low- and
high-height (furniture) that can be used as chairs, ta-
bles, armrests, etc. Game boards are printed on these
pieces of furniture to invite relaxation and play (ser-
vice). Lockers are added to allow users to free them-
selves from their personal belongings (proposal). In
the outdoor area, there is a community vegetable
garden in self-service (service), anddeckchairs andel-
ements for rest and relaxation (proposal) (Figure 3).

The second group designs the cafeteria as a
multi-functional space (general organization) with
a strong link to the library and its missions (atmo-
sphere). Thus, the corridor adjoining the cafete-
ria and leading to the library is equipped with a
book printer (service), a book exchange area (service)
thanks to windows suspended from the railing, al-
lowing books to be seen both from above and from
below in the entrance hall of the building (furniture).
As one approaches the entrance to the library, show-
cases (proposals) display the library’s collections. A
guest book is available to users (proposal). Like the
other group, the central space is divided into three
functions. A ”forum” area allows to hold courses and
mini-conferences, but also to relax informally (ser-
vice). It is composed of semi-circular furniture and

closed by a circular glass (furniture). The central area,
dedicated towork, is composedofmobile tableswith
integrated tablets (furniture), to consult the library’s
resources (service). Circular mobile panels surround-
ing the columns (furniture) support visibility of re-
searchers’ scientific work: posters, publications (ser-
vice). The third area, catering, is composed of bev-
erage and food dispensers (proposal), poufs and cof-
fee tables (proposal), as well as a dispenser of small
stationery equipment (service). A technical room is
converted into a self-service collective kitchen and
laundry room (service). The outdoor area includes,
like the first group, a self-managed vegetable gar-
den (service) and is equipped with coffee tables with
relaxing sofas (proposal), a board game box, a ping
pong table, a table football (service). On the columns
are integrated storage spaces for ping pong equip-
ment (furniture) (Figure 4).

The projects contain proposals at all levels, mov-
ing from very abstract elements (general organiza-
tion, ambient concepts) to very concrete elements
(“immature” proposals but also furniture or decora-
tion elements that are completely designed and “ma-
ture”). Users, placed with relevant representational
ecosystems are able to produce concepts that are at
the expected level of precision in a pre-project phase
(ideas are instantiated to their concrete form, or even

Figure 3
Final model (left),
final mock-up
(center) and zoom
in piece of furniture
(right) for the first
group
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Figure 4
Final model (Left),
and mock-up
(Right) for the
second group

their dimensioning) and, importantly, accepted and
internalized by all.

While laypersons’ consultations canoftenbe crit-
icized for the fact that emerging proposals are es-
sentially abstract ideas (or floating ideas as in brain-
storming sessions), sometimes decontextualized in-
tentions, about a quarter of the proposals in this
workshop are of a very low abstraction level, i.e. the
concepts are shaped, dimensioned, designed in their
formal aspects (type ”furniture” in our categorization,
and physical form in the AH classification). More than
half of the ideas put forward take a concrete form
(physical function&physical form) and the other pro-
posals, sometimes expressed in amore abstract form
(prefigured services and concepts of use), allow to
think of space in its globality. It turns out that the
design problem is appropriately broken down, and
some elements of the proposals are just drafted, in
order to reduce the uncertainty and magnitude of
the problem and to allow the group to refine some
elements, as professional designers do. The results
of the workshop, as well as the process implemented
to achieve them, are therefore of a level of quality
close to that which can be implemented by profes-
sional designers, although it is articulated in a very
different way. While lay people have little control
over technical constraints (particularly cost and feasi-
bility), which can lead to some unrealistic proposals,
the argumentationprocessof co-design (andnotably

the proposals justification), makes it possible to get
as close as possible to tacit knowledge of the places
and to identify the most important needs or desires.
Thus, in both groups, we see the emergence of many
services, which were not anticipated by the project
owner and the project manager, but which are very
relevant for users and site managers.

Therefore, we can consider the design process to
be complete: propositions range fromabstract inten-
tions to concrete designs; and they are based on cur-
rent situation, as well as projections in future services
and opportunities. This completeness has been sup-
ported by the representational ecosystem.

The representational ecosystem was an efficient
support for the project. Indeed, the two modes of
representation are complementary to each other in
order to support the expression and materialization
of ideas in the project. Depending on the possibil-
ities of expression, one or the other medium is pre-
ferred. The group 1’s lamps and ceiling lights are de-
signed in the Hyve-3D, supporting the production of
complex shapes and the installation of elements in
3rd dimension (ceiling), while the modular furniture
with printed foam boards enables the quick arrange-
ment and re-arrangement of many elements (espe-
cially furniture), supporting iterations in global space
organisation. Moreover, it permits some formal ex-
plorations, by sculpting in the foam new elements to
be integrated into the physical model.
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DISCUSSION
All groups came to interesting results, even surpris-
ing, given the initial objectives, and according to
the client and the participants. All participants re-
ported having experienced a rich and interesting
day, and having actually contributed to their project.
The managers of the library and the building are ex-
tremely satisfied with the result, both in terms of the
quantity and quality of ideas produced, but also in
terms of the process implemented. These informal
observations and feedbacks sheds light on the rel-
evance of this co-design approach, which is based
on the representational ecosystem (Social VR and tra-
ditional tools such as pen-and-paper and physical
models) to supporting stakeholders’ involvement in
design projects, as well as to making emerge perti-
nent ideas for the project.

Another interesting informal observation relates
to the relevance of the phenomenon of Social VR for
the construction of a shared vision of the project. In-
deed, we observed that both teams, right out of So-
cial VR directly address new issues of design, with-
out going through a reformulation of the discussions
made in the Have-3D environment. So, it seems
that the teams are directly operational for the design
starting from Social VR, indicating its capacity to sup-
port a truly shared vision of the problem. The So-
cial VR and the physical models have been widely
used both by all participants, even those who were
not familiar with design (librarians, students, teach-
ers, etc.). These representation modes seem more
intuitive than the conventional representation tools
like 2D or perspective sketches. The directly percep-
tible scale (and the complementary scales) that these
two modes of representation convey seems to be a
determinant of the perceived effectiveness. It ap-
pears that both the Social VR system that the physical
model were relevant platforms for supporting multi-
disciplinary collaborative design.

As mentioned, the representational ecosystem
supports different kinds of expression, some pieces
of furniture are preferentially designed with one or
the other tool. But the two representational tools

also allow complementary perception of space to be
designed, and complementary design moves: mock-
ups afford assembly of elements, spatial arrange-
ment with a global view of the space, and a global
understanding of the space, its proportions, its con-
straints and functionalities. Social VR support con-
textual sketching of proposed design elements in
space (new furniture, walls, etc.) with a focus on aes-
thetics and appropriate proportions, and supports
an immersive understanding of the space: circula-
tions, ambiance, light, sense of proportions, activi-
ties, etc. As we already identified that different types
of representations convey different features to un-
derstand the projected space (Van de Vreken & Safin,
2010), this study also shows that different representa-
tional media supports different spaces of expression
and ideas generation. This observation supports the
ideas that, especially for laypersons, there is not one
best design tool, but rather that the efficiency of co-
design lies in the multiplication of tools and repre-
sentations, i.e. the ecosystem. Each participant may
have different preference, cognitive styles, previous
experience anddegreesof confidence, andproviding
multiple representational toolsmay help to provide a
full experience where anybody can contribute.

Finally, we made another interesting observa-
tion: as theworkshopwas progressing, we have seen
an evolution of the commitment of the participants.
While the first sessions were held calmly, with very
fluid speech turns, the last sessions were character-
ized bymore assertive behaviours from all the partic-
ipants: more verbal exchanges, many collective ac-
tions on representation tools (mainly physicalmodel)
and more engaged postures. Finally, although all
stakeholders were very enthusiast about the process
and the project, the impact of this kind of workshop
on thedesignproject has not been formally assessed.

Lastly, one of the stakeholders’ suggestions,
which must be considered in the method we pro-
pose, concerns the more recurrent implementation
of this type of workshop, to be able to involve more
people and continue to develop and deepen the
ideas and concepts proposed.
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CONCLUSIONS
This paper presented a setting to involve laypersons
in designingbasedon Social VR combinedwith phys-
ical mock-ups as boundary objects. Feedback from
a real co-design workshop involving lay persons as
participants was reported. The approach allows dur-
ing a single dayworkshop toproposemature designs
via 3D representations to engage with real project
makers. Of course, the approach described here is
based on a case study, and does not allow to draw
any definitive conclusions. More extensive studies
and more systematic analysis will be done in the fu-
ture: comparing immersive vs. non-immersive co-
design processes, different project layouts, measur-
ing engagement of participants, etc. Even if a specific
Social VRdeviceswasused, other VR systemsashead-
sets combined with big projections and immersive
walls could be used, of course considering the use of
physical components to complete the proposed rep-
resentational ecosystem. The goal is to consider the
use of the appropriate representational ecosystem to
improveparticipations of non-designers in co-design
processes. To this this regard, the first results pre-
sented here are promising.

REFERENCES
Arias, E G and Fischer, G 2000 ’Boundary objects: Their

role in articulating the task at hand and making in-
formation relevant to it’, International ICSC Sympo-
sium on Interactive & Collaborative Computing, Aus-
tralia, p. 567–574

Bizantz, AMandVicente, K J 1994, ’Making the attraction
hierarchy concrete’, International Journal of Human-
Computer Studies, 40, pp. 83-117

Chowdhury, S and Schnabel, M-A 2018, ’Laypeo-
ple’s Collaborative Immersive Virtual Reality De-
sign Discourse in Neighborhood Design’, Frontiers in
Robotics and AI, 6(97), pp. 1-10

Darses, F 2006, ’Analyse du processus d’argumentation
dans une situation de reconception collective
d’outillages’, Le travail humain, 69(4), pp. 317-347

Dorta, T, Kinayoglu, G and Boudhraâ, S 2016b, ’A new
Representational Ecosystem for Design teaching in
the studio’, Design Studies, 47 (Novembre 2016), pp.
164-186

Dorta, T, Kinayoglu, G and Hoffmann, M 2016a, ’Hyve-
3D and the 3D Cursor: Architectural co-design with
freedom inVirtual Reality’, International JournalofAr-
chitectural Computing, 14(2), pp. 87-102

Fukuda, T, Fukuda, A, Izumi, H and Terashima, T 2009,
’Citizen Participatory Design Method using VR and
A Blog as a Media in the Process’, International Jour-
nal of Architectural Computing, 7(2), pp. 217-233

Fukuda, T, Kaga, A and Terashima, T 2008 ’Citizen Par-
ticipatory Design Method Using VR and a Blog’, Pro-
ceedingsofCAADRIA2008, ChiangMai (Thailand), pp.
271-277

Fukuda, T, Nagahama, R, Kaga, A and Sasada, T
2003, ’Collaboration Support System for City Plans
or Community Designs Based on VR/CG Technol-
ogy’, International Journal of Architectural Comput-
ing, 1(4), pp. 461-469

Fukuda, T and Takeuchi, H 2010 ’Development of use
flow of 3D CAD / VR software for citizens who
are non-specialists in city design’, Proceedings of
CAADRIA 2010, Hong Kong, pp. 521-530

Kaga, A, Matsunaga, Y, Sakai, K and Fukuda, T 2008 ’Con-
struction of a design support system for the public
space design in which a citizen participates: The in-
teractive design system in a workshop’, Proceedings
of CAADRIA 2008, Chiang Mai (Thailand) , pp. 426-
432

Kvan, T 2000, ’Collaborative design: what is it?’, Automa-
tion in construction, 9(4), pp. 409- 415

Sanders, E B-N and Stappers, P J 2008, ’Co-creation and
the new landscapes of design’, Co-Design, 4(1), pp.
5-18

Stempfle, J and Badke-Schaub, P 2002, ’Thinking in de-
sign teams: an analysis of team communication’,De-
sign Studies, 23, pp. 473-496

Visser, W 2006, The cognitive artifacts of designing,
Lauwrence Erlbaum Associates, Mahwha, NJ

Van de Vreken, A and Safin, S 2010 ’Influence du
type de representation visuelle sur l’évaluation de
l’ambiance d’un espace architectural’, Proceedings of
Interaction Homme-Machine IHM, pp. 49-56

364 | eCAADe 38 - D1.T3.S2. DIGITAL PERCEPTION OF SPACE – CYBER-PHYSICAL SYSTEMS (VR, AR) – DESIGN STRATEGIES -
Volume 1



Virtual Reality as a Tool for Measuring Spatial Tendencies
in Urban Experience
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Virtual reality (VR) enables the controlled acquisition of physical reality into the
virtual environment. The virtual built environment stimulates people as physical
urban experiences. Room-scale experience allows wandering around the urban
space. The purpose of this study is to understand VR as a tool for measuring
spatial tendencies of the individual through distance structuring (proxemics) in
the virtual environment. According to the concept of proxemics, individuals
interact with the built environment and people through personal, social, and
public distances. The study provided a virtual space that was designed as a
streetscape with a road and buildings along the way both sides. Users were
immersed in the VR model for 10 minutes through navigating on the chosen route
and recorded in the video. The objective was understanding how the architectural
elements are related to proxemics tendencies. This study describes VR as a tool
for understanding user tendencies through user spatial behavior.

Keywords: Virtual Reality, Virtual Space, Proxemics, HTC Vive

INTRODUCTION
Virtual reality (VR) is a new media platform in which
physical reality reconstruction through the computer
(also defined as simulation). Baudrillard (2011) ex-
plains that simulation is a hyperreality that reality
is reproduced through models. With the modern
age, the human becomes a spectator who is the one
that builds his/her reality, and this helps him develop
methods of understanding his world. Bolt (2013) il-
lustrated modern humans as becoming the decisive
center of our physical reality with technology. The
human is in physical reality and forms the image of
the world through the relationship of the world with
him/herself. This spectator human considered to be
the one who provided his/her spatial movements in
physical reality. The spatial tendencies of the spec-

tator human existed within the built environment,
so s/he maintained this situation in the virtual real-
ity medium. In this study, the concept of a virtual
spectator means the VR user. This user shows spa-
tial tendencies associated with being-in-the-virtual-
world (which is defined by Richard Coyne [1994]) in
the virtual space. Coyne (1994) explains, “within our
experience of being in the world, there is a prag-
matic understanding of proximity or closeness, and
this closeness precedes any notion of measurable
distance”. In this context, the user being aware of the
virtual space in which s/he was immersed in is the
onewhomaterializes spatial proximities according to
their tendencies.

The three-dimensional possibilities of virtual re-
ality enable the user to be immersed in media. Hu-
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man is physically present in physical realitywith bilat-
eral vision (Sussman & Hollander, 2015). Virtual real-
ity head-mounted display (VR HMD) brings the phe-
nomenon of bilateral vision in the physical environ-
ment to the virtual environment with stereoscopic
vision. Whyte (2002) explains that VR allows users
can experience the virtual world from a real-world
point of view which is viewer-centered (egocentric)
and also if there is a virtual representation of the hu-
man body in VR (avatar), users can see their positions
in the virtual environment.

Figure 1
HTC Vive Head
Mounted Display
(HMD) room-scale
installation

This provides experiencing the physical built envi-
ronment inside a virtual medium. Also, VR creates
a controlled environment and gives the opportunity
to use all the variables according to the research aim
to investigate. Yaremych et. al. (2019) summarizes
that VR let researchers manipulate all variables as
real-world circumstances and also an opportunity to
ecological validity. The virtual environment stimu-
lates users in a spatial context, such as a physically
constructed environment. Spatial tendencies occur
within the concept of presence and evaluated in the
context of virtual-presence. The concept of virtual
presence comes from science fiction, science fiction
writers have described conceptual versions of virtual
reality (VR) and telepresence for decades (Gibson,
1984). Flach and Holden (1998) explain that Gibson’s
understanding of virtual presence based on the rela-
tionshipbetweenperception and action. They stated
that “the reality of VR experience is grounded in ac-
tion” (Flach and Holden, 1998). According to the lit-

erature, VR is suitable for use as a controlled experi-
mentation environment, this study gets its basis from
these researches.

The HTC Vive virtual reality headset installed in a
defined space called room-scale (see figure 1). The
360-degree vision (6DoF - six degrees of freedom)
and spatial navigation possibilities provided by the
glasses are similar to reality while providing a mea-
surable environment in the virtual space. Therefore,
virtual space becomes a tool tomeasure physical be-
haviors and orientations. The research by Franz et
al. (2005) revealed that VR simulations are benefi-
cial for optimized empirical methods in architectural
research. Their findings showed that VR is a useful
tool for understanding emotional experiences based
on empirical researches in the physical environment
(Franz et. al, 2005).

In this study, urban space was modeled and up-
loaded to VR HMD, so users were able to experience
this model through glasses. After that, they partic-
ipated the urban model experimentation. During
these experiences, their behaviors recorded in video
to measure their distance structuring tendencies in
VR experience. 5 users participated in this experi-
mentation and their behavioral data have been col-
lected through videos and analyzed. The scope of
the research is understanding the proxemics behav-
iors while interacting virtual urban environment.

PROXEMICS BEHAVIOR
The proxemics behavior defined by cultural anthro-
pologist Edward Hall in 1963 as a valuable term for
understanding people who interact with each other
and with their environment, “the organization of
spaces in houses and buildings, and ultimately the
settlement of (cities).” (Hall,1963). As he defined that
unlike most of the traditional subject of anthropo-
logical observation, proxemic patterns once learned
are largely excluded from conscious awareness and
therefore should be explored without the need to
explore the conscious minds of one’s subjects (Hall,
1963).
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Hall (1963) cited that Grosser (1951) described
how and why portraits in the western world were
painted at specific distances, with reference only to
intimate, personal and social distances. An artist
used the distances were when placing elements in
a picture’s composition designed to transmit certain
characteristics of personality as well as to scan all
other features, and Grosser fixed these observations
to feet and inches (Hall, 1963). Hall studied how peo-
ple unconsciously construct the distance between
each other in carrying out daily operations, space or-
ganization and urban settlement (Hall, 1963) (see fig-
ure 3).

This research is designed in the context of mea-
suring the distance structuring tendencies of the vir-
tual individual. The concept of proxemic is defined
as 1 m personal distance, 4 m social distance, and 7
m public distance (Sussman & Hollander, 2015) (see
figure 2). Since these distances can vary in every cul-
ture and geography, they will be measured concep-
tually (personal, social, and public) and not quanti-
fied as numbers. Witmer and Kline (1998) conducted
research on can users experience virtual distances
as real-world distances? They achieved that virtual
environments did not include more reference points
to perceive the distances as the real-world distances
(Witmer and Kline, 1998).

Figure 2
Proxemics Diagram

Therefore, virtual built environments need to be de-
veloped based on physically built environments in
detail. Popp et al. (2004) also investigate user dis-
tance perception in VR by using different tools such

as treadmills and seating on a chair, they stated
that both groups had underestimated the distances.
Walking through teleport can be counted as causing
the same effect on distances, so this study experi-
mentation canbe conductedbywalking, teleporting,
or seating on a chair. These variables have no nega-
tive effect on distance configurations in VR. Sanz et.
al. (2015) states that users behaved the same in both
physical and virtual environments when they faced
an obstacle object such as awall or virtual wall. Slater
et al. (2016) summarize that VR is a useful tool to un-
derstand social interactions and fundamental social
behaviors.

Figure 3
Proxemics in Built
Environment
(Analysis from
Minding the
City/Famagusta
Workshop by Tülay
Karakaş, Burcu
Nimet Dumlu)

There are proxemics researches in VR and their fo-
cus is social interactions with avatars, robots, virtual
agents, and other virtual interactive human-like ele-
ments. One of the studies in which distance configu-
rations investigated in the proxemic context was re-
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evaluated in virtual environments, and experiments
conducted by the virtual individual in the virtual en-
vironment are created through the avatar explores
the distance configurations (Hecht et al., 2019). Their
findings revealed that if the users were able to see
their body as an avatar, immersion feeling became
stronger (Hecht et al., 2019). Another research from
Bailenson et. al. (2003) showed that participants
have behaved respectfully as the personal distance
to the characters inside the virtual environment. Ro-
driguez et al. (2019) implemented computerized
agents to their virtual reality model and they aimed
to understand user proxemics behavior when they
met these agents In VR. Their purpose is to under-
stand the proxemics of users when they are around
virtual agents. The literature has a gap in the user’s
proxemics behavior with the interaction of the built
environment.

This research defined the VR environment as
a tool to measure the spatial behavior of the user
through the controlled structure of the VR. The con-
cept of proxemics determined for the measurement
definition for this. In this study, the conceptual
framework built on proxemics (distance studies on
built environment), presence and virtual being stud-
ies (see figure 4). Theuser behaviors and reactions re-
vealed the factors and effects in the VR environment,
so the knowledge construction on distance structur-
ing became possible with this study.

Figure 4
Concepts and
Literature

The controlled structure of the virtual space provided
the opportunity to record and analyze the factors.
The study aimed to make the factors and stimuli af-
fecting spatial tendencies understandable through
behaviormeasurement andobservation in thevirtual
environment.

METHODOLOGY
The research procedure was carried out through a
3-stage experiment. In the first phase, a three-
dimensional model representing the physical envi-
ronment was transferred to the virtual reality envi-
ronment via VRSketch (Google Sketchup modeling
program virtual reality plugin [2]).

In the second phase, the five users experienced
the urban VR for 3 minutes and this was repeated 3
times with 1-day intervals. In order for the user to
prevent the effects of the first encounter with the
tool, each user experienced the VR space 3 times to
grasp the tool and the environment. In the first ex-
perience, it was envisaged that the user normalizes
the relationship established with the VR tool, so af-
ter the first experience, the user developed familiar-
ity with the VR tool. For each of the 5 people, the av-
erage duration of VR tool engagement is examined
in terms of how the differences and similarities oc-
cur in these processes. In the second experience, it
was aimed to comprehend the virtual urban environ-
ment. The third experience aimed to measure the
distance structuring of virtual individuals (see figure
5). The proxemics tendencies of the virtual individual
had been examined and the issue of identifyingwhat
is happening if there is a relationship or contradiction
between the distance structuring of the 5 individuals
has also been evaluated.

The third phase of this experiment was the
analysis of spatial tendencies in the proxemics con-
text. During the analysis, standpoints were deter-
mined through the behavior of the virtual individ-
ual recorded in video format during the experience.
Glance-points (where users looked at) and Stand-
points (where users standstill) were detected to all 3
experiences for each person. The data of the three
individual experiences of 5 people and their relation-
ship and contradictions were determined. The anal-
ysis data included questionnaire results of the users.

The reactions/interactions of the users were ob-
served and traces of behavior were identified to clar-
ify proxemic tendencies. These traces have been cre-
ated in thevirtual spacebymeansof circulationpaths
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that can be drawn by instant identification of the
user’s coordinates. In addition, data such as points at
which users direct their glance (viewpoints), waiting
times at these points (standingpoints)were decoded
through videos recorded during the experience (see
figure 7).

Then, interviews were conducted and questions
about the experience were collected to reveal data
that couldbe associatedwith feelings and traces. The
interview questions were compiled in order to re-
veal the reasons for glance-points and stand-points.
Parts of the videos during the virtual experiencewere
shown and asked to explain why. It was aimed to un-
derstand the relationship between architectural ele-
ments and the moments of glance and stand. The
questions were designed to provide more informa-
tion about individual virtual experiences. Traces and
interview data were evaluated together. This study
questioned how virtual reality can be defined as a
tool for measuring proxemic tendencies in virtual
space.

VIRTUAL REALITY STUDY
Spatial tendencies of the users were investigated in
the context of proxemic with 5 people in the vir-
tual reality environment. They experienced VR urban
space 3 different times through HTC Vive HMD [1].
Every user experienced VR space 3 times (1-day in-
tervals) for 3 minutes. The design of the virtual built
environment was a mimicry of a physical street. The
rendering level of the model was defined as the lim-
itation of the study. Their visual aspects were lower
than reality, so the users were aware of being inside a
virtual model based on thematerials and low details.

The street included buildings on the left and
right sides. The left side was constructed with only
empty facades and low-poly trees. The right side had
detailed facadeswithhigh-polyplants. Also, the right
side has details in interiorswhich caused the curiosity
of what is inside the spaces.

Figure 5
VR Analysis
Methodology

In the first experience, the users wore the VR HMD in
order to develop familiarity. Firstly, they learned how
navigation command works (Teleport [see figure 6]).
They used the teleport command inside the urban
model for 3 minutes. Comprehension of the com-
mand happened immediately for every user. They
got used to command in 15-20 seconds. They had
been accustomed to the tool at the same time. The
userswhodiscovered the navigation command, after
realizing that the command can be irradiated to the
points on the horizontal surfaces, were found to have
approached such as climbing on the gardenwall and
looking from the balcony to examine the detailed fa-
cades.
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Figure 6
VR Navigation
(Teleport)

After the navigation command became an oriented
gesture, users can do it without focusing on triggers.
This situation increased the feeling of walking in vir-
tual environment. Users mentioned that teleporta-
tion feels like walking. They expressed that it was an
exciting experience to be able to beam to horizontal
planes and observe buildings from different points.

Figure 7
VR Experimentation

In the second experience, users tended to move
around the entire map and wanted to finish wan-
dering around at the end of model space. Re-
peated patterns caused monotone experience for all
the users. They realized that all buildings, detailed
ones and not-detailed ones, are repetitions of each
other. The biggest similarities were the recognition
of monotonous and attempting to enter the spaces,
while the contradictions were that some of the users
followed the roads and some of them tended to
move through the spaces and all the open points on
surfaces that they met.

In the third experience, it was observed that the
users placed the details (such as the door number) at

their personal distance and looked closely at them.
They examined the places with having transparency
(window, space, etc.). Users wanted to navigate to
horizontal surfaces through the navigation and look
at places in ways that could not be done in real life.
They constructed different angles through leaning
on the balconies, this provided different glance and
standpoints. They tended to teleport on other side of
the road when they aimed to perceive bigger model
elements such as facades.

RESULTS
At the end of the three experiments, the analysis
revealed that there are three types of results. The
first type is verbal expressions about VR experience
and virtual presence. The second type is user traces
on virtual models with positional behaviors with the
proxemics interpretation. The last type is the com-
parative analysis of the other two results.

For the first type, subjects expressed verbally
that which points on the model is better for per-
ceiving the street and the buildings. They stated
that experiencing the virtual space through physi-
cally impossible angles and heights was the most
exciting part of this study. “Hanging down from a
balcony” without any danger of falling enriched the
spatial experience for most of the subjects. This sit-
uation confirmed through the video recordings of
the experimentations. The results revealed that the
users tried different horizontal surfaces to navigate
and lookedaround standingon that unusual surfaces
such as the top of the garden wall or roofs. The VR
HMD tool provided situations that cannot be hap-
pened in real life, so the perception of the urban
space in VR from different angles triggered the user
pleasure. They also stated that being-in-the-virtual-
environment and teleportingaroundcreates the feel-
ing of walking. When the surface details increased,
subjects tended to stand still and look at these sur-
faces. The right side of the model has detailed archi-
tectural elements, so they said that they tended to
look inside these buildings and facades.
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Figure 8
The analyses of 5
users for 3
experimentation

There is no danger for falling down during the
virtual reality experience allowed different glance
points through impossible positions (for physical re-
ality). The common reaction of all userswas to look at
places from different angles and surfaces. The points
that userswanted to establish proximitywere the de-
tailed points of the model (see figure 8).

The second type of results revealed that the
user virtual traces in VR are consistent. The traces
are categorized as standpoints and glance points.
Standpoints arewhere theusers stop teleporting and
looked at around. Glance points are where they stop
teleporting and stare at for a moment and then con-
tinue to teleport around. When users placed the ele-
ments closer to their personal spaces, their standing
durations were increased (see figure 11). The anal-
ysis of the chosen point revealed that their attention
and looking closely tendenciesmatched on the same
points (see figure 11).

Their viewpoint choices were located with con-
sidering the video recordings from virtual experi-
ments. On the other hand, they have structured their
standpoint distances according to different aims. If
they aimed to perceive the whole facade, they were
teleported to a point on the opposite sidewalk and
stayed at public distances. The movement never
done by their head, they teleported to the public dis-
tance.

Figure 9
Chosen point of
view for analyze

Then, if the users aimed to stare at a large element
such as a whole facade of the building or the upstairs
windows, they positioned themselves on “the public
distance” with this whole facade. The observations
revealed that when the users tended to examine a
small detail as a door number, their proxemics be-
came personal distance. In the end, the horizontal
planes such as the top of the garden walls triggered
the users to create their social distance for these ele-
ments (seefigure9). All users virtual traces supported
these findings (see figure 10).

The last type is the comparative analysis of the
verbal statements and virtual traces. Videos, virtual
traces, and user verbal expressions are totally consis-
tent. The biggest similarity among the findings from
all experiences was that all users tended to look to
the left and right using the 6DoF feature in a total of
9 minutes of experience. The up-down head move-
ments were quite low (see figure 11). Users tended
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to look at their right and left not up and down. This
situation is validatedwith user statements andvirtual
traces.

CONCLUSION
As a result of this pilot study, the potential status of
virtual space as a tool for measuring spatial tenden-
cies was discussed and it was concluded that VR is a
functional tool for understandingproxemics in urban
space. Gibson’s explanation of reality construction
gets its basis on the action and immersed urban ex-
perience successful as a physical urban environment.
Users tended to behave as the reality in VR.

Standing points were similar for 5 of the users.
They stand and looked at the detailsmore than larger
elements. Their behavioral patterns are coherent for
five users. Also, their descriptions and expressions
about experience have lots of similarities. These con-
sistencies showed that proxemic tendencies are visi-
ble in VR (in the study public and personal distances
identified.).

In the continuation of these studies, the sense
of reality level for the materials and modeling de-
tails will be increased. Then, the modeling details

considered at different levels and the various ar-
chitectural/urban elements (street elements) will be
adapted to this model. The future study will be
conducted to understand how users structured their
distance configurations with these urban elements
(such as streetlights, bollards or benches). Using in-
creased model detail for creating a sense of real ur-
ban spacemodel with street elements establishes an
assist for measuring better. Distance configurations
will reveal human-space relations according to their
spatial tendencies based on proxemics behavior.

The VR provided a controlled change of param-
eters and the opportunity to measure the effects
of all virtual urban elements such as roadside bor-
ders, building facades, shop facades, cars, humans,
and the variety of urban components. This situ-
ation creates the possibility of understanding hu-
man spatial tendencies better than any other digi-
tal platform. Also, the virtual reality environment be-
comes an advantageous tool for the integration of
instruments used in the neuroscience field (such as
EEG [Electroencephalography], ECG [Electrocardiog-
raphy], and GSR [Galvanic Skin Response], motion
data). It is possible to define emotional states of the

Figure 10
The traces of the 5
users
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Figure 11
Chosen point to
analyze for 5 users

user behaviors in response to the collected signals.
Human emotional states and reactions can be inter-
preted through EEG, ECG, and GSR signals. Accord-
ing to current experiments, the VR environment can
stimulate users as a physically built environment, and
these neuroscientific tools explain the virtual urban
experiences by using emotional states. Therefore, fu-
ture studies will be conducted with neuroscientific
tools in the VR environment in order to understand
human tendencies.

ACKNOWLEDGEMENTS
The study was conducted with the support of Istan-
bul Technical University Rectorate, which supplied
the HTC Vive Head Mounted Display. I would like to
thank my thesis advisor Prof. Dr. Yüksel Demir, vice-
rector Prof. Dr. Alper Ünal, Scientific Research Project
Coordinator Behzat Şentürk and Mehmet Kara.

Also, I would like to express my gratitude to the
volunteered subjects who are the most important
part of this study.

REFERENCES
Bailenson, JN, Blascovich, J, Beall, AC and Loomis, JM

2003, ’Interpersonal Distances in Virtual Environ-
ments’, Personality and Social Psychology Bulletin,
29(7)(https://doi.org/10.1177/0146167203253270),
p. 819–833

Baudrillard, J 2005, Simulacra and Simulation, The Uni-
versity of Michigan Press

Bolt, B 2013, Yeni Bir Bakışla Heidegger, İstanbul: Kolektif
Kitap

Coyne, R 1994, ’Heidegger and Virtual Reality: The Impli-
cations of Heidegger’, Leonardo, 27(1), pp. 65-73

Flach, JM and Holden, JG 1998, ’The Reality of Experi-
ence: Gibson’s Way’, PRESENCE, 7(1), pp. 90-95

Franz, G, von der Heyde, M and Bülthoff, H 2005, ’An
empirical approach to the experience of architec-
tural space in virtual reality—exploring relations be-
tween features and affective appraisals of rectangu-
lar indoor spaces’, Automation in Construction, 14(2),
pp. 165-172

Gibson, W 1984, Neuromancer, Gollancz
Hall, ET 1963, ’A System for the Notation of

Proxemic Behavior’, American Anthropologist,
65(doi:10.1525/aa.1963.65.5.02a00020), pp. 1003-
1026

Hecht, H, Welsch, R, Viehoff, J and Longo, MR 2019,
’The shape of personal space’, Acta Psychologica,
193(https://doi.org/10.1016/j.actpsy.2018.12.009),
p. 113122

Popp, MM, Platzer, E, Eichner, M and Scahde, M 2004,
’Walking with and Without Walking: Perception of
Distance in Large-Scale Urban Areas in Reality and
in Virtual Reality’, PRESENCE, 13(1), pp. 61-76

Rodriguez, A, Camacho, AC, Hijonos, LJ, Afravi, M and
Novick, D 2019 ’A Proxemics Measurement Tool In-
tegrated into VAIF and Unity’, 21st ACM International
ConferenceonMultimodal Interaction, Suzhou, China

Sanz, FA, Olivier, AH, Bruder, G, Pettre, J and Lecuyer,
A 2015 ’Virtual Proxemics: Locomotion in the Pres-
ence of Obstacles in Large Immersive Projection En-
vironments’, IEEE Virtual Reality Conference 2015, Ar-
les, France

D1.T3.S2. DIGITAL PERCEPTION OF SPACE – CYBER-PHYSICAL SYSTEMS (VR, AR) – DESIGN STRATEGIES - Volume 1 - eCAADe
38 | 373



Slater, M, Sanchez-Vives, MV, Rizzo, A and Bergamasco,
M 2019, The Impact of Virtual and Augmented Reality
on Individuals and Society, Frontiers in Psychology

Sussman, A and Hollander, J 2015, Cognitive Architec-
ture: Designing for how we respond to the Built Envi-
ronment, Routledge Taylor & Francis Group

Whyte, J 2002, Virtual Reality and the Built Environment,
Architectural Press, Oxford

Witmer, BG and Kline, PB 1998, ’Judging Perceived and
Traversed Distance in Virtual Environments’, PRES-
ENCE, 7 (2), pp. 144-167

Yaremych, HE and Persky, S 2019, ’Tracing phys-
ical behavior in virtual reality: A narrative
review of T applications to social psychol-
ogy’, Journal of Experimental Social Psychology,
85(https://doi.org/10.1016/j.jesp.2019.103845), p.
103845

[1] https://www.vive.com/us/
[2] https://vrsketch.eu/

374 | eCAADe 38 - D1.T3.S2. DIGITAL PERCEPTION OF SPACE – CYBER-PHYSICAL SYSTEMS (VR, AR) – DESIGN STRATEGIES -
Volume 1



Depth and Distance Perceptions within Virtual Reality
Environments - A Comparison between HMDs and CAVEs
in Architectural Design

Siamak Ahmadzadeh Bazzaz1, Antonio Fioravanti2,
Ugo Maria Coraglia3
1,2,3Sapienza University of Rome
1,2,3{siamak.bazzaz|antonio.fioravanti|ugomaria.coraglia}@uniroma1.it

The Perceptions of Depth and Distance are considered as two of the most
important factors in Virtual Reality Environments, as these environments
inevitability impact the perception of the virtual content compared with the one of
real world. Many studies on depth and distance perceptions in a virtual
environment exist. Most of them were conducted using Head-Mounted Displays
(HMDs) and less with large screen displays such as those of Cave Automatic
Virtual Environments (CAVEs). In this paper, we make a comparison between the
different aspects of perception in the architectural environment between CAVE
systems and HMD. This paper clarifies the Virtual Object as an entity in a VE and
also the pros and cons of using CAVEs and HMDs are explained. Eventually, just
a first survey of the planned case study of the artificial port of the Trajan emperor
near Fiumicino has been done as for COVID-19 an on-field experimentation
could not have been performed.

Keywords: Visual Perception, Depth and Distance Perception, Virtual Reality,
HMD, CAVE, Trajan’s port

INTRODUCTION
The basic elements of Virtual Reality (VR) systems
defined as Immersion, Interaction, and Imagination,
are well developed as the technology of computer
graphics and 3D displays advances. With the ba-
sic elements of immersive systems developed, many
pieces of research have started to look at practical
applications, utilization, side-effects, methodologies,
philosophy, etc. of VR (Armbrüster et al., 2008). VR
tools have been used more frequently in psycholog-
ical experiments and clinical applications for their
ability to present stimuli in the environment. For

example, psychologists used Virtual Reality Environ-
ment - from now on VE- to test the likelihood for
people to help under different situations. In Cogni-
tive Science, VE technology could also be viewed as
a unique asset, which provides the possibility of pre-
senting dynamic entities for precise measurement of
humancognition and interaction. Despite theuseful-
ness of VR, some raising concerns over the use of VR
systems as the tool in experimental psychological re-
search, increased attention had been brought to the
aspect of human spatial perception. In architectural
design, it is important to ensure that the VR systems
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could be used as an experiencing tool in all aspects
without any other adjustment (Naceri et al., 2010). A
useful experiencing environment should provide an
accurate measurement while containing minimum
cues. In another word, in an architectural studio, a VE
should provide the viewer with accurate depth per-
ception, the ability to perceive an object in three di-
mensions, and the distance of the object. Other im-
portant aspects to be considered in architecture and
in general in the design are the actual perception of
proportions and the accuracyof colours andfinishing
of entities’ surface.

DEPTH ANDDISTANCE PERCEPTIONS
The mental cycle of perceiving, recording and inter-
preting is important for distance calculation. Next,
through the image of the objects, the spectator per-
ceives the external environment; s/he utilizes her or
his vision tomeasure the distance of the target. In or-
der to increase precision, knowledge should then be
analyzedwith certain criteria and techniques (Carrara
et al., 2017). A person’s interpretation can include
several variables. The reliance on depth metrics has
been shown to influence the output of the subjects.

Instead of depending heavily on the scale, those
who rely on various types of depth indicators had just
one kind of profound indicator. The field of vision
is typically divided into three categories (Fig.1). The
first one is the Personal Space, which is around theob-
server and identified as the distance within 2 m. The
second one between 2m to 30m, is known as the Ac-
tionSpacewherepeople canmove and communicate
quickly, and the third one is calledVistaSpace that oc-
curs beyondabout 30mand spans to thehorizon line
(Cutting, 1997).

Within this roomofmotion in theVE structures or
in actual life, binocular disparity and motion parallax
will be used. Motion parallax is a significant profile
comparison in physical reality’s depth and distance
perception (Buck et al., 2018). The Merriam-Webster
Dictionary defines Parallax as: “ theapparentdisplace-
mentor thedifference inapparentdirectionof anobject
as seen from two different points, not on a straight line

with the object.” Figure 2 shows the parallax of an ob-
ject against a distant background due to a perspec-
tive shift.

Figure 2
illustration of the
parallax of an
object against a
distant background
due to a
perspective shift.
When viewed from
“Viewpoint A”, the
object appears to
be in front of the
blue square. When
the viewpoint is
changed to
“Viewpoint B”, the
object appears to
have moved in front
of the red square
[1].

By using this technique by companies like Nintendo
(Japanese video game firm) in its new version of
game consoles, people can understand and recon-
struct the stereoscopic view (binocular) by putting
sight barriers in between eyes and the observed ob-
ject (Fig. 3). This effect can be performed also by
means of glasses with different polarized lenses.

Figure 3
The parallax barrier
in the Nintendo
Company to create
the illusion of depth
on the 3DS screen
by directing light to
each of the eyes [2].
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Figure 1
Three Types of Field
of Vision; (Cutting,
1997).

The actor (according to ISO definition) is fundamen-
tally at the center of the mechanism in any system
that uses Virtual Reality since the virtual application
is aimed at the user. Therefore, when establishing
the virtual environment and its interfaces (Fig. 4), it is
necessary to use a human-centered approach (focus-
ing on the person) startingwith the “perception, cog-
nition, action” loop rather than a technical-centered
approach (Richir et al., 2015).

Figure 4
The “perception,
cognition, action”
loop passing by the
virtual mode; (Richir
et al., 2015).

In the virtual environment, the user must have a
behavior. He needs to have the interface transparent.
Concretely, this activity is realized physically through
the motor skills of the user and an effective percep-
tion between the person and the interfaces. These
physically depend on instruments and are used ac-
cording to themental schemesof the involvedactors.
On a theoretical basis, the “behavioral interfaces” are
designed to convey sensory feedback from the ma-
chine to the human and vice versa, the “motor inter-
faces” aredesigned to transmitmotor responses from
the individual to the device. Some sensor motor in-
terfaces, force feedback interfaces, transmit the mo-
tor responses and, as a reaction, the computer feeds
sensorial stimuli (Fig. 5).
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Figure 5
Technical centered
schema of
sensorimotor
immersion and
interaction; (Richir
et al., 2015).The human visual system depends on distance and

depth measures in a virtual setting, including binoc-
ular disparity, adjustment, convergence, motion par-
allax, etc., for assessing the spatial position of a vir-
tual entity within a virtual world (Cho et al., 2012).
Observers are completely isolated from the physical
world in HMD systems. In certain cases, although
such systems allow greater presence and commu-
nication with the virtual environment, recent stud-
ies into absolute distance knowledge utilizing HMDs
shown a significant underestimation (Ghinea et al.,
2018). In large display screen CAVE Systems, the role
ofHMDson recognizing thedepth anddistancemea-
surements of VE is more important.

A third completely different approach to prob-
lems is theMixed Reality one where actors are within
a real environmentwearing special glasses (Rossini et
al. 2016). In the following pages, it has been com-
pared only CAVE and HMD systems.

PERCEPTIONS IN CAVE SYSTEMS
CAVE is a virtual reality interactive environment,
where projectors are placed on three to six walls of
a CAVE (Fig. 6). Observations and output trends have
revealed that at distance learning learners sought to
utilize actual CAVE boundaries (Kalisperis et al, 2006).
In order to enable virtual distance calculations, user-
s/actors should use distance indicators in a physical
device.

PERCEPTIONS IN HMDS
HMDs made real-world consumers desperate by be-
ing unwilling to fulfill over-hyped demands. How-
ever, that does not require the usage of HMDs. Al-
though certain places still do not have the equip-
ment, properly built HMDs may be incredibly valu-
able devices (Ghinea et al., 2018).

The resolution in most HMDs needs to be en-
hanced and individual pixel filling factors need to be
increased. Many common HMDs use optical resolu-
tion andweight lightness characteristics that are suit-
able for use as instruments. No prototypes are there-
fore enough advanced to persuade a true immersion.
Unique prototypes for a program are typically very
cost-effective andof restrictedgeneral usage (Ghinea
et al., 2018). Many HMDs have struggled to produce
their anticipated results. Although some constraints
exist, a careful design that takes into consideration
whatever factors are required for the visual system
and how well it needs to be matched to appropriate
HMD technology can lead to a reasonable HMD as an
instrument for the architectural design objectives. In
this perspective, the HMDs are able to help architects
and designers perform a sufficient Deep/Distance ef-
fect during the architectural design process.

Figure 6
The CAVE System of
HLRS Center in
Stuttgart University;
Germany, in a demo
at Sapienza
University of Rome
[3].

Figure 7
An HMD
Application in
Architecture Studio
and Design Practice
[4].
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COMPARISON BETWEEN PERCEPTION IN
CAVE SYSTEMS ANDHMDS
The visor-centric VR device offers a wide angle of
view, dynamic power, and (stereo) binocular (real-
time) viewpoint. HMDs, accomplish this by using
small display screens which are near to the viewer’s
eyes and are with the viewer (Fig. 7). In particular for
science and technological uses, CAVEwas planned to
circumvent those constraints of HMDs (Armbrüster et
al., 2008). The CAVE is more remote from the viewer
tousebig, fixeddisplays. It reduces thepressures that
consumers bear or wear and encourages many indi-
viduals to express their VR experience (Naceri et al.,
2009).

CAVEs obviously allow for more accurate esti-
mates than HMD’s. Figure 8 states that the standard
deviation dispersion in HMDs is smaller than that in
the CAVEs (Ghinea et al., 2018).

Figure 8
Evolution of the
dispersion for both
the CAVE and the
HMD systems;
(Ghinea et al., 2018).

The CAVE provides extra advantages, as well as the
option to access the interactive world with other
users. The CAVE, for example, is interactive but does
not separate actors entirely from the physical world.
The actual loneliness of the universe may be deeply
disruptive and unsettling. The user is always aware of
the natural world and will feel things like walls. Mea-
suring failures and measuring lag in CAVE have of-
ten been found to be less distractive than in HMDde-
vices. That is because the projection plane does not
move as it does in an HMDwith the direction and an-
gle of the viewer (Naceri et al., 2010).

The CAVE is suitable for use for data explo-

ration and concept examination in architecture de-
sign (Buck et al., 2018). The CAVE provides a pleasant
space for many hours for developers, students, pro-
grammers, and executives. They can communicate
face to face, experience theexpressionof eachother’s
body, quickly pause or have a drink and also use cer-
tain gadgets (Kalisperis et al, 2006).

CASE STUDY
The artificial port of the Trajan emperor near Fiumi-
cino airport in Ostia (Italy) has been chosen as an
urban scale area to examine the theoretical parts in
practice (Fig. 9, 10). It is a very interesting place as
there, it can be applied studies on Personal Space, Ac-
tion Space, and Vista Space. Another important factor
is that Ostia municipality planned to use that archae-
ological site for amixed use: tourism, ecosystem, and
farming. We are been asked to study these excep-
tional remnants and ruins for these goals, but the
COVID-19 lockdown prevented us to measure HMD
and CAVE system perceptions and tomodel the field.
Theprocess is basedon theobservations andfield ex-
perience in order to find out the difference of a per-
ceived real environment through the immersion in a
CAVE system versus HMD. The actors of both display
systems requested to assess and measure a variety
of real dimensions on-site by experiencing both sys-
tems in a location far distant from the Trajan’s Har-
bour. This onewas so important that the actual noun
of port derives from the ancient Latin name of the
site: Portus. It was the equivalent of the Docklands
inside the Imperial Port of London in the nineteenth
century.

CONCLUSIONS AND FUTURE DEVELOP-
MENTS
The current study is driven by the desire for a real
scale perception of the distance for architecture-
related problems. The area of architecture has some
main characteristics that differentiate it frommost of
the former spatial perception literature. As a matter
of facts, architects focus on peculiar aspects of space,
just to cite a few: dimensions at human scale, pro-
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Figure 9
Case Study, The
Artificial Port of
Trajan Emperor
near Fiumicino;
Ostia; Italy [5].

portions among spaces, relationships among height,
length and wide, perspective sight (that can stress
dimensions as in lithographs of Giovanni Battista Pi-
ranesi), motions among spaces as a continuous alter-
nance among hide/reveal/show spaces (Baker, 1989),
etc. These vast and important aspects will be treated
in a future paper. The aim of this paper was to com-
pare and assess the actor perception experience in
a virtual environment using two different display-
ing systems: CAVE and HMD. Based on the observa-
tions and experiments, the findings are summarized
as first the perception deviation increases with dis-
tances in both systems. Secondly, the virtual entities
are more precise in the CAVE system than with the
HMD. The Shape, accuracy in resolution, and dimen-
sions of CAVE Systemdirectly impact on the user per-

ception of the real environment in VE. Inevitably the
immersive environment of CAVE systems can enrich
the architectural design labs and studios as well as a
more influential representation style that will equip
architects and designers with its powerful impact. A
deep survey on-site should be performed after the
lockdown together with a questionnaire, and an ex-
perimental comparison betweenHMD and CAVE sys-
tems on Trajan’s hexagonal harbour.
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Can a virtual city game be built by both the public and computer-based on
real-site data? In the current process of deepening global connectivity,
requirements for an effective urban design are no longer limited to functions or
aesthetics, but a smart, dynamic complex with multi-interactions of data, group
behaviours, and physical space. This paper introduces the logic of swarm
intelligence and particle system for proposing a new urban design methodology.
The platforms range from simulations that quantify the impact of the disruptive
interventions of city activities to communicable collaboration between different
users in a UI system, which creates virtual connections between optimized
urbanscape and users. In the design system, based on the context data, the
computer firstly simulates and optimizes the existing 2D activity joints between
the people and analyzed the current spatial connection nodes into certain design
rules. Through optimal programming for spatial connection and data iterations,
the activity connection structures in the second simulation are abstracted into a
set of interactive 3D topographic. The final data-visualization results are
presented as a co-building megacity in a virtual construction game. Users can
choose the virtual building unit types and intuitively influence the future
urbanscape decision through virtual construction.

Keywords: Swarm Intelligence, Particle System, Digital Simulation,
Human-Machine Interaction, Data Visualization

INTRODUCTION
Context of Swarm Intelligence and Particle
System
Swarm intelligence, initially inspired by bird flocks,
is a system that random agents follow the given

rules and aggregate together as a dynamic clus-
ter structure. Particle system, widely used for com-
puter graphics, is a common tool for data visual-
ization, simulation, and optimization (Reeves 1983;
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Blum and Li 2008; Karaboga and Akay 2009). Ac-
cordingly, the bottom-up and constantly-optimized
logic by the combination of the two, provide gen-
erated spaces with significant advantages of variety,
self-organization, self-coordination, and potential in-
teractiveness.

Since the 1980s, agent-based swarm simulations
of the collective behaviours have been aspiring de-
signers for architectural and urban solutions. For
most researches, moving trails of the swarm agents
are used as plane geometries for construction or
planning guidance. Based on Craig Reynolds’s first
simulation model for the ”fish flocking system 1986”
(Reynolds 1987), Roland Snooks’s ”Behavioral Urban-
ism 2008” project later applies the viable paths of the
particles for generating new forms of urban hous-
ing (Snooks 2019). Greg Lynn and Andrasek de-
velop the application of particle movements for sim-
ulating traffic circulations and replanning the cities’
functional organizations (Frazer 2009). Also, Leach
and Snooks (2017) propose the swarm logic for guid-
ing dynamic urban formation with optimization effi-
ciency. However, though using the bottom-up idea
of the simulation algorithm, most of the genera-
tion decisions are proposed by the designerswithout
much actual involvement or interaction the general
public. In recent studies of swarmbehaviour, the sim-
ulation logic is mainly used in aesthetic pattern stud-
ies for generative spaces. For example, different rules
for iterative growing patterns are applied to building
facade (Zheng, Guo and Liang 2019; Bouayad 2019;
Salsi and Erioli 2019). Nevertheless, other than the
dynamic swarm simulation process, most of the fi-
nal designoutputs are static and irresponsible to real-
time people activities without taking full advantages
of the dynamic simulation features of smarm intelli-
gence.

Interactive Rules of Swarm
Themain factors that influence the swarm formation
are particles’ number; particles’ internal SCA forces:
(S) separation, (C) cohesion and (A) alignment; exter-
nal factors’ numbers (attractors and repellers); and

the external forces. Due to the adjustable settings in
the system, the generation process is also interactive
that can keep the entire structure stay dynamic while
allowing for parametric changes. With the assump-
tion that particles are moving within the threshold
distance of the forces, the factors that influence the
final forms are listed as following rules (Figure 1 and
2):

1. Separation (sep): Avoid particle’s collisions
with its neighbors;

2. Cohesion (coh): Keep particle close to the cen-
ter of its neighbors;

3. Alignment (ali): Move particle in the same di-
rection with its neighbors;

4. Attraction: Keep particles close to the center
of the attractor;

5. Repulsion: Keep particles away from the cen-
ter of the repeller.

Figure 1
Mathematical
models of SCA
rules: (S) separation,
(C) cohesion, and
(A) alignment.

Figure 2
Mathematical
models of attractor
and repeller.

Project Goal
Therefore, in addition to the research drawbacks in
current studies of the particle studies, like practical
impracticality and lack of public interaction and en-
gagement as mentioned above, there are potentials
for linking urban planning, public participation and
digital technology through a new application of the
bottom-up design system. The introduction of a new
swarm system would help to associate the city indi-
viduals to the environment data with a co-working
virtual activity. This paper proposes an interactive
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and virtual urbanscape building methodology that
forms a real-time parallel environment with user de-
cisions. The computer will simulate the real-time ac-
tivity connection, and the citizen users can decide
and influence their environment formation based on
the physical site around through UI building games.
Based on swarm intelligence, people’s real-time loca-
tion data and activities in the space, also their oper-
ations in the game would provide the basis for com-
putational virtual structure predictions. The method
notonly expandson the current urbanplanning tools
and design process; new urban public connections
are established through the co-building event.

METHODOLOGY
InteractiveUrbanscapeFormationStrategy
The core of this design method is to generate dy-
namic and optimal urban mega-structure in a vir-
tual game platform by connecting data, public de-
cisions, and the application context. The general
public instead of the specialists would be the game
user, while the operations from the users in the game
would be visualized as the components and con-
nected structures based on the user decisions. Based
on the design basics of swarm logic and the concept
of virtual construction, the interactive system forma-
tion includes three main stages: 1) Swarm objects
data detection, 2) Virtual building simulations, and
structure optimizations 3) InteractiveUI platformand
human-machine urban decisions (Figure 3). More-
over, the first two steps focus on the application of
particle rules: structure generation and feedback it-
eration, while the latter emphasizesmore on the links
of building results with users’ communicative opera-
tion through the game.

Stage 1: Research Analysis & Real-time
Data Detection
Before starting the swarm construction simulations,
initial site analysis needs to be conducted for gath-
ering the condition information, like current circula-
tion, existing activities, and site environment. Thus,
to achieve high interactivity between urbanscape

and thepublic, citizens’ real-time locationswill be ab-
stracted into swarm particle points for the guidance
of the building nodes at the next stage.

Along with the information collection stage and
combining with the swarm logics, essential influ-
ential factors then need to be quantitatively sub-
divided into different categories and dynamic do-
mains. For instance, as public behavior can be sum-
marized into clusters, site circulation is further quan-
tized intogroups’ datawith specificparticle numbers.
Moreover, variables like the SCA forces of the peo-
ple particles also need to be classified as a set of in-
tervals due to the changeable data in different pe-
riods. Similarly, parameters such as external attrac-
tors’ classifications, numbers, and attraction forces all
should be summed up to sets of intervals when de-
tailing the environmental context. After the prepara-
tion above, the groups’ settings and parameter lim-
itations are then applied to the first building forma-
tion simulation.

Stage 2: Simulations, Iterations, and Opti-
mized Connection Forms Feedbacks
Before starting the interaction games among the
users, the simulations of current activity connections
work as the fundamental digital predictions for the
final virtual structures. Variable activity connections
are set to be translated into the scale and complex-
ity of the landscape structures in the game. For the
two main simulations process at this stage, comput-
ers are first trained to learn from the existing 2D con-
nections and then to inherit theoptimizedpatterns in
both aesthetics and effectiveness for future 3D con-
struction guidance.

For the first simulation, the parameter groups of
the people particles, external forces, and the con-
text conditions summarized at stage 1 are inputted
to Processing program for generating 2D activity pat-
terns with real-time dynamic conditions. With pre-
set evaluation criteria in aspects like connection va-
riety and connection effectiveness, the output activ-
ities patterns can be filtered into a group of opti-
mal 2D activity patterns. By extracting the primary
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Figure 3
The general logic
flow of the urban
virtual interactive
platform.

connecting forms of the public particles in the con-
text, those 2D optimized topologies work to develop
further the next stage of 3D generation (Figure 4
left). Thus, due to the dynamics of the forces and
particle numbers in different simulation time, the
corresponding parameters of the iterated patterns
are also inputted into the next step for limiting the
previously-set factor domains.

For translating the optimized building guidance
from 2D to 3D, the research of the activities connec-
tion time-length is designed to visualize the particle
height in Z-axis. Likewise, through the second simu-
lation with improved parameters settings of the par-
ticles, and external forces, the best structure group
will be selected by the same aesthetics and effective-
ness evaluation standards for the final virtual instruc-
tion (Figure 4 right).

Figure 4
Left: 2D pattern and
extracted the
topologic
connection type in
the first simulation.
Right: 3D structural
connection formed
in the second
simulation.

Besides, Stage1 to Stage2 is a cyclic repetitive pro-
cess. Real-time data are continuously analyzed and

recorded in Stage1 and result in the constantly
iterated structural topologies in Stage2. Those
continually-updated connections formbase all work
as theprediction basis that the user can choose in the
UI game.

Stage 3: Synergistic Urban Game of Human
andMachines
For developing the abstract computational models
into a rich spatial and visual experience, UNIT is
addedon to theprior formbase. TheUNITs librarywill
also work to transform computer images into visible
spatial volumes and let the public have more active
interactions with the city data and the physical envi-
ronments through games.

During the further morphological growing pro-
cess, previous connection formbase will be the co-
construction basis. UNITs‘ block-to-block spaces will
replace the connection of particles’ point-to-point
line structures. People are the city’s designers in
this co-building game. Users will first receive the
real-time computer-optimized structure; then, they
can choose the UNITs they want to use from the li-
brary. By repeatedly placing the UNITs into corre-
sponding points on the construction basis, various
virtual space groups can be built. As more people
join the game, the virtual space will grow from sim-
ple spatial prototypes into a connected urbanscape
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complex, which presents the public with dynamic
morphological changes of the city. The predictions
and the decisions from both the computer and the
people will cooperate for more future urban oppor-
tunities.

RESULTS
Design Experiment
The test site for the proposed urban strategy is a
440m x1000m section of Guomao, the China World
Trade Center. Similarly, Guomao’s current up-down
spatial arrangement exists a considerable separa-
tion in different groups’ behaviors. There were
needs for collective activities. However, most public
spaces were unwelcoming and in low participation.
Therefore, in the physical environment uneasy about
changing by the public, there are high potentials for
introducing a virtual platform for new connections.

In figure 5, considering actual site characteris-
tics and complexity of people’s real behaviors, the
general workflow is adapted with additional vari-
ables and detailed classifications. Through these cus-
tomized parameters combination, the optimized re-
sults are more suitable for the site with unexpected
and abundant forms.

Figure 5
Advanced workflow
of Guomao virtual
interactive
platform.

Site Research &Data Analysis
According toGuomao’s current issues, the simulation
evaluation standard focusedon1) Feasible, 2)Diverse

gathering forms, 3) Mixture of three different parti-
cle groups. Particle objects were the people on the
site. External attractors were set to be those attrac-
tive gathering nodes. The behavior duration time for
the information collection was 7:00-22:00 (7.30-8.5,
2018).

The analysis contents were the general and the
site-specific. General research included: particle
SCA rules, external forces, and site spatial condi-
tions. However, as in a central business area with var-
ious simultaneous activities, there were additional si-
multaneous influences like particles: different peo-
ple groups, groups’ numbers, groups’ spatial location
andpeople’smovement velocity, and the same to the
attractors with a total of 10 influencing factors. Ex-
cept that the groups’ classifications and the attrac-
tors’ locations were set to be fixed, the other eight
variables would change in different periods. For re-
flecting these data densities, Guomao’s swarm be-
haviors were divided into three groups: workers (Par-
ticle_A, no. :500), consumers (Particle_B, no. :200),
and the plot staff (Particle_C, no. :50). Thus, 3 clas-
sified external nodes were: catering nodes (Attrac-
tor_A, no. :26), retail nodes s(Attractor_B, no. :23)
and greenery nodes (Attractor_C, no. :4). In order to
obtain more accurate statistical data, the test period
7:00-22:00was divided into 15 parts, and the average
quantity in one hour was used as the period data. Fi-
nally, these 15 sets of behavior data were combined
into the parameters interval of each variable and ap-
plied to the swarming rules. Besides, for the external
impact, the attractions’ positions and the reachable
spaces in the entire block were also recorded (Figure
6).

Simulations, Iterations & Optimized Guo-
mao Connection Feedbacks
At this stage, Guomao’s current variables‘ rules and
summarized parameters were inputted into the Pro-
cessing program for the first 2D simulation. Particles’
initial random movements were adapted to Guo-
mao’s reachable space. Then, 10 simulations feed-
backs were conducted for every 15 groups. Never-

D1.T3.S2. DIGITAL PERCEPTION OF SPACE – CYBER-PHYSICAL SYSTEMS (VR, AR) – DESIGN STRATEGIES - Volume 1 - eCAADe
38 | 387



theless, in addition to the three pre-set criteria, the
optimizing process also took people’s actual activity
habits into account. According to the early site re-
search, people in Guomao had two main behavior
habits: the dispersion during work and breaks (reg-
ular), and the aggregation in a certain spatial node
for special activities (irregular). Then, these two ac-
tual behavior habits were combined with the eval-
uation criteria, and the most effective 2D patterns
were generated in 10 feedbacks of each group. After
that, the 15 selectedpatternswere further compared,
and three final optimized 2Dpatterns, includingboth
conventionality and particularity, were selected. Fi-
nally, five shared connection types that were worth-
learning for future urbanscape were extracted, and
those types were inputted to the second simulation
for structural iterations (Figure 7).

Figure 6
General analysis of
particle rules and
the influence of
attractors in Stage1.

Before starting the second simulations, the re-
sults in the first simulationwere studied. More specif-
ically, the three optimized patterns in figure 9 pro-
vided a helpful basis for improving the original rules‘
settings. Former parameter ranges were also devel-
oped to the most efficient intervals. Thus, to better
control the structures’ generation speed within effi-
cient time, three new variables, F_Join A, F_Join B,
F_Join C, were added for controlling the gathering
speed of all the particles in the entire group. Later,
the optimal parameters, improved rules, and all the
variableswere input to the Processingprogramagain
for generating spatial connections structures in the
3D context environment (Figure 8). After obtain-

ing 30 3D feedbacks, it was also necessary to calcu-
late the height of the generated structures accord-
ing to the ratio between the actual site and the com-
putational results. This consideration helped judge
whether the results worked well with Guomao’s ex-
isting building heights and whether the dimensions
were suitable for building in UI virtual layers. Finally,
the best 3D structure that was advantageous in all
comprehensive evaluations was received. Similar to
the extraction procedure in the first simulation, five
ideal connection formswere abstracted based on the
development of 5 previous connection types (Figure
9).

Through a week of updated site behavior data
and constant pattern simulations and structural opti-
mizations, a total of seven-time iterations eventually
lead to a set of customized connection formbase of
Guomao.

Interactive UI System & Visible Urban
Datascape
In the UI systems, aspects of virtual construction,
human-machine symbiosis, and public socialization
and evaluation were combined.

The interactive units were designed to be a set
of truncated octahedronswith foldable surfaces. The
unit initially would appear as the basic form (UNIT_-
01), but when the number of the connection in-
crease, the surfaces of the octahedronwould be con-
tinuously folded tomore complex forms likeUNIT_05
(Figure 10 top). During the construction process, ac-
cording to the positioning system of the game par-
ticipants’ equipment, connection formbase would
firstly be applied to the real-time generated swarm
patterns and present the users with an optimal dy-
namic framework. Based on this buildable frame,
users could choose any locations for the units in the
virtual context of Guomao. Then, the interaction sys-
tem would automatically fill in the links between the
units with the updated topology predictions. Partici-
pants could then choose the building location of the
next unit on this basis, and the computer provides
further predictions. In these reciprocating steps, the
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Figure 7
Three final selected
2D patterns and five
connection
extraction.

Figure 8
3D structural
simulations with
optimal rules and
parameters.
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Figure 9
The final optimized
3D structure and
five ideal
connection forms.

computer and the users could achieve collaboration
for deciding the new forms of Guomao (Figure 10
bottom).

The final realization of the public urban interac-
tion would be a virtual co-building game. The en-
tire building experience could either be immersive
or remotely-controlled. In figure 11, by positioning
the real-time location of the user and by scanning
the surrounded environment through holographic
cameras, users could see the real-size effect of their
designed constructions during their building game
process and connect with the physical spaces. By
choosing the desired UNITs from the app and virtu-
ally placing the components into the site, new struc-
tures can be additive to themega urbanscape and in-
teract with other users’ works. With digital devices,
participants were also designed to be able to view
Guomao’s virtual construction situationandcontinue
building elsewhere at any time through the interface.
Different preferences and online interaction habits of

the users would lead to the richness of the construc-
tion results. By participating in this co-building game
and sharing this virtual urbanscape, the publicwas fi-
nally expected tohave in-depthconnectivitywith the
city data and their daily environments (Figure 12).

CONCLUSION ANDDISCUSSION
This interactive urban system, as a new generation
form of architecture, is based on real-world data and
people’s behavior while existing and growing in the
virtual world. Its bottom-up logic of swarm intelli-
gence and the result of game interaction reshape the
dynamic relationship of data, people, and the urban
space for future potentials. The virtual and the reality
are synchronized, users’ interaction and virtual con-
struction are corresponded, thus forming an innova-
tive urban network of man-machine joint-decisions.

This design strategy belongs to the computa-
tion design process, but the entire data analysis and
the structural optimization results mostly rely on
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the designers’ observation and subjective judgment.
Therefore, the next step of this research is to extend
the study and development of the data collection
method. For example, arranging spatial sensors for
getting short-cycle feedbacks for real-time data or
improving the system by using neural networks to
learn the strongAI logic for getting a set ofmore suit-
able algorithms for the system.

Figure 10
Top: Designed
interactive UNITs.
Bottom: Users’
building process
and cooperation
with the computer.
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Figure 11
Functions in the
designed user
interface.

Figure 12
Idea results of
virtual urbanscape
in Guomao, Beijing.
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This paper reports on an ongoing experiment in design collaboration: an open
collaborative realtime environment that enables participatory design activities in
spatially distributed teams. The project builds on online platforms and open
source ways of sharing design ideas, but also on recent advances in shared
augmented reality enabled by game engine technology. Furthermore it focuses on
combinatorial design of collaborative objects: the models shared in this way are
not just geometric forms, but informed systems of parts with a procedural or
combinatorial logic, an assembly strategy. By pooling and aggregating such
intelligent assembly systems in a shared online realtime design space we are
trying to move towards pervasive collaboration in architecture. Authors taking
part in the project are united in a shared persistent design space and can design
collectively. They experience what we refer to as tangible complexity: a playful
mode of aggregating and combining design ideas of different authors. We argue
that this pervasive collaboration can lead to novel types of complexity: an
architecture of socially augmented formations.

Keywords: Collaborative Objects, Realtime Architecture, Tangible Complexity

01. Pervasive Collaboration
For quite some time now, economical, societal, cul-
tural as well as architectural production has been
moving towards distributed production. The current
global pandemic has accelerated this tendency, but
it didn’t create it. It was already there. Carlo Ratti de-
scribes the shift from traditional media like newspa-
pers and television to the interactiveworldwideweb:
Media became dialogue rather thanmonologue, and it
was at this moment that humanity began coming to-
gether as a real village, with shared culture, ideas, and
discussion.(Ratti 2016, p.15)

The distributed networks of the digital era, the
global access to data and information, the interplay
of its part to part, peer to peer and part towhole rela-
tionships across space and time-zones have changed
society in unprecedented ways. The resulting am-
biguous relationship, in this global village, of ‘ambi-
ent’ proximity and ‘real’ separation, is currently shift-
ing us towards a Tele Society, as Peter Weibel re-
cently claimed:“The age of proximity is coming to an
end.” (Weibel 2020) In his concept of a Tele Society,
an early media theory on the impact of computa-
tion, networks and media on society, the ubiquity of
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global communication and pervasive collaboration
will undermine the current need for proximity. In
this transformation, the former media of communi-
cation, the image, gets augmented towards a virtual
realtime environment as Weibel argues on the iconic
turn: “Placeless, without the existence of an original,
the imagebecomesan interface for theactionsof differ-
ent people in real time. In multi-user environments, nu-
merous people in different locations communicatewith
each other via different visual environments. In the fu-
ture, however, events in the virtual world will also have
an impact on the real world.”(Weibel 2007, p.225)

Realtime pervasive collaboration can be highly
dynamic and productive. Carlo Ratti points to the
‘space of flows’ byManuel Castells: “The spaceof flows
is thematerial organizationof time-sharing social prac-
tices that work through flows. By flows I understand
purposeful, repetitive, programmable sequences of ex-
change and interaction between physically disjointed
positions held by social actors.” (Ratti 2016, p.15) Today
webecomemore andmore familiarwith these virtual
environments, from open source, to crowdsourcing,
to social media, to any platform or application, that
enables user generated content. Collective creativ-
ity and distributed knowledge is an important factor
of this diverse user generated content. Arguably, the
difference between collective and individual creative
efforts is most distinct when it comes to dealing with
extremely complex tasks.

Of course the notion of collective creativity chal-
lenges the idea of authorship in architecture. Open-
ing up the design process, by enabling a pervasive
collaboration on a realtime architecture platform, the
materialized digital information becomes the prod-
uct of a shared design workflow. While the digital
process permits to keep records of every individual
contribution, in an ideal space of flow, this discern-
ment no longer matters. The collective output is the
reward and incentive for every individual input. It’s
an Architecture of shared authorship: “No individual
ismaster(original) over another(copy), but rather all are
equal clones.” (Weibel 1995, p.204) The result is a de-
mocratization of design thinking. As far back as 1967,

architect and urbanist Yona Friedman, created The
Flatwriter, a software conceived to enable users to
design the plan of their future homes in Friedman’s
Ville Spatiale. The Flatwriter is an early precedent
for this kind of distributed collective project: “The
Flatwriter thus puts a new informational process be-
tween the futureuser and theobject hewill use, it allows
foralmost limitless individual choice, andan immediate
opportunity to correct errorswithout the interventionof
professional intermediaries.” (Friedman 1980, p.60)

The architectural platformwedescribe in this pa-
per sets out to test Weibel’s idea of a multi-user envi-
ronment in realtime. This interface aims to create a
‘space of flows’ of participatory architectural design
and pervasive collaboration.

02. Tangible Complexity
“Buildings were once materialized drawings, but now,
increasingly, they are materialized digital information
- designed with the help of computer-aided design sys-
tems, fabricated by means of digitally controlled ma-
chinery, put together on site with the assistance of digi-
tal layout and positioning devices, and generally insep-
arable from flows of information through global com-
puter networks.” (Mitchell 2005, p.41)

In his introduction to a theory on complexity in
architecture, William Mitchell proposes architecture
asmaterialized digital information, as a consequence
of distributed information and knowledge in global
computer networks during the whole process of ar-
chitecture, from design to fabrication and construc-
tion. He argues furthermore that the complexity of
an architectural project arises as a balance between
repetitive and non-repetitive construction elements,
which leads to architectures of high or low complex-
ity. To further expose the interplay of these archi-
tectural elements, as a methodological framework,
Mitchell synthesizes the construction of architecture
to: “Generally, construction operations can usefully
be subdivided into fabrication operations that produce
discrete elements and assembly operations that com-
bine discrete elements to produce systems.” (Mitchell
2005, p.42) In this context, he evaluates the final com-
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Figure 1
Tangible
Complexity

plexity of an architectural project based on the de-
sign content, which can be understood as the added
value, or design content, during each of these opera-
tions, on the production of the discrete elements, as
well as the assembly of these elements. This also ap-
plies when analyzing the behavior of added design
content of a designer:“A designermay assume prefab-
ricated elements, or even pre-assembled complete sub-
systems. In doing so, she not only establishes a starting
point for addition of construction content, she also in-
herits design content.”(Mitchell 2005, p.42)

At this point we identify the potential to ex-
pand this conceptual production of an architectural
project, by opening it up to a realtime environment
of pervasive collaboration. A space of flows, where
multiple distributed authors with varying expertise
can contribute to a shared design, and therefore
add design content as well as aggregate design con-
tent. This architecture of pervasive collaboration al-
lows for multi- objective and multi- subjective plan-
ning. Hereby the added value can increase the over-
all complexity of a project, by at the same time, keep-
ing the complexity of assembly operations low, but
highly informed. For example context sensitivity em-
braces the designers to adapt it’s assembly to a wide
range of parameters and therefore results usually in
a higher complexity. More precisely context can be
broadened as we speak not only about the location,

material, weather condition etc. of the architecture,
but also the history, knowledge, local expertise and
experience of the collaborators themselves. This in-
herited design content could hold the information
about the material composition of the part, or geo-
logical information of the site, the parameters that
influence the assembly and design process before-
hand. The added value gets applied by the designer
at the moment he uploads the objects to the persis-
tent environment.

The assembly of repetitive discrete elements,
whichwas often defined by a singular logic of assem-
bly operations and led to projects of low complex-
ity, can now be enhanced by enabling participatory
design in a real-time pervasive environment. Where
local design decisions and adding of design content
and value to the singular part, as well as the adding
of design content and value to the assembly oper-
ations to construct informed aggregations of parts,
results in an architecture of aggregated design value.
Therefore this opens up the possibility of an architec-
ture of high complexity, with inherited design con-
tent of repetitive elements, basedon the expertise on
the local design decision, which leads to a tangible
complexity of an architecture of socially augmented
formations.

D1.T3.S2. DIGITAL PERCEPTION OF SPACE – CYBER-PHYSICAL SYSTEMS (VR, AR) – DESIGN STRATEGIES - Volume 1 - eCAADe
38 | 395



Figure 2
Realtime
Architecture
Platform
Screenshot

03. Realtime Architecture Platform
Finally this research proposes a case study applica-
tionof anopenRealtimeArchitecture Platform, to en-
able pervasive collaboration and tangible complexity
in participatory architecture.

Our research builds on the experiences of pre-
vious research and projects. Since the mid 1990ies,
similar platforms were developed to enable a free
flow of ideas and collective authorship, among oth-
ers so-called virtual design studios, a term coined
by Mitchell in 1993. (ref. Bradford, Wojtowicz,
Schmitt, Kolarevic, Schnabel, Wenz) Moreover it’s fol-
lowing a recent research project ‘VoxelCO- Playing
with Collaborative Objects’(Grasser 2019), where an
architectural application was developed for an aca-
demicworkshop seminar in 2018. There, participants
could collaboratively design, instantiate and aggre-
gate digital voxels using shared augmented reality
in realtime. In that case study the participants were
in a seminar room while playing, collaborating and
moving around to design the voxel formations. This
spatial close proximity to each other provoked de-
bates on local design decisions while designing the
virtual aggregated voxel formations. Furthermore
based on those virtual design sessions, modular wire
cubeswerepositionedwith thehelpofmobilephone
augmented reality holographic overlay, to construct
some of those voxel formations.

Realtime Architecture Platform is exploring ways
of pervasive collaboration and production of an ar-
chitectural project in a distributed realtime envi-
ronment. Therefore embracing the tele society of
shared authorship, which goes beyond the com-
mon distance collaboration tools like webcam meet-
ings (zoom, skype) or virtual desk critics. A promis-
ing mode of production in architectural practice and
academia for post- pandemic times. It’s empower-
ing distributed realtime design and collaboration to-
wards generating tangible complexity.

The platform, a custom desktop application de-
veloped by the authors, is built as a virtual environ-
mentwhere participatory designers can join realtime
design sessions. When entering the platform, de-
signers can collaborate, inform, update and instanti-
ate objects to a persistent shared environment. It’s
proposing an architecture based on discrete repeti-
tive elements and assembly operations, represented
at the platform as Collaborative Objects.

These Collaborative Objects, the discrete ele-
ments, parts or clones, function as simple blocks of
information, which can be further detailed, informed
and replaced at any stage (like a block in a caad soft-
ware, a game-object clone in a game engine, or ob-
jects in object oriented programming). Users can
place these objects at discrete connections, collision
detection avoids overlapping. These conceptual col-
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laborative objects can be informed by the participa-
tory crowdwith design value and expertise. They can
be instantiated and cloned individually or following
usergerated assembly operations(assembly of parts
and design content), therefore constructing a tan-
gible complexity of socially augmented formations
(aggregated assembly of parts and design content).
Therefore, by opening up the design process and
inviting a high number of collaborators and authors,
the registration of each act of adding design content
and value, influences the global decisionmaking and
the resulting form.

This ‘space of flows’ becomes even more visible
as the platform displays the participating avatars in
the virtual environment moving around. Multiple
layers of information on the data of each instantiated
part and assembly of parts, colored by their user, as
well as an integrated chat function to enable realtime
communication andopendiscussion at anymoment,
represent a highly informed, interactive and perva-
sive design environment. It enables highly adaptive
bottom up design strategies, as an embodiement of
the live action and reaction of the crowd. Further-
more we choreographed different layers of access
to contribute to the design by adding global con-
staints andhierachies to theplatform, influencing the
behaviours of the online collaborators. This mode
of interactive production can lead to a more human
centered architecture. This engaging open platform
that enables user generated content, allows for real-
time interaction and feedback and evokes a mode of
‘messing around’: “This is amore participatory level of
engagement, where the user is more actively exploring
the digital realm for information, and has a transitional
scope which is characterized with the user manipulat-
ing and creatingmultimedia content.” (Ariel 2017, p.81)

Implementing many factors, actors and param-
eters in the design process whilst analyzing the col-
laborative assembly can be a challenging act. To em-
brace even more user created content and not over-
whelm the collaborators in andistributedproduction
workflow, anAugmentedReality system solutionwas
applied.

Figure 3
Socially Augmented
Formations

D1.T3.S2. DIGITAL PERCEPTION OF SPACE – CYBER-PHYSICAL SYSTEMS (VR, AR) – DESIGN STRATEGIES - Volume 1 - eCAADe
38 | 397



Figure 4
Shared Mobile
Augmented Reality

What Augmented Reality(AR) differentiates to a
Virtual Reality(VR) is the main link to the tangible
world. An added information layer is distributed dur-
ing the collaborated process in real time. This added
information can be seen as another layer of added
design value as the playground is itself the platform/-
context but also setting the rules and relationships
between part to part and part to whole. The plat-
form is a playground and playbook in one. As the
added information is transformed and adapted the
rules and assembly operations of informed assembly
of parts, are written during the design process con-
cluding in an ever changing and accumulating level
of complexity. Therefore, the cross-platform applica-
tion allows for participation and play on PC, aswell as
provides Augmented Reality on mobile phones and
a HoloLens to blend the digital information as holo-
graphic representationwith the real. Making the per-
vasive collaboration on producing architectural pro-
totypes of tangible complexity even further tangible
by blending it with our distributed environment.

The Realtime Architecture Platform was applied
as a case study research with a group of 20 master
students. It enabled them to collaboratively work
in realtime on a common architectural prototype, as
well as individual group projects. Eventhough tele-
teaching challenged us, while using multiple soft-
wares, like Rhino, Grasshopper and Unity and their

corresponding complexities. The overall high level of
realtime interaction and communication during de-
sign sessions led to a highly appreciated collabora-
tive design.

In conclusion the pervasive collaboration of ob-
jects, designers, and information at shared realtime
participatory platforms, results in a multi- objective
and multi- subjective informed architecture of high
complexity by inheriting and aggregating design val-
ues of repetitive discrete collaborative objects, to en-
able socially augmented formations of tangible com-
plexity.

4. Credits
Realtime Architecture Platform: Alexander Grasser

Collaborative Matter(s) Tutors: Alexander
Grasser, Urs Hischberg, Alexandra Parger

Collaborative Matter(s) Student Tutors: Eszter
Katona, Kilian Hoffmann, Nora Hoti

Collaborative Matter(s) Students: Alina Boss, An-
gelika Bernhart, Anton Kussinna, Constanze Feit-
zlmayr, Daniel Buchacher, Donia Elmenshawi, Fe-
lix Zitter, Francesco Doninelli, Franciska Kozul, Ja-
nine Witzany, Julie Belpois, Kenan Isakovic, Kerstin
Grangl, Kilian Hoffmann, Maria Matthäus, Max Früh-
wirt, Sebastian Meisinger, Ronald Tang Pak To, Tilen
Sagrkovic
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Figure 5
Realtime
Architecture
Collaborative
Matter(s)

D1.T3.S2. DIGITAL PERCEPTION OF SPACE – CYBER-PHYSICAL SYSTEMS (VR, AR) – DESIGN STRATEGIES - Volume 1 - eCAADe
38 | 399



REFERENCES
Ariel, Galit 2017, Augmenting Alice: the future of identity,

experience and reality, BIS Publishers
Friedman, Yona 1980, Toward a Scientific Architecture,

MIT Press
Grasser, Alexander 2019 ’Towards an Architecture of Col-

laborative Objects’, Proceedings of the 37 ECAADE &
SIGraDI 23 Conference, Porto, pp. p.325- 332

Hirschberg, U., Schmitt, G., Kurmann, D., Johnson, B. and
Donath, D. 1999 ’The 24 Hour Design Cycle: An Ex-
periment in Design Collaboration over the Internet’,
CAADRIA ’99 [ProceedingsofTheFourthConferenceon
ComputerAidedArchitecturalDesignResearch inAsia,
Shanghai, pp. p.181- 190

J.W., Bradford1994 ’VirtualDesignStudios’, in:TheVirtual-
Studio: Proceedings of the 12th European Conference
on Education inComputer Aided Architectural Design,
Glasgow, pp. p.163- 167

Mitchell, William J. 2005 ’Constructing Complexity’, Com-
puterAidedArchitecturalDesignFutures2005, Vienna,
pp. p.41- 50

Ratti, Carlo andClaudel, Matthew2016, The city of tomor-
row: Sensors, Networks, Hackers, and the Future of Ur-
ban Life, Yale University Press

Schmitt, G. 1996, Architektur mit dem Computer, Vieweg
Verlag

Schnabel, M.A and Kvan, T. 2001 ’The First Virtual En-
vironment Design Studio’, Architectural Information
Management 19th eCAADe Conference Proceedings,
Helsinki, pp. p.394 - 400

Weibel, Peter 1995, ’Digital Doubles: From the Copy to
the Clone’, in Eibelmayer, S. and Fleck, R. (eds) 1995,
Original, Salzburg, pp. p.187- 211

Weibel, Peter 2007, ’Ortlosigkeit undBilderfülle - aufdem
Wegzur Telegesellschaft’, inMaar, Christa andBurda,
Hubert (eds) 2007, Iconic Turn. Die neue Macht der
Bilder, DuMont, pp. p.216- 226

Wenz, F. and Hirschberg, U. 1997 ’Phase(x) Memetic En-
gineering for Architecture’, Challenges of the Future,
Proceedings of the 15th ECAADE Conference, Vienna

Wojtowicz, J. 1995, VirtualDesignStudio, HongKongUni-
versity Press

[1] https://www.nzz.ch/feuilleton/virus-viralitaet-virtual
itaet-peter-weibel-ueber-die-erste-ferngesellschaft-in-d
er-menschheitsgeschichte-ld.1547579

400 | eCAADe 38 - D1.T3.S2. DIGITAL PERCEPTION OF SPACE – CYBER-PHYSICAL SYSTEMS (VR, AR) – DESIGN STRATEGIES -
Volume 1



D1.T4.S1. MAKING THROUGH CODE
–BUILT BY DATA AND THE

ARCHITECTURAL ILLUSTRATION



402 | eCAADe 38 - D1.T4.S1. MAKING THROUGH CODE –BUILT BY DATA AND THE ARCHITECTURAL ILLUSTRATION - Volume 1



Automatic Generation of the Schematic Mechanical
SystemDrawing by Generative Adversarial Network
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In the front-loaded project workflow, mechanical, electrical, and plumbing (MEP)
design requires precision from the beginning of the design phase. Leveraging
insights from as-built drawings during the early design stage can be beneficial to
design enhancement. This study proposes a GAN (Generative Adversarial
Networks)-based system which populates the fire extinguishing (FE) system onto
the architectural drawing image as its input. An algorithm called Pix2Pix with
the improved loss function enabled such generation. The algorithm was trained
by the dataset, which includes pairs of as-built building plans with and without
FE equipment. A novel index termed Piping Coverage Rate was jointly proposed
to evaluate the obtained results. The system produces the output within 45
seconds, which is drastically faster than the conventional manual workflow. The
system realizes the prompt engineering study learned from past as-built
information, which contributes to further the data-driven decision making.

Keywords: Generative Adversarial Network, MEP, as-built drawing, automated
design, data-driven design

INTRODUCTION
The building and construction industry is actively
adopting building information modeling (BIM) and
digitization to improve its productivity(Sveikauskas
et al., 2018)(Ishizawa et al., 2018). The front-loading
of the project workflow is crucial to accomplish
it. In particular, early specialist involvement (ESI)
is indispensable to carry out the design federa-
tion during the schematic design phase and to re-
solve the multidisciplinary coordination issues effi-
ciently. While it is a norm in some architectural
firms which employ in-house engineers, ESI is still
challenging for most large-scale projects. Given the

artificial-intelligence(AI) can assist the initial engi-
neering study, it expedites the design study for the
architects by taking the design coordination into ac-
count from the beginning. Project delivery often ex-
periences the delay due to the design changes raised
by the project clients. The variations in the late de-
sign stage are likely to result in high costs. A rapid
engineering solution will enable the study of subse-
quent influence caused by the initiated change, and
thus, potentially mitigate the negative impact on the
project timeline.
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MEP engineering is highly associated with green
building performance. Sustainable design has be-
come increasingly vital against the growing sever-
ity of climate change. The engineering of air condi-
tioning, lighting, and electricity accounts for a large
portion of the building energy consumption; there-
fore, the selection of these systems requires an at-
tentive and intensive process by the engineers. Con-
versely, there exist several types of building equip-
ment that mostly regulated by the conformance to
the statutory requirements. Theengineering result of
such systems, like the sprinkler arrangement for fire
extinguishing systems, tends not to vary across en-
gineers or projects. Computerized support for such
MEP system design will provide swift access to the
engineer’s point of view, and eventually enable ar-
chitects and engineers to focus on more significant
issues for projects. The stringency of codes and tech-
nical requirements are often translated into the rule-
based generation process. Autodesk Revit Dynamo
(a visual programming language), or Revit Applica-
tion Programming Interface (API) tools are the can-
didate environment to integrate such generative de-
sign approachwith the building design process. Mul-
tiple preceding studies have explored the possibility
of the automated buildingMEP engineering(Lu et al.,
2018). Another concept is the automatic adjustment
to ensure the coordination of the MEP layout (Wang
et al., 2016).

Since the rule-based algorithm attempts to con-
form to the given statutory conditions and techni-
cal requirements, the exceptional situations require
the specific process to handle. The buildings are
all unique and can contain numerous irregularities.
Therefore the decision tree for the rule-based sys-
tem often becomes complex, or even the system fails
to lead to the answer. The neural network-based
methodhasbeen recently applied to theengineering
realm. As it extracts the features out of the learning
data and generates the output without the explicit
rule-set, it is expected to overcome the issues of ex-
ception and to realize the higher feasibility for the en-
gineering AI(Zelier et al., 2014).

The as-built drawings are the ideal teachingdata,
which contains extensive insights dedicated to the
projects. It seems possible that the neural-network
system learns from the completedbuilding, andpop-
ulate the MEP system onto the new building as the
prediction. When the as-built information is kept in
the editable digital format, such as the native CAD or
BIM files, the systemmay be able to read the relevant
MEP information directly from the data. However,
most projects completed decades before are only
stored in the non-editable format such as portable
document format (PDF), or only the printed paper
drawings. As the largeness of the dataset is crucial
to train the neural network, it is desirable to enabling
the learning from the rasterized information so that
any formof thepast project information canbe incor-
porated. The image layering in which MEP plans are
superimposed on architectural drawings allows ar-
chitects and engineers to generate automated draft
equipment plans in the early stages of planning.

This study devised a system to generate FE sys-
tems onto the architectural drawing image automat-
ically. The color-coding convention is proposed for
enhancing the learning effectivity. Pix2Pix, an algo-
rithm of the generative adversarial network (GAN), is
adopted as the base, and we improved the loss func-
tion toobtain enhanced results for drawing input and
output. The evaluation is carried out by the metrics
termed Piping Coverage Rate (PCR), which describes
the fitness of the generated results.

LITERATURE REVIEW
Recent AI research has largely adopted convolutional
neural networks with multiple layers of neurons to
perform multiclass classifications of an image by
Krizhevsky et al, (Krizhevsky et al,.2012). Convolu-
tional neural networks(CNN) have also been widely
applied across fields. There is an architecture-based
study has combined a 3D isovist method with a con-
volutional neural network toperformperspective im-
age mapping (Peng et al.,2017).

Neural networks, also known as generativemod-
els, are being used to populate new data from learn-
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ing the data CNN has learned. Especially, GAN can
generate non-existent data or transform based on
the features of existing data.

GAN is characterized by the use of two types of
neural networks, generator, and discriminator. The
generator tries to create an image that is almost iden-
tical to real image (original), while the discrimina-
tor determines if the image is real. The two neural
networks grow alternately, allowing the generator to
produce data close to the original. Chen et al. cre-
ate a 3D housing model with GAN using only lan-
guage descriptors(Chen et al., 2020). They define the
relationship between rooms in a graph network con-
sisting of nodes and edges ,and generate a housing
model by applying a graph convolutional neural net-
work (GCN). Cao et al. show that sufficient output
can be obtained even with small-scale input (Cao et
al., 2018). They used auto encoder for reducing the
dimensions of true image data and GAN-generated
image data ,and compared them on a image feature
space.

There are various GAN development methods: a
GAN thatgeneratesdatabasedon specific conditions
is called a conditional GAN (cGAN), which adds a vec-
tor of features that controls the output and guides
the generator (Goodfellow et al.,2014). For example,
if cGAN learns an imageofhandwrittendigits (MNIST)
at the same time as a numeric label, any generated
digits are controlled by entering the label.

The Pix2PixGAN is a general approach for image-
to-image translation based on the cGAN, such that a
target image is generated, depending on a given in-
put image (Isola et al., 2017). As the paper showed,
Pix2Pix is versatile; examples of applications include
line drawing-to-photo conversion and map-to-aerial
photo-conversion. Therefore, anautomatic systemto
generate FE drawings is possible by converting ex-
isting drawings into image data and letting Pix2Pix
learn the conversion from them to the ones with the
FE system.

The literature review presented thus far high-
lights the advantages of using GAN during the archi-
tectural design stage. Further, the use of GAN to gen-

erate architectural drawings is being established as a
field of research. Combining design and engineering
results significantly expands the scope of design au-
tomation. This study adopts the same logic but intro-
duces necessary improvements in the facility design.

Since output must be quantitatively evaluated,
we examine the performance by directly compar-
ing the GAN output with drawings prepared by hu-
mans. There are many methods to compare images
like L1 norm (simple difference), the sum of squared
difference (SSD), and incremental coding correlation
(ISC) (Kaneko et al., 2002), orientation code match-
ing (OCM) (Ullah et al., 2000), between correspond-
ing pixels.However, it is known that the evaluation
value by these methods decreases when the colla-
tionobject deviates from the samplebyone-pixel dif-
ference. Since GAN is not a rule-based algorithm, it
is impossible to generate a solution that completely
matches the correct data as its nature. Therefore, it is
very challenging to evaluate the result by the direct
comparison of the images.

Instead, we evaluate the produced results not as
the image comparison but as the layout appropri-
ateness as the FE equipment. It is a crucial require-
ment for fire extinguishing equipment that each part
of the building is covered within specific range from
the sprinkler heads. The authors, therefore, devised
a novel method termed PCR to evaluate the system
fitness in the room.

Since water from a sprinkler head follows the
fusiform-shape along with a multivariate normal dis-
tribution, we can create a heat map of coverage from
each position by folding a Gaussian filter into a pip-
ing shape(Okamura et al., 1969). The parameters of
theGaussian filterwere set in accordancewith the as-
built drawing. The authors estimate the PCR by de-
termining the water sprinkling range using the map
and dividing it by the area of the entire room.

METHODOLOGY
To output equipment drawings from architectural
plans, a conversion system from drawing to draw-
ing is necessary. The recent development of image
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Figure 1
Pairs of blank
drawing data and
true piping drawing
data obtained from
the dataset used in
this study.

processing and conversion, which is a combination
of multiple layers in a neural network, is driven by
deep learning. Unlike conventional plumbing engi-
neering based on the decision tree, deep learning
can learn arbitrary functions from training data to
perform desired image transformations. Variational
autoencoders (VAE) (Kingma et al., 2013)are an ex-
ample of a neural network capable of image conver-
sion, yet it cannot be applied to drawings because
the drawing details expressed by fine lines are hard
to be captured by the system. In contrast, GAN, on
the other hand, can replicate the lines as fine as hu-
man hair. Due to its high performance, GAN has be-
come the de facto standard method for image con-
version(Goodfellow et al., 2014).Pix2Pix inherits such
virtue, moreover, it performs well on the broader
range of image types(Isola et al., 2013). Notably,
while GAN requires image data in units of at least a
few1,000 sheets, Pix2Pixneeds a fewhundred sheets.
Thus, Pix2Pix is suitable for fields such as architecture
wherein datasets cannot be easily increased.

When learning with a building’s drawing, color-
ing the component sheets eases the process of learn-

ing each element(Chen et al., 2020). As a preliminary
step, we prepare a dataset in which the walls are col-
ored in gray, and the pipes are in green in order to
identify the pipes in the drawing punctually.

In the GAN learning process, evaluation of data
generated by the generator in each learning step
is performed based on a loss function. In Pix2Pix,
since image datawith abundant texture such as pho-
tographs of faces or landscapes, is assumed to be in-
put, the L1 norm, which is a simple difference be-
tween pixel values, is used. However, when dealing
with sparse image data that contains many null pixel
values like architectural drawings, the L1 norm cal-
culates the difference, including that part. This is a
drawback, as even if some line segments are slightly
different, the difference is ignored. Specifically, learn-
ing of details becomes insufficient, and as a result, a
gap may be formed in the piping route, as shown in
Fig. 3.

Therefore, our system improved to use multi-
scale structural similarity (MS-SSIM) in addition to the
L1 norm for learning (Wang et al., 2003). MS-SSIM
evaluates the similarity of structures contained in im-
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ages, not just the difference in pixel values between
pictures as in the case of the L1 norm which pix2pix
use. Thus, it is expected to supplement the loss-
function for this specific context. The drawback is
that MS-SSIM slows down the entire system due to
its complexity. To sustain the system usability, the
weighted sum of the L1 norm and the MS-SSIM be-
tween input images p and q showed in Equation 1 is
adopted as the loss function by using weights α and
β.

Loss =
α · L1(p, q) + β ·MSSSIM(p, q)

α+ β

(1)

CASE STUDY
Japanese general contractors have in-house design
and engineering departments, and thus, can inter-
nally complete all aspects of design, engineering,
and construction. We reference as-built drawings
owned by one of the largest general contractors in
Japan to create a dataset for a medium-sized com-
mercial building. The dataset comprises pairs of ar-
chitectural drawings with and without the FE system
displayed. The CAD drawings are collected from 21
selected building projects.

The collected CAD data is fist converted into the
rasterized images. This preprocess includes the step
to turn off the annotation information, suppress the
level of details, and to exclude the grid lines to sim-
plify the expression for the ease of the learning pro-
cess. Although most of these processes can be auto-
mated by a script, someunnecessary information like
furniture oftentimes needs to be erased individually.
After applying the color convention, as stated earlier,
the drawings are converted into the image files.

Enriching the dataset trains the neural network
further. The data augmentation is conducted, by
which the drawing images are trimmed, rotated, and
inverted to increase the number of data pairs. Fi-
nally, we prepared 500 pairs of pixel drawings as the
dataset.

During the learning process, the architectural
plan without the FE system is directed to the input
side of Pix2Pix, and the one with FE is on output. The

inference phase follows, under which the system be-
gins to generate the FE system onto the input archi-
tectural plans. After which it turns to the operational
phase where the system is used to obtain the FE re-
sult on the arbitrary architectural drawing image.

Introducing MS-SSIM improves the performance
of Pix2Pix. Figs. 2-4 present the verification results.
Fig. 2 shows the original data, Fig. 3 is the Pix2Pix
output generated using only the L1 norm, and Fig. 4
is the result obtained by combiningMS-SSIM and the
L1 norm. The results confirm that the piping can be
drawn more thoroughly using both MS-SSIM and L1
norm.

In Fig. 5 and Fig. 6, these color maps of the
area illustrate the range of the sprinklers based on
the method described in the literature review. Fig.
5 shows dense walls, while Fig. 6 is representative
of sparse walls. In these color maps, (a) is based on
the construction diagram, (b) shows the planwithout
MS-SSIM, and (c) image is the plan with MS-SSIM.

Next, the authors compare the images with and
without MS-SSIM. The findings reveal dark areas that
are outside the sprinkler range when MS-SSIM is ab-
sent, whereas a more even distribution in the pres-
ence of MS-SSIM. However, Fig. 6 (c) indicates that
even when MS-SSIM is applied, the sprinkler range is
uneven.

Table 1 presents the results derived when the
color maps are binarized and PCR is estimated for
the entire area including the pillars, facades, and
floors. While the results obtained using MS-SSIM are
closer to those from the as-built drawing, the esti-
mated sprinkler range is smaller when the walls are
sparse than the sprinkler range which based on as-
built drawing.

Fig. 7 are examples of piping in various buildings
by using the trained model. These figures show that
it is possible to obtain detailed piping of buildings
with dense walls. However, this is not the case for
buildings with sparse walls. Further, the use of MS-
SSIM alone does not improve the results for buildings
with large spaces. The rendering time was approxi-
mately 45 seconds per page on Google Colaboratory
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(Ubuntu 18.04/2, vCPU 2.2 GHz, 13 GB RAM, 40 GB
storage, GPUNVIDIA Tesla K 80 12GB)which includes
file I/O to google drive.

Figure 2
An example of
blank plan.

Figure 3
An output of
Pix2Pix with using
only L1 norm for
loss function.

Figure 4
An output of
Pix2Pix with using
L1 norm and
MS-SSIM for loss
function.

Table 1
PCR comparison
table

DISCUSSION
The improved GAN-based approach enabled the au-
tomatic FE generation from the architectural draw-
ing. The neural-network-based system was capa-

ble not only to capture and learn the features of FE
systems from the preprocessed as-built information
but also to populate the FE system with good cov-
erage, without providing any technical or engineer-
ing conditions necessary for the conventional work-
flow. Moreover, introducing PCR as an evaluation in-
dex allowed the quantitative assessment of the ob-
tained output. More specifically, the evaluation func-
tion value was high for buildings with the building
plan with dense walls. The current system is more
feasible when the non-engineer attempts the FE sys-
tem study for their plans in the early design stage.

The significance of this method lies in two as-
pects. First, the system only requires raster image
files. Thus the non-editable drawing assets can be
leveraged. Second, the system does not require any
technical or engineering conditions as its part. FE sys-
tems can be generated significantly faster upon any
kind of imagery input, which benefits the architects
to incorporate engineering aspects in the long term.

From a project perspective, while the accuracy is
somewhat lacking, the knowledge gained fromexist-
ing diagrams can be introduced at an early stage to
MEP design coordination and to reduce the overall
downtime of a project. Although further verification
is necessary, three 15-year experienced architects be-
long to the said general contractor as the pilot users
of this system all positively evaluated the usefulness.

Besides the FE, fire alarm, broadcasting, and IT
equipment are conceptually similar; among them,
the fire code largely determines the basic layout and
there is little room for the engineers to alter the pro-
posal. Hence, the proposed system is theoretically
applicable to these MEP engineering as well. Since
the ceiling layout usually coordinates these items to-
gether, these systems are relevant with each other.
Inputting these items to the system with different
color convention will not only broaden the possibil-
ity of the system but also potentially train the neural
network further when it learns the implicit relation-
ship in them.

408 | eCAADe 38 - D1.T4.S1. MAKING THROUGH CODE –BUILT BY DATA AND THE ARCHITECTURAL ILLUSTRATION - Volume 1



Figure 5
Color maps based
on the range of the
sprinklers of no.
275

Figure 6
Color maps based
on the range of the
sprinklers of no. 15

Figure 7
Some examples of
Pix2Pix output

STUDY LIMITATIONS
First, the learning accuracy for the generated FE lay-
out should be further improved by increasing the
dataset. Second, to fully comply with the require-
ments of local building codes, it is essential to com-
bine this approach with other means of identifying
and correctingnon-conformities. For example, an ex-
isting rule-based system can be jointly applied to ad-
just the position of a sprinkler head in the generated
piping layout. Alternatively, a system that uses infor-
mation on the wall surface and a sprinkler head as
input and piping data as output can be considered.
Third, the production ultimately requires to be con-
verted into vector formats to federate with CAD or
BIM data. Future study is expected to transform the
obtained results into vector data. Finally, this study
applies the range of FE area to represent the FE per-
formanceof piping,which canbe improvedby taking
more concrete specifications into account.

CONCLUSION
This study proposed a GAN-based system that learns
existing FE drawings as learning data to generate
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new ones. The output was quantitatively evaluated
by the novel index. It was understood that the im-
provement in loss function by the partial application
of MS-SSIM effectively improves outputs. The pro-
posed metrics depicted that the produced FE plans
were close to the original FE as-built drawings. The
significance of the proposed method is the versatil-
ity of input information, and the minimum required
input to build the system.
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Artificial Intelligence (AI), based on interpretation of data, influences various
professions including architectural design today. Although research on
integrating conceptual design with Machine Learning (ML) algorithms as a
subset of the AI has been investigated previously, there is not a framework
towards integration of architectural geometry with material properties and
structural performance data towards decision making in the early-design phase.
Undertaking performance simulations require significant amount of computation
power and time. The aim of this research is to integrate ML algorithms into
design process to achieve time efficiency and improve design results. The
proposed workflow consists of three stages, including generation of the
parametric model; running structural performance simulations to collect the
data, and operating the ML algorithms, including Artificial Neural Network
(ANN), Non-Linear Regression (NLR) and Gaussian Mixture (GM) for
undertaking different tasks. The results underlined that the system generates
relatively fast solutions with accuracy. Additionally, ML algorithms can assist
generative design processes.

Keywords: Machine-learning, performance simulation, data-driven design,
early-design phase

INTRODUCTION
Artificial Intelligence (AI), first coined by John Mc-
Carthy in 1955 (URL 1), has started to dominate vari-
ous research fields including architecture anddesign,
by aiming to respond the question of whether a ma-
chine can mimic functions of a human brain. Ne-
groponte (1969) underlined that a machine would
improve itself, if it would be asked to learn by un-
dertaking given tasks precisely. Bayesian Models

were statistical models used for decision-making,
driven by results of learning from experience (Shu-
bert, 1969). Knowledge-based tools for database de-
sign were investigated lateron, in which AI was in-
cluded to provide automated assistance (Storey and
Goldstein, 1993). ML and data analysis techniques
enable to identify pattern on data by supporting
decision-making process (Brown and Mueller, 2019).
Although computational design systems are mostly
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followed by structuralist approach, in which prede-
fined procedures are applied, self-organizing mod-
els learn from thepatterns autonomouslywithin data
(Derix and Jagannath, 2014). ML isdrivenbyavailable
data, which can be sourced externally or internally
(Tamke and Thomsen, 2018), collected by computer-
generated simulations, physical processes or exper-
iments (Tseranidis, 2015). Precedent studies were
undertaken in the past from various perspectives to
incorporate AI into the early phase of architectural
design processes, such as learning from standards,
regulations and guidelines towards generating de-
sign alternatives (Karan and Asadi, 2019) or learn-
ing architectural style from datasets of different de-
sign projects (Strobbe et. al. 2016). A graph-based
algorithm was generated additionally, where two-
dimensional representation of spaces and their po-
sitioning were used by ML algorithms, of which data
were driven by the BIM (As et.al, 2018).

Structural analyses, which can differ by the size
and complexity of the tasks undertaken, require cer-
tain amount of computational power. (Tseranidis et.
al, 2016). Although parametric models enable to ex-
plore design and objective spaces, by allowing feed-
back driven by performance simulations in the early
phase of the design process towards decision mak-
ing, they should be explicitly described by the user.
Predetermination limits the parameter space of the
model (Tamke et. al, 2018). Computational require-
ments and time needed are also high. Instead of per-
formance simulations, ML algorithms can be used for
approximation by learning from the simulation data
for decision making process in a relatively fast way,
as used in visual comfort of office spaces towards ap-
proximating daylight autonomy and daylight glare
probability (Chatzikonstantinou and Sariyildiz, 2016)
and surrogatemodelling, a class ofML algorithms, for
learning tasks driven by structural simulation data to
make sufficient predictions (Tseranidis, 2015).

Despite of the previous studies, more research
should be undertaken towards integration of ML al-
gorithms with design and performance properties in
the early design phase. The aim of this study is to

use ML to reduce the computation costs and achieve
time efficiency. This research integrates ML algo-
rithms with architectural geometry, material, and
structural performance simulation data towards de-
cision making and defines a workflow in algorithmic
design environment.

WORKFLOWOF THE PROCESS
Theworkflow consists of three stages, including gen-
eration of the parametric model (1), running struc-
tural performance simulation to collect the data (2),
and operating the ML algorithms (3), including Arti-
ficial Neural Network (ANN), Non-Linear Regression
(NLR) and Gaussian Mixture (GM) for undertaking
different tasks. Tools used in the process include
Rhinoceros for geometric modelling, Grasshopper
(GH) for algorithmic modelling, Karamba GH add-
on for Finite Element Method (FEM) simulations, Mi-
crosoft Excel for database, and Lunchbox GH add-on
for ML algorithms (Figure.1). ANN, NLR and GM al-
gorithms are operated to predict materials, geome-
try and panel clusters respectively. The workflow is
investigated through a case study, in which different
types of ML algorithms can inform the output in the
early-design phase by sharing the same parametric
model.

Generation of the Parametric Model
While the parametric model is generated by spec-
ifying the constraints of the geometry, using
Rhinoceros geometric andGH algorithmicmodelling
tools, the structural performance simulation engine
is driven by Karamba GH add-on. The geometry is
specified by sweep command generated by rail and
profile curves, of which base sits into a square with
15 m span and 3.5 m surface height. It is designed
as a symmetrical thin-shell structure with a surface
area of 265.04 sqm. Thickness value of the shell can
be set as 0.3 m or 0.5 m. The boundary conditions
and materials need to be specified for the structural
performance simulation, driven by the FEM. Gravity
is assigned as loading and different types of materi-
als are selected for simulations. Cross section opti-
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Figure 1
Workflow of the
study.

mization for the shell is undertaken. The results are
presented both as colours mapped on the geometry
and numerical values.

Running Structural Performance Simula-
tion to Collect the Data
By running series of FEM simulations in Karamba for
different materials, the required data are collected.
Currently, there are 4 main groups of materials, in-
cluding steel, concrete, wood and aluminium. 21
different materials are specified under these groups
with their material ID and names. As a result of the
simulations, values for Mass [kg], max Displacement
[m], min and max van Mises Stress [kN/cm2], Elas-
tic Modulus (E) [Kn/cm2] and Modulus of Rigidity (G)
[kN/cm2] are calculated. The span [m], height [m]
and surface area [m2] are considered as constants.
The simulations are applied twice for all materials, by
setting the thickness value of the shell as 0.3 m and
0.5 m respectively. Therefore, the database obtains
378 data items generated in Microsoft Excel, which
consists of 9 columns related to the structural perfor-
mance and geometry and 42 rows related to the ma-
terials.

Operating theML Algorithms
Selectionof the suitableMLalgorithm is basedon the
problem that needs to be resolved. ML algorithms
can operate through two different methods, as su-
pervised or unsupervised learning. The task of the
supervised learning is to learn through the training
inputs and outputs and to make predictions based
on approximation of the relationships among them.
Unsupervised learning algorithms intent to discover
structure indatabyonlyusing the inputs andwithout
theoutputs (URL2). LunchBox is an add-on atGHand
obtains an open source ML extension, which uses al-
gorithms driven by Accord.NET, a ML framework for
computer vision, computer audition, statistics appli-
cations and signal processing. Driven by the qual-
ity of the inputs provided, the algorithms are con-
sidered effective to predict sufficiently (URL 3). ANN,
NLR and GM algorithms are selected for this study
according to their capabilities towards undertaking
different tasks. While ANN is used for classification
of data driven by structural performance simulation,
NLR is utilized to investigate relationships among dif-
ferent variables, more specifically points on the ge-
ometry. GM is suitable for clustering of components
such as panels with certain degree of similarity (Fig-
ure 2). Thus, ML algorithms can be used for both de-
sign and performance data.
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Figure 2
Different ML
algorithms selected
and used in the
study based on
their tasks.

Artificial Neural Network. ANN’s are driven by the
analysis of biological neural networks. They can learn
a task by supervised learning, in which given exam-
ples are used to train data, in order to undertake cer-
tain tasks, or set their own associations in data en-
vironment by unsupervised learning (Derix and Ja-
gannath, 2014). ANN’s are not programmed explic-
itly. Instead, they are driven by operational princi-
ples of brain, in which neurons identify the input and
output layers, along with the hidden layer/s in be-
tween those. The user can specify the number of
hidden layers. Weighted inputs are translated into
the outputs by activation functions. ANN solver in
the LunchboxML is operated by the input parame-
ters, test, inputs, labels, neurons, alpha, iter and seed;
and by the output parameter, result. While test is
used as data against the training data, inputs include
the training data. The algorithm is operated by two
different input data sets, driven by the structural per-
formance simulations, in which materials and sur-
face thicknesses are the variables. The data include
Elastic Modulus of materials, Mass andmax Displace-
ment for the first set; and max Displacement, max
von Mises stress and Modulus of Rigidity of materi-
als for the second one. Both sets provide material as
prediction for the result. Labels are connected to the
material list in the model. Number of iterations, used
to teach network, ranges from 0 to 20.

Non-linear Regression. NLR is an algorithm that
uses functions consisting of one or more variables.
Relationships among different variables can be anal-
ysed, such as fitting a nonlinear curve into a point
group or using a nonlinear function to generate a
3D surface from 3D points provided as input data.
Solver for NLR uses sequential minimal optimization
method in the LunchboxML. While the input param-
eters are test, inputs, output, sigma, complex and
seed; the outputs parameters are result, score and er-
ror. By using this algorithm, the profile and rail curves
of architectural geometry can be altered according
to the optimization function. A point group driven
by the profile rail curve of the shell is used as a refer-
ence initially. An approximation for a curve is gener-
ated by the given points. First the data to test against
training data needs to be identified, along with the
list of training inputs and outputs. Sigma of predic-
tionandcomplexityof thepredictionvalues are spec-
ifiedwith sliders, which range fromvalues 0 to 15 and
from 1 to 25 respectively. The seed for number gen-
erator is set to 5 as constant. Result is shown with
thepredicted score anderror, in order to interpret the
relationship between the expected and predicted re-
sults. Creating different point groups and generat-
ing approximation of curves even for more complex
geometries, such as free-forms, and controlling their
formal properties are possible by the use of NLR al-
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gorithms. Regeneration of architectural geometries
would improve the design solutions.

GaussianMixture. Through GM algorithms, clusters
such as panels can be generated. It can be used to
analyse and group similar components, by specify-
ing characteristics of architectural geometry. Thus,
properties of individual pieces, such as the point co-
ordinates as x-y-z, area and colour can be identified.
GM solver is only used to identify different cluster-
ing options with similar panels by using pre-defined
criteria and not for rationalization purposes. While
inputs, components and seed are used as input pa-
rameters, theoutputparameters are result, likelihood
and probability. The geometry is converted into 900
quadrangular panels by generating 30 U * 30 V di-
visions in x and y directions through the paneliza-
tion algorithm. Local surface properties are evalu-
ated at the coordinates anddeconstructed into parts.
While areas of individual planar closed curves are cal-
culated, the surfaces are testedaccording to their pla-
narity. Components represent number of clusters,
which is controlled by a slider from 1 to 30. Using dif-
ferent random seed values controls the similarity of
panels in one cluster, which can be identified from 0
to 10. The results are presented by graphical outputs
along with likelihood and probability values. They
are visualized as panel clusters, based on the approx-
imation of panel area size and planarity.

RESULTS ANDDISCUSSION
The purpose of this research was to integrate ML al-
gorithms into architectural design process, in order
to reduce computation time, increase efficiency and
improve design solutions. Structural performance
simulations were used to collect data and establish
a database. Ones a sufficient database could be es-
tablished, using ML algorithms would enable to in-
terpret existing data. ML algorithms were incorpo-
rated to the parametric modelling environment to
undertake different tasks, including classification, re-
gression and clustering. They were implemented to
predict (1)materials basedon structural performance
simulation, (2) points on architectural geometry and

(3) panel clusters of the shell. The results underlined
that the system generates relatively fast solutions.

(1) ANN based solver was operated for two sets
containingdata fromthe structural performance sim-
ulation, including elastic modulus of the materials,
mass and max displacement for the set 1; and max
von mises stress, modulus of rigidity of the materials
and max displacement for the set 2. Initially the sys-
tem was not sufficient to predict and differentiate 21
materials. In order to overcome this problem, mate-
rials were grouped according to their main types as
steel, concrete, wood and aluminium and given by a
material ID as 0, 1, 2 and 3 respectively (Figure 3). By
simplifying the material list connected to the labels,
it was observed that the system was able to predict
the materials based on simulation results accurately
and rapidly. The results were achieved much faster
compared the tasks undertaken by structural perfor-
mance simulations. Generalization error seems to be
an important issue already in approximationmodels,
measured by the comparison of simulation results
with thepredictedones (Tseranidis, 2015). Increasing
the size of the database would potentially overcome
this issue and more articulated predictions would be
achieved.

(2) By running the NLR solver, different geome-
try options were tested. The profile and rail curves
of the architectural geometry were altered by reduc-
ing or increasing the slope of the arch. Thus, the
height of the shell structure ranged from 3.5 m to 2.8
m. Sigma of prediction curve as degree (d) and com-
plexity (c) parameters were variables that could be
controlled towards prediction of the output curves.
For instance, when the degree and complexity val-
ues were set to 15 and 10, the height of the shell
became 2.8 m. By setting the complexity value as
10 and reducing the degree value to 10, the height
of the shell was brought to 3.5 m height. The rela-
tionships among these two parameters informed ge-
ometrical characteristics of the surface. Additionally,
transitions from complex to simpler geometries were
achieved by using different point groups and adjust-
ing their d andcvalues (Figure4). NLRbasedMLalgo-
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Figure 3
ANN algorithm
implemented
towards prediction
of materials based
on structural
performance
simulation.

rithms can be used for generative design. Thus, the
design space would be improved with new alterna-
tives.

(3) By applying the GM solver to the shell struc-
ture, panel clustering conditions were identified,
based on their area size and planarity parameters.
Surface panels obtaining similar properties were
grouped and presented by colours, probability and
likelihood values. By the components value, num-
ber of clusters was altered. When components value
would be increased, the likelihood value that an in-
put belong to a clusterwouldbe reduced. Probability
gives the indication that an input belongs to a clus-
ter and varied by alteration of the component. Ini-
tially, U and V values were set to 30 * 30 for the pan-
elization, which affected the number of panels and
their sizes. It is identified that values equal or lower
than 10 * 10 for the U and V would prevent the op-

eration of the solver, due to the insufficient number
of panels. Component (c) and random seed (s) val-
ues were altered to generate iterations for panelling
clusters (Figure. 5). The problem was mainly due to
the results, which did not represent any type of sym-
metry; unlike the geometrical features of the shell,
whichwas symmetrical. However, a randomdistribu-
tionof panel clusters, characterizedby their probabil-
ity and likelihood values, were achieved. Therefore,
the study didn’t provide optimal outputs for fabrica-
tion purposes, such as widely used rationalization al-
gorithms for panels, however random transitions be-
tween clusters, which could be interpreted for design
purposes, due to the random seed value.

CONCLUDING REMARKS
Parametric models are capable of exploring design,
performance and optimization spaces. However,

Figure 4
NLR algorithm
implemented
towards prediction
of the points on
geometry.
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Figure 5
GM algorithm
implemented
towards prediction
of panel clusters
based on the area
size and planarity of
panels.

some particular tasks, such as simulation, require sig-
nificant amount of computational power and time.
The aim of this research is to increase efficiency in ar-
chitectural design process by incorporating the ML
algorithms into one parametric design model. The
outcomes of this research and future studies are the
following ones:

• Using ML algorithms can be applicable towards
approximation of certain tasks with increased
speed and accuracy.

• By integrating ML to the GH model, feedback
loops can be generated among different ML al-
gorithms.

• ML algorithms can contribute to the generative
design processes.

• The contribution of the ML-based workflow is
using both design and performance data in the
early design phase.

• The database should be extended in the future
to improve the results in terms of accuracy.

• Incorporating other types of ML algorithms into
the early design phase should be further inves-
tigated.
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Computational tools in architecture have yet to adequately address the issue of
evaluating and informing design through the prism of visual perception in
3-dimensional environments. Previous research has demonstrated that although
the issue of understanding and designing public spaces is of significant
importance, existing methods of data representation in VR are not extensively
investigated. The present paper reports on research into the development of a
computational model that evaluates and visualises information regarding
permeability of the urban fabric in a virtual environment. Primary aim is to
create an additional layer for early design stages that will assist in projecting all
information in VR space so that the user can explore and grasp through data the
impact of each design step in an immersive, human scale.

Keywords: Computational Design, Virtual reality development, Machine
Learning, Urban Analytics, Visual perception

INTRODUCTION
This research reflects upon principles of physical and
visual connectivity as themeans to evaluate andgen-
erate new spatial configurations for urban systems.
The aim is to explore the possibility of construct-
ing an analytic model, termed “Perceptive Machine”,
which could function as an additional layer in the
design process by mining, analysing and visualising
geo-spatial data in a virtual 3D space.

Theworld asweexperience it today is in constant
flux, lying at the borderline between physical and vir-
tual space. Manovich (2001) alleges that the evolu-
tionof computational sciences has taken a significant
toll on thebuilt environmentwe live in and its proper-
ties. The urban systems are part of a continuous pro-
cess of change, and therefore, the issue of real-time

interpretation and evaluation of space emerges. The
built environment is currently situated between nat-
ural and artifice but will eventually become an ever-
changing space and architectural design needs new
tools to embed and analyse this information as an in-
tegral part of the process.

Although the research in the field of visual per-
ception of public spaces is of significant importance,
few methods investigate a continued analysis and
interaction between the designer and the predic-
tive model that can assist in improving built environ-
ment performance during the design. Most known
methods, like space syntax (Hillier 2006) promote a
slow iterative process between analysis and design
(Varoudis 2012 ).
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While exploring theparameters that shape visual
perception, a method of evaluating and interpreting
an area’s degree of porosity and permeability is es-
tablished, that canoffer insight in early design stages.
This new system evaluates an environment in real
time, offering a new opportunity in processing and
visualising data as a part of the design process. It of-
fers a recursive systemof evaluation, a feedback loop,
to allow for constant alteration and re-evaluation. It
is through this recursive process that we may recon-
sider and criticise the design requirements of public
space.

The developed system contributes in the cre-
ation of new topographies which encourage the in-
terplay between human and inhuman intelligence in
an environment of hybrid cyberspace (Kalay 2004).
Hypervirtuality (Kalay 2004), the analysis and evalu-
ation of a set of multidimensional continuous data in
Virtual Reality could challenge the way people per-
ceive the urban fabric. This immersive space that
mixes real and virtual offers the necessary ground for
this analytic workflow to expand beyond computa-
tion into a gradient of experiences.

We begin by exploring theories of visual percep-
tion deriving from the field of psychology, neuro-
science and architecture, in an effort to create a col-
lage of the term. This research focuses on the explo-
ration of combining the experiential aspect of visual
perception with the algorithmic one. By building an
evaluation process for each of the developed princi-
pal components of perception, we embark into de-
veloping new computational ideas in order to bridge
the methodological gap between advances in urban
network analytics and experiential visualisations in 3-
dimensional virtual space.

DECONSTRUCTING VISUAL PERCEPTION -
ABSTRACTMACHINES
Perception of space nowadays consists of various
stimuli, deriving from multiple and diverse sources.
In other words, it is argued that the perception of
space is a three-dimensional collage of fragments
that the brain mixes and reassembles. “The Whole

is now nothing more than a provisional visualisation
which can be modified and reversed at will, by mov-
ing back to the components, and then looking for yet
other tools to regroup the same elements into alter-
native assemblages” (Latour, 2009, cited inManovich
2011).

Figure 1
Snapshot of the VR
experience
engaging the user
to interact with
multidimensional
data projected in
space.

In this sense, the brain is a connection device, an “ab-
stract machine” as Deleuze (1987) states and percep-
tion is the interpretation of the expression to con-
tent. The re-assemblage of the fragmented stim-
uli received is intimately related to a system which
acquires information from simple examples without
any associated response and determines data pat-
terns on its own. “This type of algorithm tends to re-
structure the data into something else, such as new
features that may represent a class or a new series of
uncorrelated values” (Mueller, Massaron, 2016).

This means that the algorithm becomes percep-
tive rather than descriptive as Mueller and Massaron
(2016) assert. Subsequently, Deleuze’s “abstract ma-
chine” is inextricably related to computational proce-
dures, giving a new perspective to the notion of ab-
straction. This machinic assemblage is a perceptual
mechanism able to recognize patterns and restruc-
ture them into a figurative representation of the en-
vironment through recursive operations.

Within this computational mechanism, a new
kind of space emerges that is produced through a
form of abstraction which as Rajchman (1998) men-
tions is not a process of elimination but a process
of invention. Consequently, it is implied that visual
perception is a profoundly mechanic process that
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applies mathematical formulations and potentially
could be spatially described in a new type of abstract
space.

This space bears similarities with the digital
places which, unlike their physical counterparts, can
afford a variety of experiences: they can providemul-
tiple different points of view, different scales, differ-
ent levels of abstraction, even different temporal per-
spectives. These experiences can be simultaneous,
or they can evolve autonomously or interactively in
cyberspace. Hybrid Cyberspace as Kalay (2004) de-
scribes it, “does not pretend to obey the laws of na-
ture”. It is an amalgamation of juxtapositions be-
tween virtual and physical space where seemingly
unbuildable elements coexist with aspects of the real
world. In these conditions, the challenge is to ac-
complishbalancebetween the twoopposites so as to
create a rich yet not disorienting environment. This
kind of space which is consisted of information and
structured through ubiquitously networked comput-
ers, has been transformed from fiction to fact in the
past decade.

Similarly, cities are such abstract complex net-
works as Bill Hillier underlines. They are structured
according to spatial patterns that shape people’s be-
haviour and understanding of spatial morphology.
Although at first glance spatial configurations seem
disorganised and chaotic, space is “the general ab-
stract framework” (Hillier, 2006) in which objects are
defined. Conclusively, abstraction encompasses the
non-discursive and configurational aspects of space
and form that architecture ventures to apply in space.
However, the question that rises from these thoughts
iswhether or not it is possible to evaluate this undeci-
pherable system of networks and consequently eval-
uate urban perception.

Friberg (2016) has attempted to create a Virtual
experience that simulates a neighbourhood where
characteristics and conditions of space (greenery, fa-
cades, building height, graffiti) change with the aim
to evaluate visual perception through theusers’ rank-
ings. Another experiment on measuring the per-
ceived sense of security within an area has been

conducted by the MIT Media Lab and is called
Streetscore, where a model was trained through
computer vision to predict whether a place is safe or
not. The training dataset was based through Google
street view images that people have qualified as safe
or unsafe. Both studies try to create a link between
subjective, social criteria of visual perception and
spatial characteristics.

The research in the field of visual perception
of the public spaces is of significant importance
because of the fact that they constitute the “pri-
mary visual resources that participate in the experi-
ence of the city’s image” (Perovic 2012). The case
of DeepScope by MIT Media Lab is an exemplary
one of the way new visualization means such as
augmented reality, combined with machine learn-
ing (MIT CityScope and Deep Convolutional Gener-
ative Adversarial Networks (DCGAN)) can produce a
thoughtful insight for the early stages of urban de-
sign. By moving Lego tiles, the user can change the
design of the city and observe the impact of each
gesture projected on the tiles. This tool provides
both design space as well as a real-time data visu-
alisation canvas allowing for a seamless design and
feedback loop.

The ability of the built environment to meet the
needs of its users is undeniably one of the key fea-
tures in evaluating the quality and potential success
of a proposed design. At the same time, predicting
the way people will perceive and interact with this
space, that does not yet exist in reality, and evaluat-
ing the influence of this environment on them, is an
undoubtedly complicated task.

Despite its relevance, few methods are available
that can predict and assist to evaluate this type of
built environment performance during the design
process. Apart from the great amount of knowledge
needed, one of the main reasons of this inadequacy
is its infiltration into diverse fields of study including
architecture, cognitive sciences and computer sci-
ence and the difficulty of integrating all above men-
tioned parameters in a functional and reliable com-
putational model as Simeone, Kalay and Schaumann
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(2013) advocate. Moreover, the non-deterministic
nature of human perception which is heavily reliant
on level of education, culture, and beliefs increases
dramatically the level of complexity of such tasks.

Alva Noë (2006) highlights the dual nature of
perception by maintaining that perceiving is a way
of acting. The world makes itself available to the
perceiver through physical movement and interac-
tion. The shape of an object is made available due
to the way in which our sensations co-vary with ac-
tual movements. Enaction in perception suggests
that the notion of perception is not just an algorith-
mic process but an exercise of practical bodily knowl-
edge. Subsequently, there might be value in explor-
ing perception in virtual space so as to combine “sen-
simotor knowledge” (Noë 2006) with computational
approaches.

Jamei and Mortimer (2017) while studying the
potential benefits of VR implementation in the de-
sign of smart cities highlight the ability to anal-
yse and visualize big data derived from BIM (build-
ing informationmodelling), GIS (geographic informa-
tion system), and LIDAR (light detection and rang-
ing) sources while simulating an urban environment.
Virtual reality environments allow for visual repre-
sentations, “which are intended to develop effective
and efficient cognitive processes to gain insight into
those data”. Simultaneously, they also emphasize
on the deficit of such applications which would as-
sist planners and designers overcome the significant
complexities they face today.

Following the principals explored in the prelimi-
nary phase, we venture into investigating and devel-
oping new ideas in an effort to provide more clarity
in thefieldof urbananalytics (urbannetwork theories
andmachine learning) and virtual reality representa-
tions. Spatial networks are increasingly used in order
to represent these ever-changing urban subsystems,
but most of them are tuned to accommodate static
data or phenomena. Moreover, there is not enough
research into the development of adaptive represen-
tational tools to help in early design stages o better
understand and improve urban public space.

VISUOSPATIAL CONFIGURATIONS WITH
PERCEPTIVEMACHINES

Figure 2
Map of the case
study area showing
data density based
on low-granularity
grid.

Our research begins by investigating the parameters
that shape visual perception and navigation based
on well-established techniques and theories. We
then develop a computational model for evaluating
and interpreting a number of spatial metrics, like
porosity, permeability and simulated co-presence,
inside a parametric system where the user can gen-
erate performance-based solutions. This computa-
tional model works in virtual reality space allowing
for greater degree of freedom in juxtapositions, in-
teractivity and visualisation. The evaluationmethod-
ology follows a neuron-based approach with differ-
ent metrics and data layers that become more ‘intel-
ligent’ as they cascade deeper into the network.

Perceptive Machine is consisted of multiple dis-
tributed networks that are combined in a global hi-
erarchy. Each of these processes measures space
and calculates the degree of permeability, meaning
how much accessible or visible this particular space
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is. To support visual functions, brain captures a high-
resolution image of the world which then transforms
a percept that reflects the physical characteristics of
the environment, influenced by extraneous factors
such as illumination, occlusions, and viewing condi-
tions. The fundamental theory of cognitive neuro-
science (Baars, Gage 2013) asserts that “at the most
basic level, the human brain appears to process ba-
sic visual features such as colour, orientation,motion,
texture, and stereoscopic depth”.

Figure 3
Graph comparing
all to all datasets
showing the
complexity of the
input data.

Based on the above consideration, if we are to mea-
sure visual perception, excluding social factors, we
could simplistically disintegrate it to four main cat-
egories; visibility, light, movement and colour. The
research hypothesis is to test a computational model
that evaluates environments against these four main
parameters that shape visual perception so as to ex-
plore different levels of permeability in urban sys-
tems.

The structure of the analysis workflow that we
call “Perceptive Machine” is based on the decompo-
sition of space into the four aforementioned main
parameters. The purpose is to measure space in
both detailed and collective level. To achieve multi-
scalability in our conclusions, initially a square grid

is created, covering the whole area to be analysed.
This grid consists the startingpoint of all analyses and
evaluations. Then, for each of the four parameters,
we build an evaluation process where a value will be
calculated for all tiles included in the grid structure.
In this way, we can achieve a greater degree of ac-
curacy in a local level but also make observations on
network level. Finally, we evaluate the results based
on a series of machine learning algorithms to group
and investigate the produced data.

Since the grid of 5x5 meters is set, the algorithm
begins to run all four analyses simultaneously and
storing the results. The Perceptive Machine is per-
ceived as a parallel operation-device in the sense that
all the partial predicates are calculated concurrently
and independently. Visibility analysis is calculated
through the visibility graph analysis algorithm [VGA]
as defined by Turner (2001) and Isovist (Benedict,
1979) fields along the streets. Movement of people
is calculated through the angular segment analysis
of choice [ASA CHO] as defined by Turner (2007) and
agent-based modelling analysis (Turner, 2002). Sun-
light values derive from solar analysis within a year
period by calculating the shadowarea. Finally, colour
is extracted from lidar point-cloud data combined
with social media sourced images. From the geo-
located RGB values, we calculate the perceived lumi-
nance based on the following formula: PL = (0.299*R
+ 0.587*G + 0.114*B).

After the completion of the above process, the
results are visualised on top of the map allowing for
the possibility to filter the data or isolate a specific
layer. Interactivity is of significant importance at this
point as it assists in the deeper understanding of the
data and therefore the characteristics of the analysed
area. However, this step has proven to be slightly dif-
ficult to interpret when the area is quite large and
consequently, we need to deal with a considerable
amount of data. Even in the virtual space, the multi-
scalability could not overcome the fact that the over-
lay of all data produced is not easily translated. In or-
der to resolve this issue, our team turned to unsuper-
visedmachine learning algorithms tomanipulate the
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Figure 4
Evaluation
processes tested on
simple surfaces to
tune the algorithm

data and transform it into something that could be
rather easily understood with a brief observation.

The main issue to be addressed at this point is
dimensionality reduction, meaning that the multidi-
mensional dataset that is initially created through the
model needs to be translated in form that is under-
standable by the human eye. Therefore, four dimen-
sionality reduction techniques were tested; k-means
clustering, Principal Component Analysis (PCA), t-
DistributedStochasticNeighbour Embedding (t-SNE)
and Uniframing with the purpose to understand or
explore the relationships between the features.

At the same time, to secure the credibility of the
results, the data had to be processed so that outliers
are removed. Machine learning algorithms are sus-
ceptible to the range and distribution of values in the
input data. Outliers in input data can alter andmisdi-
rect the training process of the algorithm leading in
longer training times, less accurate models and sub-
sequentlymediocre results. Further to that, the input
data was normalised or standardized so as to secure

that the domain of values is similar for all attributes.
In this way, all parameters contribute mutually to the
end result.

In an attempt to identify similarities between dif-
ferent points on the grid, the research turned to K-
means clustering which was used as an elementary
grouping method to find assemblages with similar
characteristics. The significant point in our dataset
is that the data is geo-located meaning that through
this process we can identify areas that bear similar-
ities and could further on be categorized together.
Additionally, in this case, the fact that this algorithm
produces clusters of unequal size and density, was
not a drawback since not all areas in the urban tissue
are of same size nor have the same degree of impact
on the city. However, it does not offer a qualitative
evaluation on the clusters themselves which in this
experiment is a crucial aspect.

Moreover, t-Distributed Stochastic Neighbour
Embedding (t-SNE) was tested as a means of visu-
alising the data in a way that is more comprehensi-
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Figure 5
K-means and PCA
Analyses visualised
on top of the
map.The
geo-spatial nature
of the data allows
to identify areas
withinn the urban
fabric.

ble to human brain. This method produces consider-
ably improved visualizations by diminishing the ten-
dency to congest points in the centre of the map. Si-
multaneously, it is significant for our purpose, as al-
ready mentioned to capture much of the local struc-
ture of the high-dimensional data, while also “reveal-
ing global structure such as the presence of clusters
at several scales” (van der Maaten, Hinton 2008) and
t-SNE is capable of doing that. Nevertheless, this al-
gorithm does not extract significant conclusions re-
garding the particular characteristics of the data in
question.

In a similar direction,with the aimof acquiring in-
formation about the qualitative characteristics of the
produced clusters, we exploredPrincipal Component
Analysis (PCA). This method emphasizes on variation
and reveals strong patterns in a dataset and as a re-
sult in this specific input data would bring out the
unique characteristics of the analysed part of the city.
In this way, we could identify the areas that stand out
from the rest and study the reasons that led to this
classification.

Figure 6
3 layers of data
illustrations: the
dataset is
represented as an
accumulated value
in the form of
terrain showing
density and as a
dynamic
point-cloud
through t-SNE

Figure 7
Uniframing: all
values are
accumulated into
one, projected on
the initial grid and
elevated based on
the value.
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In the last series of experiments, thegenerateddata is
summedup intoone single valueandafterwardspro-
jected on space. We will borrow the term “Unifram-
ing” (Minsky, 1988) for this process, meaning the
combination of several descriptions into one. The
combined value characterises the geometry with a
score that represents the fitness (Freitas, 2013) in
generative algorithm terms. For this specific project,
fitness is achieved through the space’s degree of per-
meability and porosity. Each of the evaluations is a
frame, a description of space and all together consti-
tute the complex, indecipherable collage of the Per-
ceptive Machine.

Evaluation seems to be the answer to interac-
tive communication between the architect and the
computer during the successive steps of the design
process Kalay (2004) underlines . After listing vari-
ous types of evaluating methodologies, leading to
the definition of algorithms that make it possible to
quantify andverify some thematic aspects of the con-
structions planned, he maintains that the accuracy
of the possible prediction of non-existing designs
may be the key element that can improve the quality
and performance of a proposal according to specific
goals.

FEEDBACK LOOP
The result of the analytical process is visualisedon the
virtual representation of space so as to correlate the
value with the specific part of the urban tissue. More
precisely, the environment within the experience is
consisted of a multi-scalar visualisation of space and
data, showing both the network level of the city on a
table-top view as well as the human scale through a
physical representation around the user.

Interactivity is considered the key aspect of this
process because of the degree of freedom provided
to the user to explore the data and the city. The user
is able to toggle between different data layers or iso-
late a specific one and on a later stage filter the data
within the selected layer. Data filtering, meaning the
isolation of a smaller part of a dataset according to
some criteria, could lead more easily to better ob-

servations as it facilitates the comparison with other
datasets. The ability to filter andmanipulate the data
within the 3D environment in multiple levels can un-
lock new ways of perceiving the city.

In such a way, we can merge the two main ap-
proaches towards perception, the algorithmic and
the enactive. The virtual environment offers a 3D
spacewhere people can physically interact and inter-
pret data and design through their movement inside
space.

Figure 8
Snapshot from VR
experience: in the
initial stage the user
explored the data in
their abstract form
of the point cloud
surrounding the
space.

Figure 9
Snapshot from VR
experience: The
cubes act as data
placeholders and
the user can select
them to see all
values included in
them. They move in
space affected by
the user’s
movement.

All data collected derive from live-stream sources al-
lowing for real-time evaluation. In other words, ev-
ery time one uses the app is a unique experience be-
cause the data might have changed since last time
and there has been an update in the result. Simulta-
neously, every change in space, every design gesture
is equal with a new evaluation cycle. In this way, the
tool becomes a living organism that communicates
with the outer real world and reflects the information
onto its own universe.

The hyper-real space allows for possibilities that
break physical laws. Multi-scalability, the ability to
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jump fromanetwork, high-level scale to human, low-
level and then back to regional instantly can up-
grade and fasten design processes as architects can
progress inparallel all design levels. Furthermore, the
detail of the visualisation differs from one level to an-
other, transcending from a general view of the space
to specificmapping of each area according to the set
grid. Simultaneously, the user can also style the data
visualisation in a differentwaywithin the virtual envi-
ronment to make it more comprehensible for them.

The machine’s interpretation of space can pro-
duce various results according to the context. Ev-
ery alteration in the design is equal with one loop in-
cluding all these computational tasks. The user can
transcend to different areas and scales and there-
fore travel through the data in new, unexpected ap-
proaches. Consequently, it could be said that the
function of the Perceptive Machine is an iterative re-
cursive process with a growing pattern.

Figure 10
Snapshot from the
VR experience: the
player has also the
option to inspect
the area in question
through a table top
map where there
are options to
visualise all data
layers and
simultaneously
navigate in the city.

DISCUSSION
Perceptive Machine in essence establishes a plat-
form of communication between natural and digital
means and forms of intelligence. The result of this

interconnectivity is a method that may produce im-
provedways of designing public space. It is amecha-
nism that allows to negotiate the complexity of con-
temporary heterogenous and dynamic societies of
multitude.

In thisway,we can talk about adistributionof the
ability to sense and perceive between human and in-
human devices. There is a displacement of identity
that expands the idea of perception and broadens
the identity of the perceiver. This augmented per-
ception, that is a coalescence of the human percep-
tion and the perceptive machine, can lead to new in-
terpretations of the city and eventually new designs.

The creation of a perceptive machine is an ex-
perimentation on the definition of visual perception
and spatial dynamics combined with iterative gen-
erative processes that employ machine thinking and
network theory. Its purpose is to provide architects
and designers with a tool that allows them to visu-
alize, in three-dimensional space, multiple types of
information on the urban fabric and extract valuable
observations.

Insightful visualisations during design process
are crucial for designers as well as the wide-range
of stakeholders. Although currently there is a range
of tools for 3d modelling and visualisation, there has
been little effort, as it has already been pointed out
earlier, to implement these technologies into a real-
time tangible platform. In this way, it is possible to in-
stantly get feedback and understand the inner struc-
ture of space.

In the context of urban-design processes, this
tool can augment early stages of regulatory design
with vivid visualisations and observations. Especially
in the stages of early massing and zoning that con-
tribute significantly in the spatial organization of the
city, but usually tend to lack meaningful visual rep-
resentations, this tool could be proved considerably
helpful.

However, the limitation of such methods usu-
ally lies on the necessity of properly sourced and la-
belled datasets. This aspect is important to be dis-
cussed further because of the nature of the percep-
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tive machine, meaning the ability to change the in-
put data to serve another purpose. Commonly open
sourced data are not correctly formatted and the pre-
processing can be quite a strenuous processwhich at
the same time is utterly necessary for this workflow
to function properly. In the same direction, a series
of user testing sessions is in our plans to evaluate the
research.

The tool presented in this paper is a prototype
for real-time analysis and visualisation of aspects
that describe visual perception. This work could act
as a starting point for further investigation on new
methods to enrich design process by implementing
new technologies. At the same time, it could be
greatly improved by addingmore analyses and other
datasets to address other issues aswell. In such away
we could start talking about a collaborative work-
flow that could approximate design-computation to
offer insightful assistantship spanning beyond com-
mon practices.

Theperceptivemachine is essentially a collage of
fragments, ideas, thoughts that are projected onto
our own reality and combined into an apparatus
that recursively evaluates diverse perspectives. This
combination of forces may provide us with a deeper
understanding of urban environments and subse-
quently expand our view of the city into an aug-
mented, yet collective perception of space.
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The lack of interoperability and the diversity of required documentation in the
development of architectural projects often results in inefficient design processes.
Integrated design approaches such as Building Information Modeling seek to
tackle this problem, but still require strenuous and time-consuming manual work
when it comes to design exploration and the implementation of design changes.
Algorithmic design approaches facilitate this process by supporting quick change
propagation and exploration of design variations, as well as automating the
production of the required documentation. This paper presents an integrated
algorithmic design workflow, encompassing all design stages, from conceptual
design to fabrication. The workflow is tested throughout the design, analysis,
visualization, and fabrication of a classroom renovation project, resulting in a
more fluid and efficient design process.

Keywords: Algorithmic Design , Algorithmic Analysis, Integrated Design
Workflow, Digital Fabrication

INTRODUCTION
Digital technologies have been adopted almost uni-
versally as thepredominantmeansofdesignandpro-
duction in architectural practices (Kotnik, 2010). This
development has also affected how projects are rep-
resented and communicated to clients, which nowa-
days also encompasses photorealistic images, ani-
mations, or even Virtual Reality (VR). As technology
progresses, the client is given an increasing amount
of media to perceive the project in a more realistic
and detailed way. Although this provides opportuni-
ties for the suggestion of changes that would not be

contemplated otherwise, these are not always eas-
ily materialized, and the architect may take extended
periods of time to modify the geometry in a digital
model. This problem can be solved with Algorith-
micDesign (AD), a generative design approachbased
on the use of parametric algorithms (Caetano et al.
2020).

Employing AD in architectural projects can pos-
itively impact the design process by significantly ac-
celerating the generation of a wide range of model
variations. Either through the adjustment of parame-
ter values or throughmodifications in the algorithms,
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changes are implemented in a more efficient way
than with traditional approaches. Moreover, AD can
beused to automate the production of photorealistic
images and animations.

Integrating AD with analysis and sophisticated
visualization mechanisms further promotes the de-
sign exploration, as different designs can be gener-
ated and evaluated through the same algorithmic
description (Caetano et al. 2018; Castelo Branco et
al. 2019). This research proposes an integrated AD
methodology endorsing several design stages, from
conceptual design to fabrication, including analysis,
optimization, and visualization. We further demon-
strate this methodology, applying it to a project for
the renovation of a university classroom, intended
to improve the learning conditions in terms of visual
and acoustic comfort.

RELATEDWORK
In the development of an architectural project, each
field tends to work with their own specific tools that
often do not correlate with those used in the other
disciplines (Anderson 2014). This lack of interoper-
ability hinders the efficiency of the design process,
making it highly susceptible to information losses.
Integrated design approaches tackle this issue, en-
visioning the building as the product of new social
relationships amongst architects, clients, developers,
builders, communities, and consultants (Moe 2008).

Building Information Modeling (BIM) integrates
the conception of building form, system sizing, and
construction data management into a single de-
sign environment (Eastman et al. 2008). Although
BIM is intended to easily communicate with perfor-
mance analysis tools, portability is still not optimal
(O’Donnel et al. 2013; Aghemo et al. 2013). To
suit the requirements of these tools, the analytical
models often need to be created from scratch, con-
sequently leaving performance assessments to final
design stages.

An issue similar to the abovementioned hap-
pens while selling and communicating the idea to
the client, as visualization is paramount for their com-

prehension of the project. Technical drawings can
be challenging to perceive, especially when it comes
to the space’s scale or ambience (Chappell and Dunn
2016). To mitigate this hurdle, architects tend to re-
sort to other visualization methods to make projects
more comprehensible for clients. Despite many BIM
components and plugins already being able to com-
pose appealing renders and/or to benefit from VR [1-
3], changes to the building form suggested by the
client can still be very time-consuming to apply. This
happens because traditional modeling approaches
rely on the manual insertion of geometric elements,
turning minor changes in large-scale models into
lengthy and error-prone editing processes (Leitão et
al. 2013).

While someBIM tools alsoprovideparametric ca-
pabilities, the degree of flexibility and change propa-
gation achieved with these tools is still limited when
compared to an AD workflow (Feist 2016). Using
AD as the main strategy for integrated design ap-
proaches further connects the design intent to the
design outcome, as parameters and constraints link
different geometric entities together whilemaintain-
ing the design logic. Changing a single building el-
ement in the algorithmic description will adapt the
rest of the model accordingly, considerably reduc-
ing the required time for the architect to apply and
propagate design changes. Moreover, the gener-
ation of analytical models can be done seamlessly
from the same algorithmic description, allowing for
performance evaluation tasks to transition from later
design stages to earlier ones (Aguiar et al. 2017).
However, the parametric logic of AD strategies en-
ables the creation of more complex projects, which
translate into highly customized building compo-
nents that are not easily constructed by traditional
means. Integrating fabrication in the design work-
flow is, therefore, crucial for the materialization of
these projects.

OBJECTIVES ANDWORKFLOW
This paper proposes an integrated ADworkflow, aim-
ing toemphasize architect- client interactionand fab-
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rication. The purpose is to take advantage of the
features offered by algorithmic approaches through-
out all architectural design stages. To achieve these
goals, we extend the workflow previously developed
by Aguiar et al. (2017), further detailed in Figure 1.

Algorithmic Description. The first stage comprises
the generation of building geometry using an AD
tool. The modeled elements have specified design
parameters and constraints, which can be manipu-
lated throughout the process of design exploration.
Through an abstraction layer, equivalent models for
different tools can be seamlessly generated by the
AD tool. Thus, the algorithmic description includes
the necessary information to follow throughwith the
remainder stages of the workflow.

Analysis. Next, we evaluate the performance of a
range of design solutions. The algorithmic descrip-
tion already contains all the necessary information
for simulation (e.g., material description and climate
data), so that analytical models are generated with-
out additional effort, and only containing the neces-
sary elements and details required by the different
analysis tools. This encourages architects to study
the impacts of different design choices, and to imple-
ment performance-oriented changes early into the

design process. Moreover, since the creation of an-
alytical models is automated, it allows for the imple-
mentation of optimization processes. This stage can
iterate back to stage 1 as needed, until the architect
is satisfied with the solution.

Presentation. The AD tool connects with a series of
visualization mechanisms that provide a better per-
ception of the model, to showcase the project and
engage the client. This stage is linked to stage 1, so
that client feedback can be directly integrated into
the design. Since the model is parametric, design
changes suggested by the client can be performed
in a reduced time span, facilitating the adaptation of
the project to the client’s requirements.

Fabrication. The final stage of our workflow assesses
the viability of the construction, when the design
starts to undergo a rationalization process for fabri-
cation. The algorithmic description of the project can
also be used to automatically generate the necessary
elements for fabrication. If the assembly of proto-
types proves to be inefficient or unfeasible, we can
go back to stage 1 and apply the necessary adjust-
ments. This design rationalization towards construc-
tion tests thedesign’s feasibility beyond theelements
analyzed in stage 2.

Figure 1
Integrated
Algorithmic Design
Workflow. Stages 1
and 2 compose the
workflow
developed by
Aguiar et al. (2017).
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Figure 2
Classroom. View
from the entrance
(left) and side view
(right).

EVALUATION ANDDISCUSSION
Recent integrated AD approaches mostly focus on
newconstructions. In this paper, wedemonstrate the
advantages of their application to design problems
related to building renovation. Although the latter
is a current key societal problem, most decision sup-
port tools are limited regarding the generation and
evaluation of design alternatives (Nielsen et al. 2016).
We evaluate our workflow by applying it to a class-
room renovation project, developed at Instituto Su-
perior Técnico, in Lisbon (Figure 2). The projectwon a
public competition towards the improvement of the
university’s facilities, inwhich university staff and stu-
dents voted on the projects they wanted to see im-
plemented.

Concept
The proposal covers the acoustic and visual requalifi-
cation of the classroom, to improve the teaching and
learning conditions while making classes more com-
fortable and productive. To address this issue, the
nature and location of the intervention was studied
to find an optimal solution that satisfied the project’s
requirements. The chosen solution entails the ap-
plication of a rough absorbent acoustic treatment in
the ceiling’s surface, hidden above a wooden grid
structure suspended between the room’s transversal
beams. The grid design is inspired by the Ripple Ef-
fect phenomenon, as shown in Figure 3.

Figure 3
Exploded isometry
of the renovation
design.

432 | eCAADe 38 - D1.T4.S1. MAKING THROUGH CODE –BUILT BY DATA AND THE ARCHITECTURAL ILLUSTRATION - Volume 1



Model Geometry
Both the existing classroom and the intervention
were modeled algorithmically, facilitating the explo-
ration of design variations and the quick propagation
of design changes. Thewaves that portray the Ripple
Effectweremodeled using attractor pointswith vary-
ing attraction forces. The design parameters were (1)
the number of attractors and their respective posi-
tion and force, (2) the height, contour, and number
of the profiles, (3) the elevation of the grid structure
in relation to the room’s existing beam structure, and
(4) the materials for the intervention.

Figure 4 illustrates some of the possible design
variations that can be generated, namely by chang-
ing the force (a to b) and position (b to c) of the at-
tractor points, or the number of profiles (c to d). Addi-
tionally, the developed algorithm changes the shape
of the profiles in non-visible areas to avoid material
waste in the construction phase.

Analysis
Not originally designed as a classroom, the space’s
interior surfaces are composed of reflective acous-
tic materials, namely, ceramic tiles and plaster finish,
which translate into a poor reverberation time that
hinders the room’s acoustic performance. Moreover,
it is locatedbelow theground level andhas very thick
walls, limiting the daylight availability. The challeng-
ing room configuration complicated the prediction
of the effects of design changes, and the limited bud-
get available restricted the option of consulting with
experts in the fields of acoustics and lighting. Tomit-
igate these problems, we employed validated simu-
lation tools for acoustics, namely CATT [4] and Pachy-
derm (VanDer Harten 2013), and for lighting, namely
Radiance (Ward 1994) and POV Ray (Plachetka 1998).

We defined the best strategy for the intervention
by testing different design variations and materials.
With the proposed workflow, the entire classroom
and proposed intervention were defined algorithmi-

Figure 4
Design variations
for the ceiling
intervention.
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cally, so that analytical models could be automati-
cally produced from a very early design stage (Fig-
ure 5). As the design parameters were changed, their
corresponding acoustic impact was evaluated in the
acoustic simulation tools to provide informed feed-
back for each design variation.

Initially, we observed that the sole application of
a set of wooden panels in any of the classroom’s in-
terior surfaces would return a negligible acoustic im-
pact, which could be fixed upon adding a layer of
absorbent material between the panels and the sur-
faces. Afterwards, we studied different placements

for the intervention and compared their simulation
outputs. The ceiling was determined to be the lo-
cation in which the acoustic treatment would have
themost significant impact, particularly regarding re-
verberation time and speech intelligibility. Prelimi-
nary results show that the classroom’s acoustic per-
formance is more dependent on the acoustic treat-
ment than on the Ripple Effect design of the panels.

Upon settling on the placement and design of
the wooden panels, we studied the effects of the in-
tervention in the classroom’s lighting conditions, and
observed that they were not adequate to ensure the

Figure 5
Acoustical
simulation model in
Pachyderm
Acoustics plugin for
Rhinoceros.

Figure 6
(a) Natural light
study; (b) Natural +
artificial light study,
solution 1; (c)
Natural + artificial
light study, solution
2.
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continued classroom use. Therefore, we explored a
new lighting solution that could be integrated with
the grid geometry, to ensure that our intervention
not only did not aggravate the room’s lighting con-
ditions, but also benefited the learning environment.
The goal was to find a solution thatmaximized the vi-
sual comfort, while minimizing the aesthetic impact
of the lighting equipment on the ceiling structure.

To understand which arrangement of luminaries
would better complement the natural light that en-
tered the room, we conducted a set of lighting analy-
ses to study theplacement of the new lighting equip-
ment in the grid and evaluate the different design
solutions in different weather conditions. Again, AD
was used to automatically generate the correspond-
ing analytical models. Figure 6 illustrates the original
lighting conditions of the classroom (a), along with
two alternative lighting solutions (b, c), through ren-
ders and luminance falsecolor images generated for
the 20th of July at 11AM. In the end, it was decided
that the new lighting equipment would be placed
with at least one light per panel, at the height of
the grid, and theminimumdistance betweenprofiles
was fixed at around 15 cm to fit the new fixtures.

Presentation
After gathering a set of design solutions with accept-
able appearance and performance, the correspond-
ing renders could be generated and presented to the
client, in order to receive feedback. Equivalently to
the analysis stage, the production of renders was au-
tomated by specifying the intended visualizations in
the algorithmic description of the intervention. This
way, the client’s suggestions could be immediately
implemented and tested in the AD tool by changing
the model’s parameters, and new images could be
generated seamlessly. However, even with a highly-
optimized rendering process, this does not provide
an instant preview of the new design solution, due
to the high computational cost of render generation.

To shorten the time needed to see the imple-
mented model alterations and to improve the expe-
rience of the renovated space, the client was invited

to see the digital model within VR (Figure 7). Partic-
ularly for our intervention, this visualization method
helped the client to grasp the visual effect of the
placement of attractor points in different areas of
the classroom. The possibility of navigating freely
through the model enhances the perception of the
space, allowing to see details that, either in technical
documentation or renders, would not be noticeable.
Furthermore, it is not always necessary for the client
to exit the virtual environmentwhere themodel is in-
serted to apply design changes, as some of them can
be implemented by the architect in real-time.

Figure 7
View of the project
through VR.

Fabrication
Once the architect and the client settled on a de-
sign solution, the fabrication strategy to materialize
the project could be defined. The main goals for this
task were the reduction of material costs, as well as
the simplification of the assembly process. Following
that line of thought, a reduced 1:1 scale model was
built to assess thedistancebetween thewoodenpro-
files. As mentioned before, this distance would need
to be large enough to fit the new lighting equipment
but also small enough to maintain the visual percep-
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tionof theRipple Effect pattern. This scalemodel also
helped define the assembly strategy. The final dis-
position for the intervention grid comprises 40 self-
contained panels, each composed of 10 longitudinal
profiles by 10 transversal profiles (Figure 8).

Figure 8
Diagram for the
assembly of the
ceiling panels. The
numbers represent
the order of
assembly, and the
support profiles are
highlighted in grey.

The profiles have carved indentions which identify
the locations where they fit together to form a panel.
These indentionswere designed so that, once assem-
bled, the weight of the profiles is fully supported by
two of the four exterior profiles, which are the ones
thatwill be directly attached to the ceilingwithmetal
rods. Subtractive fabrication techniques were deter-
mined to be themost suitable to faithfully reproduce
the designed 3D pattern of the intervention, as it al-
lows the production of larger objects in a fairly short
time. Therefore, we chose CNCmilling to cut through
the materials to be tested (Figure 9). The 2D cutting

profiles were extracted from the algorithmic model
used in the previous stages, and labeled in numerical
order to aid the assembly process.

Although the design process is not yet finalized,
it was already possible to test the feasibility of the
assembly strategy and to provide a materialistic feel
of the finished product. Two prototypes, one in ply-
wood and the other in MDF, were built and shown
to the client. (Figure 10) These materials, however,
are not the most appropriate for a classroom, as they
are easily damaged by the milling process. This re-
sults not only in an unfinished, scrapped look, but
also in the release of small particles that can harm
the space’s air quality. Moreover, it is important to re-
duce the flammability of the intervention, which em-
phasizes the need for additional research on materi-
als and finishing techniques.

Figure 9
Prototype
fabrication through
CNC milling.

Figure 10
Panel prototypes.
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CONCLUSIONS
Building form is no longer a sole concern while de-
veloping an architectural project. There is a strive
to achieve improved performance levels, a justified
use of components and materials, and decreased
production timings and costs. Integrated algorith-
mic approaches promote an interdisciplinary de-
sign exploration of sustainable and efficient solu-
tions through intertwined modeling, analysis, visual-
ization, and fabrication stages. This researchpresents
an integrated AD approach that comprised these
stages in a seamless workflow.

Modeling an entire project algorithmically is a
considerable initial investment, both in terms of re-
quired knowledge and programming effort. How-
ever, this investment will be returned in the succeed-
ing project stages and in the reiteration of the design
process, as it facilitates the exploration of design vari-
ations and a quick propagation of design changes.
Insteadof implementing these changesmanually in a
laborious and time-consuming process, the architect
simply has to change a set of parameters in the al-
gorithmic description or change the algorithmic de-
scription itself. We showed the applicability of the
proposedworkflow in a case study, and demonstrate
how the same AD tool can easily handle the ensem-
ble of tasks that compose the design process, mak-
ing them less time-consuming and, therefore, allow-
ing the design team to focus on the development of
architectural solutions.

To evaluate the application of our AD approach,
we developed and tested a ceiling intervention for a
university classroom. We startedbydevelopinganal-
gorithmic replica of the room that is being studied,
which rigorously reproduces its current conditions
and features. Through this algorithmic model, we
can simulate and compare the impact of different in-
terventionsbefore applying themto theactual space,
which would be very challenging to predict other-
wise. This replica also facilitates the design experi-
mentationat apractical level byautomating theplan-
ning of prototypes, which vastly reduces the error-
proneness of fabrication at different scales. Further-

more, if any of the fabricated components need to
be repaired or replaced, their geometry can be easily
extracted from the algorithmic model and promptly
fabricated with identical preciseness.

Although the final design solution of the class-
room intervention is not yet settled, its benefits re-
garding the acoustic and lighting performance of the
interior space canalreadybediscerned. Futuredevel-
opments will focus on the material study of the pro-
posal, as well as the enhancement of design and as-
sembly schemes.
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LOTI
UsingMachine Learning to simulate subjective opinions in design.
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The objective of the workshop described in the article was to redesign a chair
called Loti. In a subjective opinion shared by the authors and the participants of
the workshop, the chair seems plagiarism of a famous chair by Ray and Charles
Eames. The authors centralised the workshop on the use of computational tools
for assessing subjective opinions. The authors and the participants created a
method for detecting plagiarism and implemented it in the process of design.
They created a parametric model of the chair that allowed changing the chair's
components with variables. Using this model, the participants generated multiple
variations and surveyed other students to assess which of the versions seemed
plagiarism. With the information obtained from the survey, we trained a neural
network to relate the variables with the level of plagiarism. We linked the
parametric model with the neural network to create a tool that informs the user
about the probability of committing plagiarism in real-time. The participants
used the tool for designing new chairs to evaluate the efficiency of the method.

Keywords: parametric design, machine learning, interfaces

INTRODUCTION
Loti is the nameof a chair thatwas very popular in the
Basque Country in the 1950s and 1960s. Today, one
can still come across its copies in old cafes and var-
ious architectural offices. Each element of the chair
- legs, seat, backrest and structure - is made of thin
thermoformed plywood. The bulges and rounded
corners adapt to the contours of the human body;
they are both flexible and durable. The chair is light
and surprisingly comfortable despite the lack of up-
holstery.

Figure 1
The chair Loti has a
striking similarity to
the chair DCW by
Charles and Ray
Eames.
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It is also an almost exact copyof the famousDCW
chair by Eames. One can see it at first glance and the
company Hijos de Arruti from Zarautz, the producer
of Loti, never concealed this fact. On the contrary:
the history of the chair is one of the factors that in-
fluenced its popularity. Eames‘ original was brought
to Zarautz from Venezuela by one of the company’s
employees. He had emigrated to Latin America dur-
ing the Spanish Civil War and returned years later
with the chair - unscrewed andpacked in his suitcase.
The product was redesigned on-site to match local
necessities - the dimensions of some elements, cor-
ners’ radii, connection angles and deformationswere
slightly changed. The differences are small: one cen-
timetre in onedimension, two in another, severalmil-
limetres in the thickness of thematerial. Unrecognis-
able to the human eye. (Figure 1)

Last year we were invited to deliver a workshop
for students of architecture at the University of the
Basque Country in San Sebastian. The workshop
called “Remaking Loti” was organised by Habic and
Espacio Basque Living as part of an architectural fes-
tival that takes place every two years in the city. The
objective defined by the organisers was to redesign
the chair of Hijos de Arruti. The history of the appli-
ance and its striking similarity to a piece of famous
furniture inspired us to shift the focus of the work.
Instead of concentrating on designing a new chair,
we preferred to reflect on subjective opinions and
computation in the context of authenticity in creative
processes. The chair Loti does not seem authentic.
The word ‘seem’ is not coincidental. An objective
analysis of the chair demonstrates that it has different
dimensions and proportions that DCW, but a subjec-
tive opinion says otherwise.

We specialise in computational tools applied to
design and architecture. Programming and genera-
tive design are firmly based on mathematics and ob-
jective values (althoughnot always used objectively).
In creative processes, however, mathematical cor-
rectness is not the only determinant of solution as-
sessment. It is therefore worth considering whether
a computer can also learn to solve problems accord-
ing to subjective principles. For example, can it sim-
ulate biased opinions on whether a chair is plagia-
rised? Can subjective opinions be clearly described
in the language of mathematics and be converted to
an anti-plagiarism algorithm?

These are the questions on which we wanted to
reflect during the workshop. A best-case-scenario
objective was to create an algorithm that simulates
human opinions on the authenticity of a piece of fur-
niture. If successful, we wanted to use such an algo-
rithm as an aid in designing a new chair. (Figure 2)

In this article, we often use the word ‘plagiarism’
to describe a work considered to be very similar to
another by a substantial number of observers. We re-
alise the word may result controversial. We tried to
avoid it due to its pejorative cultural connotations,
but we have not found a substitute in the English
language that would be as easily understandable.
Plagiarism and authenticity are complex issues (Eco
1992), also in art and design (Ackerman 2002). It is
not our objective to debate on these topics but to
present an experimental process. More than in pla-
giarism itself, we are interested in the subjectivity of
opinions and simulating such opinions using a com-
puter. The similarity of the chair in question to DCW
serves us as an excuse.

Figure 2
A theoretical
mockup for an
anti-plagiarism tool.
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COMPUTERS AND SUBJECTIVE OPINIONS
Already in ‘As we may think’ (1945) Bush expressed a
need to delegate all repetitive tasks (mainly calcula-
tions) tomachines in order for humans to dedicate to
creative work. What was envisioned by Bush in 1945
was outlined more technically by Licklider (1960) by
clearly defining roles of humans and computers in
whathe callsman-computer symbiosis andconsiders
indispensable in every workflow. Humans are ‘noisy,
narrow-band devices’, but they are flexible and ‘their
nervous systems have (...) many parallel and simul-
taneously active channels’ and can ‘program them-
selves’. Computers are ‘very fast and very accurate,
but they are constrained to perform only one or a
few elementary operations at a time’. In the future
symbiosis betweenusers andmachines, Licklider saw
humans setting goals, formulating hypotheses, ask-
ing the right questions, determining criteria and per-
forming evaluations. Meanwhile, computers would
do all the routine work.

However, in order for a computer to be a collab-
orator rather than a tool, it needs to be able to learn
not only objective rules but also subjective opinions
and experiences. Negroponte in ‘The Architecture
Machine’ envisioned a scenario in which amachine is
more than an automaton performing repetitive task
faster than a human. In his image of man-computer
symbiosis, themachine can learn fromauser through
communication, adapt the creator’s way of think-
ing, make suggestions and do not obstruct the user’s
right to reevaluate their work themselves. (Negro-
ponte 1973)

In recent years, artificial intelligence and ma-
chine learning have become a popular topic in all
computational processes. It is also gaining its mo-
mentum in architectural design and other creative
fields. Studies show that machine intelligence can
support creativity (Silva and Bridges 1997). It has
already been tested in the classification of architec-
tural space (Benoudjit et al. 2004) or urban space
perception (Kinugawa and Takizawa 2019). Machine
learning can support urban design decisions (Zhang
et al. 2018) or simulate pedestrian behaviour based

on perception. (Karoji et al. 2019) Recently, re-
searchers started implementing generative adver-
sary networks in housing layout automation. (Chail-
lou 2019)

We understand our contribution as a contin-
uation of research in artificial intelligence in the
field of design and the extension of our research
(Markusiewicz and Krężlik 2017). In the case of Loti,
we wanted to test the efficiency simulating subjec-
tive human opinions in furniture design and also
adapt the concepts of machine learning to the field
of education.

Figure 3
The workshop
“Remaking Loti”.

THEWORKSHOP
The participants of the workshop (Figure 3) were
bachelor degree students of architecture. They rep-
resented different academic years and had a basic
knowledge of computational tools. We divided the
workshop into six phases:

1. The parametrisation of the chair and generation
of multiple solutions;

2. Subjective evaluation of the solutions’ authen-
ticity;

3. Human analysis of relations between each solu-
tions’ parameters and its estimated authenticity;

4. Machine analysis of these relations: supervised
learning;

5. Creating an anti-plagiarism tool;
6. Evaluation of the tool and its use for redesigning

Loti.
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Parametric model
For the first phase, we prepared a parametric defini-
tion of the chair Loti in the form of a Grasshopper
definition. The definition maintained a few core el-
ements of the original chair and allowed for mod-
ification of most of its elements. We decided that
themateriality of the chair, the hierarchy of structural
elements and its topology were constant. All ele-
mentswere surfaces of different shapes that could be
bent, but not stretched nor twisted (so that the chair
could be produced with thermoformed plywood).
The seat, backrest, and legs had to be attached to a
core structural element we called a ‘spine’. Initially,
the model could be modified with 21 variables, such
as the thickness of plywood, the width of structural
elements, or the height of the seat and backrest.

Most of the students were familiar with
Rhinoceros, but only a few knew the basics of gen-
erative modelling. The definition that we had pre-
pared served them an introduction to Grasshopper.
In essence, the students had to understand the logic
of the algorithm, learn how to change parameters,
and how to modify smaller definition’s parts. The
students reduced the number of modifiable param-
eters because many of them were either affecting
the model to a minimal extent (e.g. the thickness of
the material) or produced unfeasible solutions (e.g.
changing the angle between the seat and the back-
rest).

As a result, the definition could be controlled
through nine number sliders (Figure 4):

• the radiusof the cornersof the seat andbackrest;
• the height of the backrest;
• the separation between the backrest and the

seat;
• the width of the ‘spine’;
• the width of the legs;
• the angle between the legs and the seat;
• the distortion (skew) of the seat, backrest, and

legs (one value per element: low values repre-
sented rectangular shape, while high values re-
sulted in trapezoidal forms).

The students had two options for modelling the
chair. They could either change the values of the
sliders manually or use a function that randomised
them. We asked the students to each model two-
to-four versions of the chair manually, and also cre-
ate several pseudorandom generations. Every time a
participant confirmed a version by pressing a button,
a script saved:

• an image of the model with a unique name and
the same perspective view for every version;

• a new row in a shared excel file; each row con-
tained the name of the corresponding image
and a sequence of nine values representing the
parameters.

The exercise resulted in 263 different chairs.
Figure 4
Different versions of
Loti generated with
the parametric
model.
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Survey
In the second phase, we conducted a survey. Per
each resulting version, we asked ten people whether
they considered it plagiarism. The respondents (that
included the students, the organisers and partici-
pants of a parallel workshop that took place in the
same venue) took turns so that there were always
ten people taking votes. They did it by raising a pa-
per with the word ’yes’ or ’no’ visible only to the sur-
veyor so that the respondents did not see each oth-
ers’ answers. The surveyor was showing renders of
the chairs on a screen and was counting the propor-
tion of affirmative responses. Then, he was saving it
in the excel table as a number between zero and one.
Zeromeans that the version seemed authentic to ev-
eryone, and one was considered plagiarism by all re-
spondents. We called this number ’plagiarism esti-
mate’.

As a result, we obtained a table of data with 263
rows and ten columns. The rows represented the 263
chair versions, the first nine columns stood for the
variables that affected the chair’s shape, and the last
column was the plagiarism estimate. Figure 5 shows
198 of the resulting versions colour-coded depend-
ing on the plagiarism estimate.

Correlations
The third phase was an exercise in which the par-
ticipants were invited to try finding correlations be-
tween the variables and the estimation of plagiarism
manually. We observed three different approaches

in theway the students were answering the task. The
first approach was to sort the table of data according
to different variables and examine reciprocities be-
tween pairs of variables. The second approach con-
sisted ingenerating two- or three-dimensional charts
expecting to find recognisable mathematical func-
tions’ graphs. The third approachwas to focus purely
on the images and extract relationships based on in-
tuition.

None of these approaches was conclusive. The
participants realised that finding such relationships
was not an easy task. In many versions, a small
change of one of the sliders made the chair seem
original, but in combination with the change of
another, the plagiarism estimate grew. Signifi-
cantly changingmost parameters created chairs that
seemed close to the original, as the proportions re-
mained similar. However, it sometimes was enough
to change one slider, and the result was not similar to
DCW.

The only apparent correlation was the propor-
tions of the backrest and its separation from the
seat. Almost-square backrests with medium separa-
tion tended to result in a chair that was very simi-
lar to the original. Meanwhile, backrests of vertical
proportions or slender horizontal rectangles distant
from the seat seemed very different. We confirmed
these conclusions by calculating the Pearson correla-
tions of the variables. Indeed, the correlation coeffi-
cient between plagiarism estimate and the backrest
height was more pronounced than it was for other

Figure 5
198 different
versions are
colour-coded
depending on the
plagiarism estimate.
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variables (see table 1). Its value -0.325 indicates that
by decreasing the value, the risk of committing pla-
giarism grows slightly, but it is not explicit.

Table 1
Pearson
correlations
between plagiarism
estimate and the
variables of the
parametric model.

Nine variables are not plenty, but we were not
able to convert the results of the experiment into an
algorithm. We needed a different method to corre-
late the variations in parameters with plagiarism es-
timate. For this purpose, we decided to implement
machine learning.

Machine learning for predicting subjective
opinions
Finding relationships between a set of features and a
continuous outcome variable is a problem of regres-
sion. In the case of Loti, we needed to find a mathe-
matical model that related a vector of nine variables
(the parameters that shape the generative model)
with the estimation of plagiarism.

In machine learning, when we want the com-
puter to learn such a model based on datasets with
known outcome variables, we use supervised learn-
ing algorithms. Such algorithms analyse the known
data (called training data) and estimate a mathemat-

ical function that can be used to predict new exam-
ples - ones whose outcome variable we do not know.

There are multiple supervised learning algo-
rithms: from linear models (such as the line of best
fit) to Artificial Neural Networks (ANNs). (Kingma and
Ba 2015) We decided to use a Multi-layer Perceptron
Regressor (MLP), an ANN model. ANNs are popular
tools in machine learning, and we wanted to explain
to the participants the rules behind these computa-
tional systems. We also considered using other mod-
els, such as Stochastic Gradient Descent and LASSO,
but we chose to use them to verify the results of the
MLP after the training process.

We created a script in Pythonwith a library called
Scikit-learn [1], which contains many built-in ma-
chine learning tools (Pedregosa et al. 2011). We used
Spyder IDE towrite and edit the code. The script used
for training aMulti-layer Perceptor consisted of three
parts:

1. Preparing data for training
2. Choosing and constructing a neural network

model
3. Training and saving the model.

The script read the table of data containing 263 chair
versions (Figure 6). The data was split randomly into
200 rows to be used for training and 63 rows for test-
ing the neural network. The columns of the resulting
sets were then split into input features (the first nine
columns), and target values (the last column).

The training of theANNwould bebasedonback-
propagation. We would feed the network with pa-
rameters of a chair, forwhichweknow theprobability

Figure 6
An array of data
points consisting of
parameters and
plagiarism
estimates was used
to train a neural
network.
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Figure 7
A scheme showing
the functionality of
the neural network.

of plagiarism (nine variables as input features), let it
estimate the value of plagiarismbased on the initially
adopted randomweights and adjusts theweights ac-
cording to the real value. (Figure 7). This process
would be repeated multiple times until a good esti-
mation model is achieved. (Rumelhart et al. 1986) In
the case of Loti, the networkwas trained on 200 chair
versions, and then its effectiveness was tested on the
remaining samples

Choosing the parameters of a neural network is
a complex process. To construct a model, one must
decide upon the number of hidden layers, number
of neurons contained in each layer, solver engine,
activation function and many more. Depending on
the number of data points and their dimensional-
ity (how many parameters per data point), different
settings affect the network’s efficiency. Some algo-
rithms, called model selection algorithms, facilitate
the choice of the model’s parameters. We used a
Scikit-learn class named Grid Search CV. It contains
functions for iterative training of a neural network
with variable settings (e.g. the number of neurons in
the hidden layers, learning rate or regularisation pa-
rameter) until finding the set o parameters that give
the best results.

To assess the efficiency of the model, the algo-
rithm uses a scoring function called the coefficient
of determination (R-square or Rˆ2). It is a calculation
of the similarity between true test target values and
target values predicted by the neural network. The
highest possible valueof Rˆ2 is one,whichmeans that
the network always estimates the value identical to

real in all attempts. Lower Rˆ2 values mean less accu-
racy of prediction and they can be negative. (Draper
and Smith 1998) The model chosen with grid search
optimiser scored an Rˆ2 value of 0.73.

Anti-plagiarism tool
The fifth phase of the workshop consisted of creat-
ing a prototype anti-plagiarism tool by merging the
parametric model with the trained neural network.
We wanted the students to be able to obtain pre-
dictions about the probability of committing plagia-
rism in real-time while designing a new chair. To
make sure the participants could work on their indi-
vidual computers without the necessity of installing
multiple new tools, we decided to set up a network-
based interface. It consisted of two parts (Figure 8):
a computer running a script that predicts plagiarism
probability for new sets of variables, and a module
for Grasshopper that communicates individual defi-
nitions with the central computer.

We used one of our computers as a central unit.
The computer ran a Python script that had access to
the neural network model and implemented a UDP
protocol for communication. It listened for incoming
messages that - when received - were decoded into
an array of numbers. The numbers were nine model
parameters, plus the address of the computer from
which themessagewas sent. The scriptwasusing the
neural network model to estimate plagiarism based
on the nine variables. After obtaining the prediction,
it used the UDP protocol to transmit it back to the ad-
dress of the sender computer.
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Figure 8
A schematic of the
anti-plagiarism tool.

At the same time, the participants were using a
grasshopper definition - similar to the one used for
generating multiple chairs - equipped with a mod-
ule based on the plugin ‘gHowl’ [2] that provides net-
work communication via UDP. The module was used
to encode slider values into an array of numbers that
was broadcasted through the network every time
one of the variables changed. The module listened
for incoming feedback from the central unit. After re-
ceiving plagiarism prediction, it would map it onto a
colour used for previewing the model of the chair. If
the received value was lower than 0.5, the preview
was rendered white. Otherwise, the chair turned red
with the intensity proportional to the plagiarism es-
timate (Figure 9).

The response time of the communication, from
encoding the variables to receiving feedback, ranged
between 50 and 200ms. The participants uniformly
considered it fast and not disturbing their workflow.

Results
The final stage of the workshop consisted of using
the interface to propose new chair designs. Each stu-
dentworked individually. Wewanted to testwhether
the resulting design proposals differed substantially
from the original furniture andwhether theworkflow
allowed for variations between the projects.

Figure 9
Two screenshots
showing how the
tool communicates
the plagiarism
estimate to the
user.

We used clustering to estimate different typologies
of projects. After the students finished their de-
signs, wemerged the resultswith the 263preliminary
generations and created a script that implemented
Scikit-learn’s Agglomerative Clustering. We used the
method to partition the chairs into disjoint classes
such that objects in the same class are more simi-
lar to one another than to the objects from different
classes. (Gordon 1999)
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Figure 10
Possible solutions
were clustered into
five separate
groups.s

The clustering resulted in five typologies (Figure 10):

1. The chairs with slightly rounded corners. The
backrests were horizontal rectangles with
almost-square proportions separated from the
seat.

2. The chairs with vertical and mostly not rounded
backrests. Small separation from the seat.

3. The chairs with very rounded corners and
square-to vertical backrests located close to the
seat.

4. Slender, horizontal backrests visibly separated
from the seat.

5. Different shapes andproportions of the seat and
backrest. Thick legs.

In figure 11, wepresent four sample results of the stu-
dents‘ work. Most participants’ designs belonged to
groups from 2 to 4. Only one design (B) was clas-
sified in group 1. We concluded that group 1 con-
tained almost exclusively designs with high plagia-
rism value, and it was complicated to create a chair

of this typology without committing plagiarism. At
the same time, group 5 gathered chairs that were vi-
sually unattractive for the participants.

CONCLUSIONS
We trained an artificial neural network to assess the
originality of the work in a way very similar to the
subjective intuition of workshop participants. The in-
formation provided by human intuition can serve to
explain processes and characteristics that could not
be estimated by mathematical formulas. If this in-
formation is stored and organised correctly, it can,
however, serve as a base for an artificial intelligence
model to learn to simulate subjective opinions.

We were able to create an anti-plagiarism tool
by communicating a parametric model with a neural
network so that it would inform the user in real-time
about the likelihood of plagiarism based on selected
parameters. Clustering followed by manual verifica-
tion helped us conclude that such a tool still leaves a
margin for a variety of different designs.

The described case shows that - apart from ar-
chitectural space perception, urban design decisions
or housing layout automation, to name a few - ma-
chine learning can also be applied to small-scale de-
sign processes. It can also be implemented in archi-
tectural education, even in the cases, where the stu-
dents are not familiar with computational processes.

We find it important tomention that the result of
the workshop is not a universal tool. The ANN’s pla-
giarism estimation is not only limited to one specific
chair, but it is also conditioned by the survey respon-
dents. Had the survey been conducted among non-
professionals, the results would have most likely dif-
fered. The variables that we selected for evaluation
may be considered universal for any type of chair.
However, they do not apply to compare less stan-
dardizable objects, such asbuildings or urban spaces.
In such complex situations, we would need to con-
struct a more complex neural network model with
multiple input features (possibly similar to image
recognition). Thus we would need a much broader
training dataset.
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Figure 11
Four examples of
different chair
versions created by
the participants.

A verification tool based on machine learning
not only supports a creator in a design process, but
it can be used in a non-obstructive way, leaving the
final decisions to the designer. Thus, it follows Ne-
groponte’s guidelines for good practices in possible
human-machine collaboration. Our next objective is
to go one step further and try creating a tool that not
only verifies human decisions but suggests its own.
Such a tool - most likely based on generative adver-
sarial networks - could learn from one or more users’
experiences to become a creative machine assistant.
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The research in this paper focusses on how a narrative text can be the generator
of an architectural drawing, or other architectural representation, such as an
Architectural Virtual Environment. The drawn physical sketch has traditionally
played that role. A particular approach to narrative has been important for some
notable architects and their architecture. Ian Ritchie (2014), for instance,
celebrates the use of poetry to describe the essential spirit of a scheme before any
drawing is done. The work in the paper here describes the proposition to capture
such narrative text in a systematic and structured way. We describe foundational
work on how the captured narrative text has been translated into a contemporary,
computer-mediated, design development environment. Different narrative
accounts recalling a now demolished house form the focus case study. This case
study is the vehicle through which the initial principles establishing how best to
move from narrative to virtual representation are established and tested.

Keywords: virtual environment, narrative, sketch, virtual reality

INTRODUCTION
In our early work on the digital sketch we under-
took research studies that examined the role of the
‘sketch’ as a re-imagined idea in the developing com-
putermediated environments of the time. Questions
related to how the digital sketch might best replace
the conventional physical sketch, and what the ap-
propriate human-computer interface might look like
to facilitate productive sketching. We also consid-
ered how the sketches were perceived by those from
different design and non-design backgrounds (Bas-
sanino and Brown 1999). In later work Brown (2002)

considered aspects of digital drawing and represen-
tation that examined the idea of visualising the non-
visual in architecture. Consequent to this work we
aimed to evaluate the digital sketch and its role in in
design development (Hannibal et al. 2004 and 2005).

More closely related to thework in this paper, we
have undertaken research on narrative as the definer
of a design intention (Webb and Brown 2010). In par-
ticular the writing by the French designer Auguste
Perret in his treatise on the Ideal Museum was anal-
ysed. The analysis of this narrative was the basis for
an interrogation of an actual design by Perret. Con-
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sistencyofnarrative couldbecheckedagainst thede-
sign. This was possible because the narrative was in-
tended as a descriptor of design intent: so it was not
a design code, but nevertheless it was meant to pro-
vide an idea of what the design outcomes might be.

However in thework herewe investigate the nar-
rative where the link between architectural design
and that narrative is more loosely framed. Situations
where text describes spatial, contextual, andmaterial
qualities are takenmore as an account rather than as
a precise guide.

CONTEXT
The conventional understanding of the term “archi-
tectural sketch” refers to a drawing that represents
something. That something can be an interpretation
of an actual artefact such as a building, or it can be
the external expression of ideas crystallised as lines
on paper. In the conventional context this is a manu-
ally created artefact that captures mental processes.

In the creative process that brings such physical
artefacts about, the space for interpretation is com-
pressed and focussed, as the sketch is being devel-
oped into a more developed drawing - the meaning
of each lineor strokewouldbeanchoredanddefined.
Its value and meaning might be somewhat captured
by the affordances of a manually rendered image on
paper; a line overdrawn indicating increased confi-
dence in a design decision, for instance. The process
can be taken as an analogy where a person mentally
“sketches” out an idea and then finds a valid method
to represent it in the physical world. The process that
is involved here can be described as a Mental Space
Model (BrownandLee2000); aprocesswhere the cre-
ativity happens in the space between ‘me and the ex-
ternal expression in the real world’.

If we extend this process to one where a nar-
rative is an instigator of creative thought processes,
through the reading experience, the reader becomes
immersed in the textualworld that sheorheexplores.
The characters may be in a fictional urban context or
a remembered real environment. In the fictional the
imagination of the contextwill be conditionedby the

plots, interpretation of the clues in the conversations
and account of the details of the architectural space.
Although not every reader arrives at a common pic-
torial representation. When the text is adapted to a
movie or TV event, the cinematic scene is created and
the screenplay process takes place based on the de-
sign of theworld that the reader has “sketched”men-
tally. The text creates a mental image of a physical
world during the reading process.

The space for interpretation is influenced by how
familiar the references in the text are and how many
details the text provides to the readers. Readers
can become more easily immersed in more familiar
texts inwhich they can concentrate effortlessly (Ryan
2003, p. 96). However, the space for interpretation in
a familiar text may be “inversely proportional to the
literary power and originality of the reading matter”
(Nell 1988, p. 77). It is also true that a difficult text
accommodates an extensive range for interpretation.
This is especially so when the text does not anchored
in a specific timeor location; orwhen thewriting style
is metaphorical.

Here it is relevant to refer to a design-by-research
project regarding the graphic interpretation of Italo
Calvino’s Invisible Cities, where the focus is on the
reader’s interpretation of a metaphorical and un-
familiar text of architecture using traditional hand
drawing. This requires an importing of ”inter-
nalised cognitive models, inferential mechanisms,
real-life experience, and cultural knowledge, includ-
ing knowledge derived from other texts” (Ryan 2003,
p. 91). Because Calvino’s text lacks detailed descrip-
tion of the architectural space, the reader (who has
an architectural background and is experienced in
sketching) explored the ”border” of interpretation:
establishing that border before it falls into what Eco
calls a ”never-ending drift or sliding ofmeaning” (Eco
1990, p. 151); the key question is ’how far can the
reader go?’ The final product of the project - an al-
bum of drawings of the cities - indicates that the
narration acts as a generator of visual representa-
tion. Even if we accept that the sketching-out stage is
mixed with external information, the workflow sug-
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gests that different readers’ interpretations in the
form of sketches could be significantly diverse.

Figure 1
Calvino’s city of
Pyrrha based on
personal
interpretations.

Taking Calvino’s city of Pyrrha in the text as an ex-
ample, it’s representation reflects an interpreter’s at-
tempts of extending themeaning through the lens of
the reader’s personal experiences; and this fills a gap
between the author’s and the reader’s understand-
ing. Actual memories inspire the interpreter’s rep-
resentation: a grandfather’s last wish to his grand-
son was to re-experience his home village through
a piece of drawing according to his description of
that demolished place. Based on the grandfather’s
description, a fuzzy image of the village gradually
emerges from that narration in the grandson’s mind,
through a mixture of the textual information and
some child-like sketches. However, the information
in the description is still limited due to the lack of
historical documentation and photographs. The in-
terpreter has to interpret the description through
the filter of the interpreter’s own knowledge, under-
standings and imagination: “It was one of the many
cities where I had never arrived, that I conjured up,
through its name” (Calvino 1997, p. 83), see Fig-
ure 1. However, the feedback from the family mem-
bers of the village, also based on imagination as they
have never been there either, indicates that the de-
molished villagehasmultiple parallel interpretations,
even if there are common elements. Just as Miller
(2002) had described that the textual world had al-

ready existed before it was written, people can get a
vision beyond the text, but the whole image of the
world is unable to be revealed. That is to say, the
space for interpretation is always there.

So, as adeparture, the research interest in this pa-
per begins to focus on the multiple visual interpreta-
tions of a piece of text. This text not being limited to
literary works, but extended in the realms of the ev-
eryday. As in the case above we take text related to a
(real) demolished building as the testing ground for
developing a technique to capture narrative in a way
that enables a digital representation in an interactive
3d virtual environment.

THE CURRENT INVESTIGATION
Consequent to the context set out above, the re-
search project described in this paper aims to in-
vestigate how a familiar “text” can be interpreted as
sketches and how these sketches can be translated
to a computer-mediated spatial virtual environment.
Themeaning of “text” here is extended to include the
collectivememory in the form of textual descriptions
as a narration. This clearly has an important applica-
tion in heritage architecture. The text may relate to
intangible heritage or a memory of what was once
tangible.

The particular case study used to establish the
basis for future work focuses on a Chinese family’s
memory relating to a demolished home in which
more than four generations used to live. The fam-
ily members were asked to recall their memories at
specific historic times. The responses were collected
as text fields in a questionnaire; the questionnaire
was developed with the intention to structure the
questions in a consistent way to minimise variation
in feedback.

The completed questionnaires demonstrate that
the narrative text - as memories - motivates the peo-
ple who do not have an architectural background or
sketching experience to express the details graph-
ically through memory. Moreover, the extended
meaning of sketching as narrative is captured in the
resulting outcomes. These captured text fields show
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Figure 2
Case study
workflow

that data can be derived that is translatable; translat-
able into qualities such as such as architectural form,
spatial sequences, sense of scale and dimensions,
materials, aural and emotional experiences. But the
narrative does this in away that narrows the space for
interpretation. In other words, There is the analogy
the “sketch” being developed to become the “draw-
ing” stage. , to describe the process of translation
from the conceptual interpretation of a text to a dig-
ital representation. The process in shown in Figure 2.

The translation of the data in the questionnaire is
taken as the interpretation of the translator. The pro-
portionof the translator’s re-creationor attempt tofill
the gap depends on how many details the subjects
can provide. For example, the width of a door or the
height of the ceiling can be reflected literally in a dig-
itally created environment. However, a description
such as “it was a gloomy alley,” or “there was a 1980s-
style-wardrobe” needs the translator’s interpretation.
Therefore, the original “sketchers” - the family mem-
bers - would come back to experience the VE. Their
feedback reflects that to what extent the digital rep-
resentation successfully re-creates the quality of the
conceptual accounts.

The conclusion arising from our work is that the
conventional sketch as a tool, bridges the imagina-
tive involvement in a narrative text and the digital
representation. A resulting workflow integrates the
immersion in the text, sketching out the imaginary
architecture and re-interpretation of the sketches.
The workflow can be examined by the reader to test
whether the reading experience can successfully re-

emerge in the VR experience.

CASE STUDY TO ESTABLISH THE PROCESS
ANDWORKFLOW
This section describes the process that has been de-
vised and modified to enable the analysis and cod-
ification of narrative text. It is the foundation work
through which the techniques adopted for a larger
study could be tested. The particular task set is the
digital re-construction of a demolished home based
on collectivememory of a small groupwho occupied
the space in the past.

Figure 3
Left: the family in
1970s (first, second
and third
generations);
middle: a wedding
in 1980s (third
generation); right: a
photo of the
interior space in
1990s (second and
fourth generations).

Case Study Introduction
This section introduces the origin of the case study
giving a brief history of the demolished home. The
family members used to live there for decades until
it was demolished as a casualty of city regeneration
that was undertaken during the second half of the
1990s (see Figure 3). The family members moved to
a newer multi-storey building, but they still often re-
called the lost moments in detail: the refurbishment
and collapse of the buildings, the furnishing in dif-
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ferent periods and the stories that took place in the
building.

This smaller project was intended as a pilot for
an examination of narrative related to a larger urban
landscape. The collective memory which reflects the
memory of a city may inform the research to inves-
tigate how we can use VR to re-experience a city in
a specific period in terms of not only the represen-
tation of the architecture, but also the impact of the
emotions and multi-sensory experiences.

Case StudyMethod
Because this case study is to rebuild a part a city
house based on the memories from those who do
not have an architectural background, it is essential
to validate a clearworkflow to let the familymembers
engage into the project and describe their memories
in simpleways. Moreover, as opposed to a general in-
terviewor conversation, since thememories are tobe
translated to a digital version, the description must
be stored and categorised as ‘data’ which is as con-
sistent as possible and hence translatable.

Initial results from the family members sug-
gested that their memories are overlain and contra-
dictory in some ways. Despite the inconsistency the
initial work established that the content of personal
memory could be categorised as visual, aural, olfac-
tory and haptic. This suggested that using a ques-
tionnaire to collect their description of the memory
systematically is feasible and would be best struc-
tured along these themes. As a result, the family
members were invited to recall and describe their
memory within the questionnaire so that the follow-
ing stages of the research could translate the text into
digital form.

However, the respondents were not limited to
writing. The result of the questionnaires shows
that some of the family members spontaneously use
sketches to describe their memory rather than using
pure textual description, even though they are not
mature sketchers. This is a sign that the memory in-
vokes the motivation of drawing to push the inter-
pretation from text to visual form. More importantly,

the sketches could be taken as more valid translat-
able data than the textual descriptionbecause the re-
interpretation of text data canbe less precise to some
extent.

The next stage the workflow uses Unity3D as
the primary tool to translate and reassemble the
categorised memories to form a VR environment in
which the users can interact with the system to re-
experience the demolished home in a chronological
order. The system was presented to the family mem-
bers and feedback was collected from them, which
was then employed to update and refine the system.

This case study describes an informal interview
with the family members in order to have an initial
perspective of the structure of the memory and test
the potential workflow that had been conceived. It
indicates that the family members’ description could
easily slip into a disordered conversation, even an ar-
gument because they tried to correct the different
descriptions of the same aspect where their mem-
ories diverged. However, it was clear that using a
systematic and structured questionnaire could make
this less problematic for the participants to fill in their
memories.

Figure 4
Textual descriptions
as the original
“narration.” Left:
Participant 03;
middle: participant
06; right:
participant 11.

Participation Design
Because the family members do not have an archi-
tectural background, it is essential to lead them to
explain their memory in a way that the descriptions
can be categorised in architectural terms. Other re-
searchers such as Coughlan and Johnson (2006) note
the importance of minimising ambiguity and mis-
understanding when translating language-enabled
processes to computationally-enabled ones. They
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describe the importance of establishing a ‘common
language’.

The case study described here has a particu-
lar function of establishing an appropriate question-
naire to be used to collect descriptions. The resulting
records fall into three structured parts, with 18 ques-
tions regarding the textual description as the origi-
nal “narration” (see Figure 4), and covered the level
of experience, scenario and environment and spatial
cognition. To offer a reference by which the partici-
pants can start recalling from specific moments and
associate them to the architectural space, the ques-
tionnaire included several photographs showing dif-
ferentperiodsof thehome. Then the familymembers
answer the following questions regarding architec-
tural elements as well as intangible memories such
as sound, atmosphere, and emotions.

Case Study Results and Findings
The next stage in the process is the analysis of the
”text” - the family members’ narrative descriptions.
The responses are categorised regarding the differ-
ent sensory experiences such as visual, aural, olfac-
tory, haptic and emotions.

With the prompt of previous photos, the results
show that the family members have not only recre-
ated the space shown in the photos but also revealed
more information which cannot be seen in the pho-
tos. Every piece of the object has its meaning and
backgroundhistory, which is not always evident from
its appearance. The left hand row of Table 1 shows
an example of a family member describing a mem-
ory and how the text is deconstructed to types of in-
formation, which are highlighted in different colours
in the textual description, and sorted into the cate-
gories of visual (green), aural (blue), haptic (yellow),
olfactory (red) and emotions (purple) in the right
hand row.

Table 1
Categorised
elements based on
a family members’
description.
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The resulting table of categorised elements
forms a library fromwhich the information is derived,
to be re-integrated into the VR system to test how
successfully it can generate the same (or similar) ex-
perience again to the users. In the translation stage,
the elements need to find their correspondence in a
VR representation, which will be discussed in a later
section.

Moreover, the results of the questionnaire show
that the answers were adequately recorded and cat-
egorised into different sections, and responses to the
same question by various participants were also doc-
umented. Although the questionnaire does not re-
quire the participants to answer the questions with
graphics, as noted above, some sketches can be
found in their responses. In general, the sketches rep-
resent architectural layouts such as a plan of a build-
ing or a room, or a site plan with annotations. Al-
though the participants do not have any architec-
tural background, the questionnairemotivated them
to translate the image in memory to graphic forms
with abundant details spontaneously, in addition to
text. Furthermore, one might say that the sketches
often reflect the participants’ professions to some ex-
tent, see Figure 5.

Figure 5
Sketches from three
participants: a.
Participant 6, the
profession of this
person was an
engineering
draftsperson; b.
Participant 2, who is
now an auditor; c.
Participant 8, who
works in real-estate
development.

VR Build
The study utilises SketchUp to create digital models
of the collected data and Unity3D for interactive VR.
As a final product, the results of the questionnaire are
to be integrated as a game programme.

As is mentioned previously, the categorised ele-
ments have to find their correspondence in the sys-
tem so as to be re-created and be re-experienced by
the users. According to Table 1, different categories
of the content can be translated as a variety of digital

representations. The relationship between the ana-
logue description and the digital translation is pre-
sented in Table 2. Elements such as locomotion type,
interaction type and user interface (UI) are essential
in VR but absent in the descriptions collected, and
therefore also need to be clarified in the system. Ta-
ble 2 showshow the type, content, digital translation,
and software employed are linked.

Table 2
Translation from
the collected
information to its
implementation.

The games engine (Unity3D) represents different as-
pects of data: the architecture as objects, the ma-
terial/texture as shading and material systems, the
weather as the particle system, the movement as a
first-person character, and the chronological narra-
tion as the UI which shifts between scenes (see Fig-
ure 6). Regarding the UI design, the system allows
the user to have an interaction with specific objects,
for example open/close the door, and an ‘examining’
feature enables the users to select and interact with
the object, for example pick up a photo and rotate it
(see Figure 7). Moreover, a note system is embedded
in the examining system in which the users who are
not familiar with the family’s story can obtain sepa-
rate items of information attached to the interactive
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objects. Accordingly, the users would find different
ways to learn about the history of this family.

Figure 6
Three scenes of the
home in 1995 (a),
1950 (b) and 1985
(c).

Haptic and olfactory feelings need to be suitably im-
plemented. For haptic feelings, the nature of th e
interaction has been changed from freely touching
and interact with objects to using a keyboard and
mouse, or headset and controllers. Actual collision
with objects is no longer a feature but can be visually
(not physically) imitated in the VR system. However,
how to create this feedback as counterforces to the
users and keep the consistency regarding the loca-
tions of the real and virtual objects need further de-
velopmental work.

Olfactory senses are a powerful agent in the rec-
ollection of memory (Barbara and Anthony, 2006).

However, establishing how to re-create this complex
mechanism without causing unhelpful distraction is
challenging for theproject, even if this is still a periph-
eral aim at this stage. Table 2 proposes the potential
strategy for the re-creation of these two senses; this
still needs further work.

The representation of emotion in the VR experi-
ence represents another challenge. The understand-
ing of the same adjective could be different depend-
ing on the context. The system should aim to ob-
jectively represent the atmosphere according to the
description through the interaction between differ-
ent functions (systems) in Unity3D. However, some
variance in interpretation is still inevitable, especially
when dealing with metaphorical phrases.

For example, an expression like “I was feeling
blue” does not indicate any real colour, it rather in-
dicates that the person was sad or depressed. Al-
though it is not an obscure metaphor, in the case of
digital translation, everything needs a “value.” There-
fore, the interpretation of this expression could be
in danger of overinterpretation or misinterpretation.
In Figure 6, the atmosphere of every scene is repre-
sented according to different emotions:

1. the first scene was derived from a piece of child-
hood memory - “a haunting and gloomy alley.”

2. the second scene tries to translate the expres-
sion of “the sky of the city was always grey, so
was my mood.”

3. the third scene shows the expression of “it was
an extremely cold winter, the street was quiet
and cheerless.”

Figure 7
The user can
examine and rotate
an object and
annotation is also
provided by the
system with
background
information. The
background is
blurred to make the
object the
dominant visual
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To mitigate this effect, further information is col-
lected after participants experienced the VR system.
This aims to gather feedback from the users to test
to what extent the emotions re-emerged in the ex-
perience. This will be discussed in the results section
later.

Model Test and Results
The family members were invited to experience the
system. This was screen based rather than a fully
immersive headset system, partly because many of
the participants are from fifty to eighty years old.
This means there are increased health and safety and
therefore the headset was not used in this prelimi-
nary study.

The analysis of the feedback from the partici-
pants, and observations of behaviour, indicate the
following:

• the immersive visual experience was sometimes
unstable.

• participants preferred staying together as a
group rather than experiencing the system indi-
vidually.

• ambient noise and similar external distraction
tended to interfere with the sense of immersion.

• regarding a sense of immersion, the participants
generally felt that the VE looked too “tidy” to
them.

• the atmosphere roughly fits the subjects’ expec-
tation but was not regarded as completely ”ac-
curate”

Arising from the initial analysis some observations
can be made:

It is possible that with the screen-based system
in particular, sound effects could be a significant fac-
tor tomaintain or enhance the immersion. This could
be especially true if they hear a context-appropriate
familiar sound such as radio and season-related envi-
ronmental sounds.

It is clear that the quality of the texturing and
models in the VR needs to be enhanced to obtain
a more “realistic” experience where the narrative is

better reflected in the VE. The comments about how
the environment looked too ‘tidy’ is recognised from
other research. An absence of ‘the other’ is a known
issue in terms of sense of immersion; addressing this
is a particular challenge.

Case Study Conclusion
The system was broadly successful as a workflow
from memories to a visualised VR, with continuous
engagement of the participants. The set-up of the
world would become increasingly detailed and flex-
ible to encompass different versions of memories.
Moreover, continually pursuing answers about the
architectural details can lead the participants to try
to sketch out pictures and this does not always re-
late to the participants’ profession. Based on the ini-
tial feedback fromtheparticipants, theVRexperience
does not fully re-create their memories because of
the hard-edged digital objects and the lack of com-
plexity in the real scenario. This gives motivation to
further develop the virtual environment and increase
the level of immersion, with the ideal to reach a level
of ”entrancement” (Ryan 2003).

This process is still based on a broadly linear ap-
proach. As such it does not allow the participants to
“change” the memory and create an alternative re-
ality. However, in general terms this case study has
helped develop and validate a system to move from
“text” (memory as text) to VR. In the subsequent case
study of this project, Umberto Eco’s The Name of the
Rose will be used as the narrative. Here we can inves-
tigate how to deal with themultiple versions of a real
environment and how to accommodate themwithin
a serious game environment.

REFLECTIONS
We began the paper looking at work from around 20
years ago. The nature of developments the interven-
ing period has made it apparent that the contem-
porary digital sketch may bear little resemblance to
the conventional digital sketch. The increasingly so-
phisticated and capable digitally mediated environ-
ment that we have today has created the possibility
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ofmore abstract and conceptual instantiations of the
‘sketch’. This paper has described current research
that investigates and explores such alternative ideas.

Interestingly Rattenbury (2017) has examined
the work of famous English author, Thomas Hardy,
who also had a career as architect. In his novel Far
from theMaddingCrowd, Hardy invented a county of
Wessex, and invented an imaginaryworld, populated
with architecture and landscape, that gained an im-
portant place in popular culture. Rattenbury noted
that Hardy ‘started developing Wessex as though it
were an architectural project’. In fact what he didwas
to make architectural drawings and sketches of the
buildings, elevations, partial interiors and so on, so
that when he came to write, the drawn sketch be-
came the scene that hewas able towrite thenarrative
against. His architectural sketch was a kind of stage
set.

This is an interesting reversal of the main idea in
this paper; for Hardy it is a sketch becoming the nar-
rative. But it illustrates the important idea that the
narrative and the sketch can have an important in-
terplay and symbiotic relationship in the creation of
one, or the other, or both.
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Kangaroo Physics, a physical simulation engine, is amongst the most used
form-finding tool with nearly 500 000 downloads. Mostly resorted to by users
with moderate computation skills, it provides a simplified interface for an
advanced simulation tool. It is a Particle Spring System relying on the Dynamic
Relaxation method and offering a wide design space. Thanks to the visual
scripting interface provided by Grasshopper, the user has access to a fixed set of
physical ``goals'' and unitless variables, without having to work with more
complex aspects of the Kangaroo physical model. This setup induces a
disconnection between the user and the physical model with its variables. The
goal of this research is to introduce, within the Grasshopper environment, a
tensile parameter, the Young Modulus, into the Kangaroo model. Thus, while
preserving the design freedom of the plug-in, a better understanding of the
physical behaviour modelled in Kangaroo is offered to neophytes, as well as
better control of material properties.

Keywords: Kangaroo Physics, Tensile Parameter, Form-Finding, User Control

INTRODUCTION
With the first Digital Turn in architecture (Carpo
2012), in the 1990s design processes have shifted
from representation to simulation. Designers work in
a whole new space, where topology, geometry, ma-
terial and load case are equivalents parameters that
can be programmed. The designer’s role is therefore
overturned: he/she no longer projects a finite shape,
but he/she collaborateswith themachine at different
degrees, from adjusting parameters on an interface,
to designing his own tools, no longer focusing on a
finite shape but on a dynamic design process. With
the massive development of digital tools and their
democratisation, the first has recently become pre-

dominant, raising the issue of the designer’s ability
to understand and fully master his tools (Gaudillière
2020).

One of these processes is called form-finding.
We can distinguish two approaches to form-finding
which could be called: the “physical rationalisation”
approach and the “shape freedom” approach. The
first is tomaximise themechanical and geometric ac-
curacy of the model, in order to establish the con-
structibility of a given object. In this case, a mechani-
cal problem is defined ahead of the form-finding pro-
cess. The second is part of a more prospective con-
text and offers more formal variation possibilities. In
this case, it is necessary to operate with as few con-
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straints as possible, in order to generate a design
space as large as possible. These two approaches co-
exist and can correspond to the stages of the archi-
tecture project. However, the physical rationalisation
approach is themost common in research today (Luo
et al. 2018) (Shi et al. 2018). The technical complex-
ity of new physical simulation models forces design-
ers to rely on tools whose physical principles govern-
ing simulation are hidden in favour of a simplified in-
terface (Gaudillière 2020)(Mueller and Brown 2017).
Such software with a simplified interface are accessi-
ble without any in-depth technical knowledge, be it
in the field of physics of in the field of computation.

With nearly 500,000 downloads [1], Kangaroo
Physics is the most downloaded grasshopper plugin
and one of the most widely used form-finding tool.
Kangaroo is among those tool with a simplified in-
terface, thanks to its integration into Grasshopper, a
visual programming software relying on dynamically
linked libraries (DLL).

The purpose of this paper is to question the role
played by tools and their interfaces in the designer’s
practice, through an analysis of Kangaroo Physics.
The user is offered a simplified interface, this simplifi-
cation allowing for a wider design freedomby easing
the resort to advanced simulation tools. This to the
detriment of physical rationality set aside, because
the technical principles and physical laws at stake
during the simulation are overshadowed. The goal
of this paper is therefore to explicit Kangaroo’s func-
tioning in a pedagogical objective.

First, a brief historical review will be made and a
classification of the form-finding methods will be es-
tablished. Then, a study of the functioning of Kan-
garoo is proposed, in order to to detect interface bi-
ases. Finally, a set of tools is developed, and applied
to three case studies.

FORM-FINDING METHODS CLASSIFICA-
TION
The form-findingprocess canbedefined as follows: it
is the search for a state of equilibrium of forces under
given conditions and according to a given stress.

Until the beginning of the 20th century, form-
finding was based on analog research processes. In
his experiments with soap bubbles, Frei Otto (1969)
explored the properties of matter to generate mini-
mal surfaces. Before him, Antoni Gaudi (see Fig. 1a)
used suspendedchainmodels toprefigure vaults and
arches shape. With analog research, the architect
places himself in a physical relationship with mate-
rial. This type of approach requires intuition. How-
ever, analog models show their limits when the de-
sign intention requires a high number of iterations,
on complex geometries. Moreover, scaling remains
an issue.

Since the end of the 1960s, the rise of computer
science hasmade it possible to develop form-finding
methods in the theoretically unlimited design space
offered by computers (see Fig 1b). Block and Veenen-
daal define three families of algorithmic form-finding
methods (Adriaenssens et al. 2014, table 10.1 p.116)
:

• Stiffness Matrix Methods (such as Natural Shape
Finding (1974))

• Geometric Stiffness Method (such as Force Den-
sity Method (1971), Thrust Network Analysis
(2007))

• Dynamic Equilibrium Methods (such as Dy-
namic Relaxation (1984), Particule Spring Sys-
tem (2005))

These methods can then be classified into two cat-
egories: static problem methods (stiffness matrix
methods) and dynamic problem methods (dynamic
equilibrium method) (see Fig. 2).

The first category includes methods that require
a rigorous description of boundary conditions (ge-
ometry, topology, material, loads), the simulation is
dependent on the material and on solid geometry,
which is difficult to reconcile with any prospective
approach. Methods such as the FEM consume a lot
of computing power and are intended to evaluate
a given solution. In short, it is a knowledge-based
process, while the objective of the form-finding pro-
cess is precisely the opposite; to produce variety. Al-

460 | eCAADe 38 - D1.T4.S1. MAKING THROUGH CODE –BUILT BY DATA AND THE ARCHITECTURAL ILLUSTRATION - Volume 1



Figure 1
1a. (left) A model
with suspended
chains, Gaudi, 1889
[2]. 1b. (right)
ElasticSpace ITKE
interface, a
screenshot of the
video [3].

though the debate remains open, we chose to ex-
clude these methods from form-finding as is defined
in this research.

The second category includes methods making
it much easier to perform interactive deformations
andmanipulate complex interactionswith only a few
equations and parameters. In fact, these methods
are well suited to generate visually correct simula-
tions. For example, the Dynamic Relaxation Method
is based on the resolution of the balance of forces
to reach the static state of a structure. In addition,
this method requires the least computing power and
produces the most diverse results(Veenendaal and
Block 2012, section 2.5). The most recent process
(2005) based on this latter method is the particle-
spring system (PSS). In a PSS, each object is discrete,
that is, each object must be readable as a set of
points. Each point is characterised by its position,
mass and velocity. The particle system’s evolution is
calculated using springs; understand the repulsive,
attractive or neutral relationship between two parti-

cles in the system. It is therefore possible to build in-
teractive models with parameters modifying the ge-
ometry in real-time. KangarooPhysics belongs to this
category (see Fig 2). Thus, the surface becomes a
mesh, i.e. a set of points and lines. However, a parti-
cle spring-system cannot simulate complex physical
phenomenons such as flexion, given that in an en-
vironment that was originally designed to simulate
hulls and minimal surfaces, structures operate with
normal forces (compression/traction) only.

Based on the PSS method, several design tools
have been developed in the past years. CADenary
is a software developed by Axel Kilian (MIT), in 2005,
based on Gaudi’s catenaries system and offering a
configurable tool for the generation of compression-
only vaults (Kilian and Ochsendorf 2005). Regarding
complex structures involving hybrid dynamic bend-
ing and tension, in 2013 Achim Menges developed
SPRINGform (Ahlquist et al. 2013). Evy Slabbinck’s
recent research at the University of Stuttgart has led
to the development of a real-time recursive topol-

Figure 2
Available
form-finding tools.
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ogy algorithm: ElasticSpace [3] (Suzuki et al. 2017).
All these solutions have a simplified interface (see
Fig. 1b). Kangaroo Physics relies on the same form-
findingmethod but is the only released and free tool
today. K2Engineering is a grasshopper plugin us-
ing Kangaroo Physics library, developed by Cecilia
Brandt. Oriented toward physical rationalisation, the
plugin includes similar adjustments as the ones pro-
posed in this paper. Although this plugin has been
used in some works (Melville et al. 2017)(Bonavia et
al. 2019), no article details how this pluginworks, and
it hasn’t been released, although the source code is
available[4]. The author has not been able to get the
plugin working at the time of writing this article. The
existence of K2Engineering shows that there is a flaw
since there was a need to make this plugin, but this
flaw is not demonstrated anywhere, even though it
is very important for reducing the gap between the
user, and the physical model and its variable. The
goal of this article is to reduce this gap, first by show-
ing its existence, and then by developing a clear and
appropriable approach to reduce it.

Despite Kangaroo Physics’ many advantages,
several issues remain in the form-finding developed
in it. It relies on known methods without showing
their full complexity and potential. The source code
of Kangaroo has been published on Github by Daniel
Piker [5], and online documentation about themeth-
ods involved are available online[6]. Using these re-
sources, wewill develop the functioning of Kangaroo
Physics (a Particle-Spring System) in order to high-
light this gap, thenwewill proposea solution thatwill
be applied to a set of three case studies in order to
validate the principle, validate design freedom, and
validate the results.

ANALYSIS
Particle-Spring System Functioning
Hooke Law (Hooke 1678). In a Particle-Spring Sys-
tem, a spring is calculated according to Hooke’s law:

Fs = k · x (1)

Dynamic relaxation. The name dynamic relaxation
appears for the first time in an article by A. S. Day
and J. R. Otter (1960), where the authors sought to
model the movement of the swell. They replace the
equations of continuity and motion of fluid mechan-
icswith thoseof elasticity (Hooke’s law) and structural
mechanics dynamics (Newton’s Laws).

This method simplifies the solution of a non-
linear equation system into an iterative and linear
explicit calculation. The proposed static solution is
therefore the result of a damped dynamic process.
The dynamic behaviour itself does not matter be-
cause it is the static state that is sought. The dy-
namic relaxation iterative model is explained by Cyril
Douthe (2007, part 3.2.2 p.83).

KangarooOperatingMode
Adynamic relaxation algorithm follows specific steps
(Adriaenssens et al. 2014, table 10.1 p.116), pre-
sented in the following parts, for a generic tensioned
surface. The input is a mesh, its vertices and edges
become nodes and connections in kangaroo. The
output is a set of curves, that can be assembled into
a mesh.

Figure 3
Algorithm for
simulating a
generic tensioned
surface in
Grasshopper with
Kangaroo Physics.

Definitions of the initial conditions. Initial geome-
try (Li), rest geometry (L0), and load cases (see Fig. 3).

• 1: A mesh composed of vertices and edges
• 2: The initial length of the mesh edges gives Li

for each edge
• 3: The length factor, a
• 4: “Strength” corresponds to the stiffness of the

connection, k

We therefore retrieve, for each interaction L of the
system, Hooke’s law (equation 1):
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F = k(a · Li − Li) (2)

WithL0 = a · Li

• 5: Definition of the anchorage points, here the 4
corners of the mesh.

Definition of convergence parameters. The solver
component (see Fig. 3).

• 6: The threshold indicates the moment at which
the simulation will be stopped and at which the
algorithm will have converged. By default this
threshold is 10-15, or one femtometer. By raising
this threshold, we accelerate the convergence of
the simulation, at the expense of its accuracy.

Four other entries can be found on this component:
“GoalObjects” - is the sumof forces, “Reset” - towhich
a reset button for the simulation is connected, “Tol-
erance” - the threshold for which 2 points will be
merged, “On” - To which a switch to turn the solver
off is connected.

Definition of the masses at each node. By default
each node has a mass equal to 1. Since themass acts
on the inertia, it also acts on the convergence speed
of the algorithm.

Convergence loop. At each iteration and until the
model converges.

Calculation of residual forces ⃗
R

t
n. The “GoalOb-

jects” entry is the sum of the residual forces for each
node.

Calculation of speeds
⃗

V
t+∆t/2
n . (Douthe 2007,

part 3.2.2 p.83)
⃗

V
t+∆t/2
n =

⃗

V
t−∆t/2
n +

∆t

mn

·
⃗
R

t
n (3)

Calculation of positions ⃗
X

t+∆t
n . (Douthe 2007, part

3.2.2 p.83)
⃗

X
t+∆t/2
n = ⃗

X
t
n +∆t ·

⃗

V
t+∆t/2
n (4)

The algorithm will stop when the threshold is
reached, we will then have the static state of the ge-
ometry.

Static state of the geometry (L). (see Fig. 3).

• 7: Once the static state of the geometry is
reached, the PSS gives 3 different types of out-
put: Iterations (I) number of iterations required
until the model converges, Vertices (V) for the
points, and Output Geometry (O) for the edges.

Verifying Newton’s Laws
Kangaroo Physics uses Newton’s first law to calculate
the system. The third law is de facto validated be-
cause the PSS are based on the interaction between
two points. The force between these two points acts
in the direction of the line. It is added to one point
and subtracted from the other.

In Kangaroo (see Fig. 4), by default, each particle
has a unit mass. Newton’s second law can be used
to define a mass for a particule. (In version 1 of Kan-
garoo, we could define the mass of an object with a
dedicated component, which is missing in version 2).

We therefore use the following expression:
(

mt

n

)

g = p (5)

with:

• mt : total mass of the object
• n : number of nodes in the discrete object
• g : acceleration of terrestrial gravity
• p : object weight in N

Figure 4
Weight / mass
definition in
Kangaroo Physics.

YoungModulus
The longitudinal modulus of elasticity, also called
Young’s modulus, is the constant that connects the
stress (as normal stress, traction or compression) and
uniaxial deformation (proportional deformation) of a
givenmaterial. This constancymeasures the stiffness
of this material. It is therefore interesting to compare
it with Hooke’s law, to understand to what extent the
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latter approximates physical phenomena.
For a specimen of any material of moduleE, we

have:

E =
F · L0

S ·∆L

(6)

With:

• L0 : resting length of the specimen
• ∆L : relative elongation
• F : force exerted by thematerial when it is elon-

gated by∆L

• S : section perpendicular to the force F

We thus find Hooke’s law back:

F =

(

E · S

L0

)

·∆L ≡ F = k · x (7)

[N ] =
[Pa][m2]

m

[a dim .]

Hooke’s Law describes only the linear part of the
behaviour of matter (see Fig. 5). We also observe
that this behaviour varies greatly depending on the
material (from 7.50.10-7 GPa to 1200 GPa [7]). It thus
appears relatively complex to control physically ratio-
nal behaviour, in Kangaroo as it is. Nevertheless, with
equation 7, we understand that the modulus of elas-
ticity can be introduced into Kangaroo. By in produc-
ing the Modulus of Elasticity, we open the way to the
implementation of bending or buckling (and other
properties) as it is linked to the Modulus of Elasticity,
however it is not the purpose of this paper.

Figure 5
Kangaroo Physics
behaviour v. given
material behaviour.

PROPOSED RESOLUTION
In this section we define four components, following
the introduction of Young’s modulus into Kangaroo.

Rational Stiffness
With equation 7, Young’s modulus can be linked to
Hooke’s law. A physical rationalisation can therefore
be introduced in Kangaroo Physics. Thus, we have:
(

E · S

L0

)

= k (8)

This is translated intoKangaroo (see Fig. 6). Forbetter
intelligibility, the diameter in millimetres is the vari-
able. It is converted to meters and gives section S

(see asterisk) with S = (d/2)2Π

Figure 6
Rational stiffness in
Grasshopper’s
environment.
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Yield Strength

Figure 7
Yield strength in
the Grasshopper
environment.

Following what has been shown earlier in the paper,
we are attempting to visualise the moment where
a connection exceeds its yield strength in Kangaroo
(see Fig. 7).

First of all, the yield strength is a stress expressed
in Pa, so:

Re =
Fe

S

≡ Fe = S ·Re (9)

Moreover, by reusing equation 6, we have: F = E ·

S

(

L

L0
− 1

)

We visualise the elasticity state of a connection
by comparing the forceF in this connectionwith the
maximum force Fe,

• if
F

Fe

∈ [0; 1] then the connection is in elastic

behaviour, the simulation is correct.

• if
F

Fe

> 1 then the material is in plastic be-

haviour, the simulation is incorrect.

Moreover, the mechanical resistance limit notedRm

is also a constraint, it can be visualised with the same
method.

Support Reaction

Figure 8
Support reaction in
Grasshopper’s
environment.

In fact, the support reaction P at point A is equal to
the sum of the vectors of the forces exerted on this
support. In Grasshopper (see Fig. 8), the tool is di-
vided into 4 parts: extraction of the connections re-
lated to the supports and the forces associated with
these connections (a), definition of vectors having as
amplitude the values of forces previously extracted
(b), for each support, sum of the vectors (c), then dis-
play of the reaction vectors to the supports and their
value in kN (d)

Rational Prestressing
By default, prestress is defined by a ratio betweenLi

andL0, and prestress is characterised in Newton.
By picking up equation 6, we find: L0 =

Li −

F · Li

E · S

. Figure 9 shows this equation in the

Grasshopper environnement.

Figure 9
Rational
prestressing in the
Grasshopper
environment.

CASES STUDIES
The data used in this section are from MathWeb [7].
The aim here is to validate our set of tools with three
study cases.

Validation of the Principle
We are studying the elongation of nylon specimen,
comparing traditional calculation and with our set of
tools in Kangaroo.

Young modulusE = 3GPa, initial lengthLi =
1m, section S = 3, 14160.10−6

m
2, applied force

(m = 1kg) F = 9, 80665N

Manual calculation. Using equation 6, we find the
value of L:

L = Li +
F · Li

E · S

(10)

L = 1, 001041m
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Kangaroo Physics. By using the tools shown earlier
in the paper, Kangaroo displays the same result : L =
1, 001041m.This first experience confirms that Kan-
garoo is able to simulatematerial behaviour with our
tools.

Validation of the Design Freedom
We are seeking to reproduce a classic form-finding
case implementing our tools.

The simulation takes 46ms to compute, mean-
ing there is a 0.046-second delay between the mod-
ification of a parameter by the user, and the visual
feedback (see Fig. 10a). As a comparison, the ini-
tial Kangaroo simulation presented in part 3.2. re-
quires 6ms. The simulation, therefore, remains us-
able in real-time. The user does not lose the flexibil-
ity of use, as a result of the addition of rationalisation
tools. Thus the wide design space specific to Kanga-
roo is maintained. The variability of results enabled
by this algorithm is shown in figure 10b. Initial ge-
ometry and prestress are the fixed parameters, but
other parameters can be a source of variation: ma-
terial, connection cross-section, weight, etc.

Validation of the Results
We are seeking to reproduce the conditions of the
form-finding method developed by four Chinese en-
gineers to optimise the cable network corresponding
to the roof of the Suzhou Industrial Park Stadium (Shi
et al. 2018). This article is recent and the subject of
study, a tension cable network, can bemodelledwith
Kangaroo Physics. The initial conditions are set out
on page 7 of the reference article.

All cables have amechanical strength limit (Rm)
of 1, 670MPa, a density (d) of 7, 85.103kg/m3,
a modulus of elasticity (E, Young’s modulus) of
1, 60.105MPa.

Definition of load cases applied to the nodes of

the central hoop:
lh∞p · S · d

nbnodes

= 2173, 41N

Here the parameters are: height of peripheral
nodes (anchoring), prestress level of each cable, sec-
tion of each cable. We record the orders of magni-
tude of the parameters in Figures 8 to 12 of the refer-

enced article: cable section: from 0.006 to 0.0150m2
and node elevation: from 0 to 30 000 mm.

Having read this information, we can build a
model with the system developed in case study 2.
The development and application of a genetic algo-
rithm is not the subject of this paper, so this part will
not be covered. The objective function is therefore
given page 5 of the reference article:

Objv(x) =
∑

dj · Sj · lj (11)

By using the tools shown earlier in the paper, an al-
gorithm is constructed in Grasshopper.

The figure above (see Fig. 11) shows 3 forms
generated by the user’s search. The details of the
force per connection in kN (a) and the mechanical
strength limit F/Fm (b) are given.

Using their genetic algorithm to have a bespoke
dimensioning on each cable of the system, Luo, B.,
Ding, M., Han, L. and Guo, Z. get similar results. This,
therefore, demonstrates that the proposed compo-
nents for Kangaroo Physics produce valid results. The
proposed method opens the understanding of com-
plex form-finding cases, such as the design of a sta-
dium roof, to neophytes.

CONCLUSION
Using Grasshopper’s programming environment, we
have integrated the elasticity parameter (Young’s
modulus) into Kangaroo’s particle system. The new
model is integrated into the form-finding process
and projects four layers in real-time: the force F in
kN per connection, the ratio between the force F

and the yield strength limit force Fe, the ratio be-
tween the force F and the mechanical strength limit
force Fm, and the reaction to the supports. Three
new parameters are a source of shape variation: the
material (Young’s modulusE, yield strengthRe, me-
chanical strength limit Rm), but also the weight in
Newton, and the prestress in Newton.

The three study cases demonstrate both the ac-
curacy and the interest of the proposedmodel at dif-
ferent scales and complexity degrees. It opens the
way to a new level of accuracy in form-finding with
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Kangaroo for untrained users, by expressing the full
technical complexity at stake during the simulation
by Kangaroo. Beyond expliciting Kangaroo’s func-
tioning in a pedagogical objective, and implement-
ing physical properties through the Young Modulus,
this research is a starting point to adding more phys-
ical properties.

In our quickpaced technological era, digital tools
and the algorithms they rely on tend to be displayed
via simplified interface leading designers to partly
losing control of their production. This is an attempt
to give back control to designers, by reducing the
gapbetween the user and thephysicalmodelwith its
variables. This research aims at reconciling the phys-
ical rationalisation approachwith the shape freedom
approach, by maintaining advantages coming from

both, in order for neophytes to better grasp the place
of computational tools in the design process.
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Gordon Pask, as one of the leading figures in the field of cybernetics, had an
extensive impact on architecture through his lifelong connections with
architectural circles in the UK and the USA from the early 1960s until his death
in 1996. He is mostly known to architects by his collaboration with Cedric Price
on a number of occasions; however, his affiliation with architecture include
several other instances that involved designing architectural projects, teaching in
architectural schools, writing on architectural issues and more. This paper aims
to review these instances to scrutinize how his discourse on architecture unfolded
in time by addressing his evolving understanding concerning the relationship
between architecture and cybernetics. In doing so, the paper examines key
aspects of his own work in relation to key instances of his relationship with
architecture.

Keywords: Cybernetics, Architecture, Design, Gordon Pask, Conversation
Theory, Human-Machine Interaction

Introduction
In two special double issues of Kybernetes journal
in 2001, which comprised a memorial collection in
honor of Gordon Pask (1928-1996), including those
of Heinz von Foerster’s and Stafford Beer’s, a num-
ber of architects who had the chance to collaborate
with him in various forms during his lifetime con-
templated on his impact regarding both their own
work and architecture in general. Cedric Price (2001,
p.820), who directly cooperated with him on Fun
Palace and JapNet projects, considered “his presence
and inventions within life of the Architectural Associ-
ation (AA)” as “both legendary and of day to day rel-
evance”. Peter Cook (2001, p.571), at whose architec-
tural juries he was a frequent critic, called him “ex-

traordinary” and argued that he was probably “more
architect” than architects. Royston Landau (2001,
p.752), whowas the guest editor of two Architectural
Design (AD) issues which he contributed to, wrote
he was “always wishing to expand new architectural
questions in which he played an important part with
innovative projects”. John Frazer (2001, p.641), who
collaborated with him in his last years, argued that
his contribution was crucial in the development of
“an increasingly environmentally responsive archi-
tectural theory”.

Pask has acted as a source of inspiration formany
in architecture and he left a still evolving complex
web of relations concerning architects mentioned
above, alongwith several others including thosewho
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are still promoting his ideas in architecture today. His
legacy is still alive by virtue of this strong connec-
tion, which is due to a combination of his interest and
involvement in architecture; and the openness of a
few but devoted architects willing to incorporate his
ideas into architecture.

This vast influence is beyond the scope of this
paper. Rather, I aim to provide here an account on
Pask’s discourse on architecture. In doing so, I will
try to decode his evolving understanding concern-
ing the relationship between architecture and cyber-
netics by focusing on two of his texts; the earlier, fre-
quently cited “The Architectural Relevance of Cyber-
netics” (Pask 1969) and the later, unpublished “An
Initial Essay: Towards a Unification of Architectural
Theories” (Pask no date). I organized the paper in
three main parts: In the first part, I will focus on his
early encounters with architecture starting from the
early 1960s until the early 1970s. In the second part, I
will provide a brief overview of his own work, partic-
ularly his magnum opus, Conversation Theory (Pask
1975a;1976), its background and significance in the
second-order cybernetics. In the final part, I will con-
centrate on his encounters with architecture in the
later period starting from the early 1970s until his
death in 1996.

Early Encounters: Architecture as a Field to
Apply Cybernetics
Pask’s first encounter with architecture was through
Cedric Price. When Price was appointed the archi-
tect of the Fun Palace (Figure 1), he and Joan Little-
wood invited him for an unpaid “cybernetician” posi-
tion. He immediately accepted the post and formed
a cybernetic working party (Price 2001, p.819), which
was called “The Fun Palace Cybernetics Committee”.
He acted as the headof the committeewhichwas the
mostpowerful of the consultantgroups in theproject
(Mathews2006, p.44). The committeewas very active
and a documentwere produced in the formof a book
after every meeting (Price 2001, p.819). The general
goals of the cybernetics committee were established
by Pask as the development of “new forms of envi-

ronment capable of adapting to meet the possibly
changeful needs of a human population and capable
also of encouraging human participation in various
activities” (Mathews 2006, p.44). With the contribu-
tion of the committee in line with these goals, the fo-
cus of the project changed from “a barrier-free venue
for experimental theater” to “a more ephemeral mo-
bility offered by new information media and mass
communications” (Lobsinger 2000, p.123). In Price’s
words, Pask gradually shifted the focus of the Fun
Palace “from Brechtian theatre towards cybernetics,
interactivity and social control” (Mathews2005, p.83).

Figure 1
Interior Perspective
of the Fun Palace,
Source: Cedric Price
Fonds, Canadian
Centre for
Architecture

The Fun Palace project was never built, but acted as
the foundation for a lifelong friendship between Pask
and Price and became a stepping stone for Pask to
engage in other activities within the AA circle. He
was invited to several architectural juries by Peter
Cook, Royston Landau, Alvin Boyarsky and George
Balcombe throughout the 1960s and lectured in var-
ious occasions at the AA (Furtado 2007, pp.94-98).
His lectures were so influential that several students,
some of which turned out to be his own students
in cybernetics in the later years, including Nicholas
Grimshaw, Stephen Gage, Ranulph Glanville, Chris
Abel, Isaac Haissman were visiting him in his office
seeking advice for their projects (ibid, p.98).

Pask’s promotion of cybernetic ideas in architec-
ture culminated, when the guest editor Royston Lan-
dau invited him, along with several other famous
figures such as Imre Lakatos, Karl Popper, Stanford
Anderson, Nicholas Negroponte and Cedric Price, to
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write an essay at the Architectural Design (AD) jour-
nal in 1969. Pask used this opportunity to propose
”architectural cybernetics” as a unifying theory for ar-
chitecture (Pask 1969). He argued that, architecture,
theway it was practiced ”in or before the early 1800s”
were dominated by ”pure architecture rules”, which
were sort of canons according towhich the buildings
were designed and evaluated by architects. Accord-
ing to him, architects’ brief was quite narrow and all
problems could be solved by the application of these
rules which were largely determined by the ”quite
rigid codes of architecture” and by the ”conventions
of society or the individual practitioner” (ibid, p.494).
As a result of this understanding, ”architects did not
need to see themselves as system designers, even
though they designed systems” (ibid). However, in
the course of the 1800s, new techniques were assim-
ilated and new problems like designing a railway sta-
tion or a great exhibition were posed which could
not be solvedby applying the pure architecture rules.
As a result, architects were forced ”to take an in-
creasing interest in the organizational system prop-
erties of development, communication and control”
(ibid). But, throughout this process, architecture did
not have a general theory as to represent this un-
derstanding, instead there were ”essentially cyber-
netic sub-theories”whichwere ”dealingwith isolated
facets of the field” (ibid). Thus, he proposed to collect
”the isolated sub-theories together by forming agen-
eralization from their common constituents”, namely,
”the notions of control, communication and system
(ibid, p.496) and proposed cybernetics as a unifying
theory:

”Cybernetics is a discipline which fills the bill in-
sofar as the abstract concepts of cybernetics can be
interpreted in architectural terms (and, where appro-
priate, identified with real architectural systems), to
form a theory (architectural cybernetics, the cyber-
netic theory of architecture).” (ibid, p. 494)

According toPask, the cybernetic theoryof archi-
tecture hadwhat he called ”predictive power”, mean-
ing that it could accommodate adaptive architec-
tural systems that could evolve according to changes

in the behavior of both the environment and the
inhabitants, in contrast to pure architecture which
was ”descriptive (a taxonomy of buildings and meth-
ods) and prescriptive (as in the preparation of plans)”
(ibid). And, if the cybernetic theory of architecture
was adopted, ”the concept of a house as a ’machine
for living in’” would be ”refined into the concept of an
environment with which the inhabitant cooperates
and inwhichhe can externalize hismental processes”
(ibid, p.496).

This essay represents a significant point in Pask’s
relationship with architecture, as it clearly demon-
strates Pask’s understanding of architecture as of
1969. In this particular and rather provoking under-
standing, Pask pictures architecture as being gov-
erned by essentially cybernetic sub-theories since
the second industrial revolution, but urges for cyber-
netics as a general unifying theory. With an under-
tone that places cybernetics in a superior position to
architecture, he ascribes cybernetics the power to act
as the theory of architecture and regards architecture
as a field to apply cybernetics. A slightly different
viewwas also adoptedbyGlanville (1997, 2007, 2009)
regarding the relationship between cybernetics and
design.

In the late 1960s and the early 1970s, another
of Pask’s strong connections to architecture was
through his doctoral students in cybernetics at the
Brunel University, who were architects. According to
Glanville (2007), out of his 12 successful doctoral stu-
dents at Brunel University, eight were architects and
six came from the AA. In two reports on “Postgradu-
ate Research in Cybernetics” (Brunel University 1970;
no date) a list of postgraduate students and their
research abstracts are provided, including Glanville
himself along with Chris Abel, Michael Ben-Eli, Luis
Pereira and Luis Monteiro. In this period, Pask and
his architect-students produced research by which
they tried to find solutions to architectural problems
through cybernetics. For instance, Glanville’s thesis
(1975) aimed to relate architecture and language and
consisted of a systems approach to solve problems
in both of them. From Abel’s research, born the Ar-
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chitrainer (Figure 2), “an interactive computer game,
that used techniques derived from interpersonal psy-
chology and computer aided instruction to simulate
dialogues between student architects and hypothet-
ical clients” (Abel 1974; 2000, p.33; Negroponte 1975,
p.112).

A Brief Overview of Conversation Theory
Conversation Theory was a body of work published
in twobooks (Pask 1975a;1976), which essentially de-
scribed the nature of interaction, no matter among
what type of entities. It was a continuation of
Pask’s previous studies on “perceptual motor learn-
ing, group interaction and sequential choice” as well
as on “learning, subject matter structuring and cog-
nition” which were described in two previous books
(Pask 1961;1975b) (Pask 1976, p.ix). It was also the
subject of a “Social Science Research Council” re-
search program titled “Learning Styles, Educational
Strategies and Representation of Knowledge: Meth-
ods and Applications” (Pask 1975a, p.x). It was orig-
inally intended as “a new theory of learning and
teaching” that resulted in applications in the field of
education (i.e. CASTE, Course Assembly System and
Tutorial Environment) (Pask 1975c), but it may as well
be regarded as a second-order cybernetic paradigm
that hasbeenadopted inmanyfields. In Pask’swords,
it was “an essay in [hu]man / [hu]man and [hu]man /
machine symbiosis” (Pask 1976, p.ix). In essence, it
was the culmination of Pask’s more than 20 years of
work on interaction and interactive systems.

Conversation Theory involved quite complex
concepts and ideas which were laid down in detail
in chapter 4, 5 and 6 of (Pask 1975a). However, the
earliest manifestation of the theory was included in
an architecture book, “Soft Architecture Machines”
byNicholas Negroponte (1975), which represents an-
other instanceof Pask’s interest in architecture. When
asked to write an introduction to the first chapter of
his bookbyNegroponte (1972), Pask accepted the re-
quest and wrote about his Conversation Theory, par-
ticularly the structure of conversations; and argued
for its capability inmodelling the humanmachine in-

teraction in architecture, proposing an “architecture
machine” that is able to act as a conversational part-
ner to a human designer (Pask 1975d). In doing so,
heproduceda total of tenhand-drawndiagrams (Fig-
ure 3), many likes of which can also be found in (Pask
1975a).

Figure 2
A Photograph of
the Architrainer,
Source: Chris Abel

Figure 3
Diagram 10, Source:
(Pask 1975d, p.29)

The specifics of the structureof conversations regard-
ing concepts and ideas like P/M individuals, levels of
discourse in language, causal/inferential couplings,
repertoires of procedures, entailment structures and
more are beyond the scope of this paper. However,
the kindof exchanges to spring from thismodel is de-
scribed by Glanville as follows;
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“Pask’s conversational structures required at
least two participants, the first of which presented
some understanding (of some topic) to the second.
The second took this presentation and built his/her
own understanding of the first participant’s under-
standing, presenting this understanding of an under-
standing in turn to the first participant. The first par-
ticipant then makes an understanding of (the pre-
sentation of) the second participant’s understand-
ing of (the presentation of) the first participant’s un-
derstanding, thus comparing his/her original under-
standing with the new understanding developed via
the second participant’s understanding. If these two
understandings are close enough, the first partici-
pant can believe the second participant hasmade an
understanding that is, at least operationally, similar
to his/her original one.” (Glanville 2007, p.1185)

Naturally, this structure and the resulting com-
plex exchange mechanism imply three outcomes.
Firstly, this model approaches conversational part-
ners, whether be it humans or machines, equally,
which elevates it to a genuine interactive framework.
By establishing a symmetry between the partici-
pants, it eliminates the danger of creating a master-
slave exchange mechanism. Secondly, the model
assumes that participants do not transmit or share
meanings, instead they build understandings from
what the other participant has to offer, which results
in novelty to arise (ibid, p.1190). And thirdly, the
model argues that intelligence is not in the individ-
ual, rather intelligence is in the interaction (Pangaro
2002, p.62).

Throughout his career, Pask always put a special
emphasis on interaction even long before he wrote
a theory about it. He designed and built several
artifacts, which were able to interact with humans
or other artifacts through circular feedback mecha-
nisms. These artifactswere representativeof his com-
mitment to the creation of interactive systems and
precursors to his Conversation Theory.

The Musicolour (Pask 1962; 1971) (Figure 4) was
one of the earliest artifacts he built in the early 1950s.
It was an adaptive light showmachine that had ”spot-

lamps and a set of controlled optical filters, which
may change the color of the lamp or the form of a
projected image” (Pask 1962, p.164). The machine
was able to interact with a performer who played
on a musical instrument, by interpreting his/her au-
ditory input to create a changing visual display by
the movement of the optical filters (ibid, p.164). It
had a ”learning capability” which made it ”able to
modify the relation of the auditory vocabulary to
the visual vocabulary as the performance went on”,
which as a result made it able to become involved
”in a close participant interaction”with the performer
(Pask 1971, p.78). By virtue of this interaction, it could
”co-operate” and ”act as an extension of the per-
former” to achieve effects that could not be achieved
otherwise” (ibid, p.78). This kind of a symbiotic rela-
tionship was achieved with the capability of the Mu-
sicolour to ”get bored” (ibid), which made him able
interactwith the performer in an ”unexpected, evolv-
ing and persistent” manner (Pangaro 2017, p.1579).
This feature was described by Pangaro as follows;

“If a performer played too long in the [same
range of] pitch[es], Musicolour would ”get bored“
and drift its attention to a higher or lower range. The
performerwouldnotice its driftingattention fromde-
creased responsiveness and seek to engage it again
by changing his/her playing, thus engaging in a give-
and-take with both human and machine reacting,
each havingmultiple layers of action, learning, mem-
ory and goals.” (ibid)

AlthoughMusicolour was designed to be “an aid
to a [musical] performer”, Pask also argued that, with
minimal alteration, it can be viewed as “an aid to
a designer” (Pask 1962, p.166). This proposition is
particularly significant as it shows one of the earli-
est instances of Pask’s persistent desire to promote
his ideas in architecture anddesignfields evenbefore
the Fun Palace project.

The Musicolour was indeed employed in archi-
tecture, although not the way Pask proposed it could
be. Its ability to “get bored” inspired John and Julia
Frazer when they were designing the computer pro-
grams that control the behavior of individual com-
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ponents of Cedric Price’s Generator project in the
late 1970s. They designed a “boredom program” by
which Generator would “get tired of its users” when
its componentswerenot shuffled frequently enough;
and “generate unsolicited plans and improvements”
(Steenson 2017, p.157).

Another notable machine built by Pask before
the Conversation Theory, was called the Colloquy of
Mobiles (Pask 1971) (Figure 5). This machine was
in the form of a dynamic installation for the “Cyber-
netic Serendipity Exhibition” of the Institute of Con-
temporary Arts in London in 1968. The machine had
quite complex exchange procedures, whichwere de-
scribed in (Pask 1971). However, simply told, the
machine functioned as follows: It had three female
and twomale figureswhich could communicatewith
eachother via visual andaudible signs. Both themale
and female figures had two kinds of drives. The goal
of eachmale figurewas to satisfy his driveby commu-
nicating with female figures via sending and receiv-
ing light beams and sound signals. But, to be able
to do so, they had to elicit the cooperation of a fe-
male figure which had a vertically positioned reflec-
tor that is capable of reflecting the light beam back
to the male figure. To be able satisfy their drives,
male figures had to compete with each other as they
were physically connected which prevented them
fromacting independently. If amale anda female fig-
ure, having the same drive could establish a connec-
tion, a further series of exchanges would take place,
which would result in the satisfaction of their drives.
Humans too could enter the environment and partic-
ipate, if providedwithmeans to produce visual signs.
(ibid)

The Colloquy of Mobiles, yet another manifesta-
tion of Pask’s appreciation of interaction, was “a so-
cially oriented, reactive and adaptive environment”
(ibid, p.88) that “explored the nature of machine-
to-machine and person-to-machine conversations”
(Pangaro andMcLeish 2018, p.1) Themobiles and hu-
mans could engage in interactions through circular
feedback routines.

Figure 4
“Electrochemical
System” of the
Musicolour, Source:
(Pask 1971, p.85)

Figure 5
The Colloquy of
Mobiles at the
Cybernetic
Serendipity
Exhibition, Source:
Media Art Net

Later Encounters: Architecture and Cyber-
netics as Fields That Coexist
Pask continued to promote his ideas in architecture
in various forms after the Conversation Theory. He
became involved in two projects, Hunch and Graph-
ical Conversation Theory, which were developed by
the Architecture Machine Group of MIT in the mid
1970s. Hunch was a digital drawing system that at-
tempted to recognize the sketchesof its user (Steeen-
son 2017, p.188). It was programmed based on Con-
versation Theory and operated in three levels, where
it was able to create itsmodel of the user, itsmodel of
user’s model of it and its model of user’s model of its
model of the user (Werner 2019, p.6), reminiscent of
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the structure of conversations. Graphical Conversa-
tion Theory, on the other hand, was a five-year grand
proposal to the National Science Foundation (NSF)
that included $1.42 million worth of projects (Steen-
son2017, p.193). It aimedatuniting computer graph-
ics, conversation theory and a number of research
projects under one umbrella (ibid, p.194). However,
the proposal couldn’t be realized as NSF rejected it
(ibid, p.195).

Pask also participatedwith Cedric Price on an en-
try for an architectural competition, called JapNet for
the city of Kawasaki in the late 1980s (Figure 6). It
was the first direct engagement between Pask and
Price after more than twenty years. Pask’s role in this
project was larger compared to the Fun Palace as he
personally designed anddrafted a significant portion
of the project. The project was based on the idea
of “techno-trees”, which were supposed to be used
as intelligent post-boxes by the citizens of Kawasaki
(Price and (Hardingham, 2016, p.659). Both Price
and Pask designed their versions of techno-trees and
Pask’s version was “a mathematical model, denoting
a continuous feedback of unlimited information stor-
age” (ibid). The entry had a panel that was solely de-
voted to Pask’s entailment structure diagrams (Pask
and Price no date).

Figure 6
A Perspective
Drawing from the
JapNet, Source:
Cedric Price Fonds,
Canadian Centre for
Architecture

Apart from these individual instances, another
means for Pask to interact with architecture was his
affiliation with the AA throughout the 1980s and
the early 1990s. Pask worked there at a part time
basis and organized lecture series, gave lectures of

his own, attended diploma units’ classes and more
during this period. The letters he exchanged with
figures, including chairpersons, Alvin Boyarsky and
Alan Balfour; fellow instructors and lecture series
partners Royston Landau, John-Julia Frazer, Raoul
Bunschoten, Pete Silver and Sam Stevens constitute
valuable sources regarding his activity in this period.

In one of those letters, Pask described his plans
for 1983-1984 work year to Alvin Boyarsky, then the
chairperson of the AA, and offered him giving lec-
tures/seminars and producing tangible models on
six topics; “The Computers in Architecture”, “The Ar-
chitecture of Knowledge”, “The Information Environ-
ment”, “Odd Structures”, “The Lifespan of Restau-
rants” and “Pleasure Gardens and Music Halls” (Pask
1983). Under the title, “The Architecture of Knowl-
edge”, which was also the topic of (Pask 1984), he of-
fered to use “a proto logic, Lp, and a computer sup-
ported system THOUGHTSTICKER” to interpret archi-
tectural theories (Pask 1983). He argued that he al-
ready had an interpretation of “Le Corbusier’s first
manifesto and the thesis of Venturi” and stated his
desire to tutor the production of other such interpre-
tations at the AA. He also mentioned an essay, titled
“Towards a Theory of Theories of Architecture” which
was soon to be published, as a source for further de-
tail.

No such essay under this title was published by
Pask, however it is highly likely that an unpublished
draft manuscript, titled “An Initial Essay: Towards A
Unification of Architectural Theories” (Pask no date),
was in fact the essay Paskmentioned in his letter. The
title of the essay may have changed for some reason,
but, both the letter and the essay discuss the same
issue, namely the possible role of a conversational
framework as a unifying theory in architecture.

In this essay, Pask essentially argued that there
was a need for “a unifying and synthetic approach
which may tie together the very different theories
of architecture” and proposed his Conversation The-
ory and the proto logic Lp,; a language which may
be used to represent and/or manipulate topics/con-
cepts in a conversational framework, as viable can-
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didates for this task. In the first section of the es-
say, he focused on what he considered to be pecu-
liar features of architecture which make it difficult to
theorize in, by providing discussions on issues like
the “special ontology of architecture”, its “dominantly
participatory aspect” and the distinction between
the “language of architecture” and “language used
by architects” (ibid). He then referred to his idea of
“Information Environment” (Pask and Curran, 1982),
a term he used to describe the consequences of the
developingmicroprocessor technologies of the time,
and argued that architects should take more respon-
sibility in the fashioning of it (Pask no date). In the
second section, he discussed the specifics of Con-
versation Theory and the Lp by way of an exam-
ple where he explained the structure of conversa-
tions and specifics about conversational exchanges
such as “collective/distributive/analogy coherences”.
Then he argued the merits of Conversation Theory
which render it applicable as an interactionist theory
in architecture referring to its epistemological struc-
ture (ibid).

This essay is notable as it is one of the most sig-
nificant attempts of Pask to promote his cybernetic
ideas in architecture. But, it is also critical in the sense
that it clearly demonstrates both the continuities and
the discontinuities in his discourse. In this essay, Pask
essentially proposes the same thing as (Pask 1969): to
benefit from cybernetics in order to arrive at a unify-
ing theory in architecture. In the former essay, he dis-
cusses the relevancy of the cybernetics as a unifying
theory in general terms. And, in the latter, he argues
Conversation Theory and Lp as two concrete candi-
dates referring to several aspects of them including
method of application in fine detail. In this manner,
two essays complete each other.

However, two texts differ considerably regarding
Pask’s understanding of the relationship between ar-
chitecture and cybernetics as described in them. In
the former essay, Pask puts cybernetics in a hierar-
chically superior position to architecture. Whereas,
in the latter, he especially emphasizes the features
of both architecture and cybernetics which renders

them in the domain of constructivist epistemology.
In this sense, he does not consider architecture as a
field to apply cybernetics to anymore. Instead, he ar-
gues that architecture and cybernetics are compati-
blewith each other as fields that share the same epis-
temology.

The themeof TheArchitectureof Knowledgeand
the idea of architecture and cybernetics as two com-
patible fields recurred in a number of other times
in Pask’s correspondence with the AA figures (Pask
1990; 1991; 1992). He pointed out to the similarities
between architecture and cybernetics and pictured
them as coexisting disciplines in these letters.

Conclusion
Pask enjoyed a fairly unorthodox relationshipwith ar-
chitecture throughout his life. And, by means of this
relationship, hewon the interest of several architects,
only a few of whom could be included in this pa-
per. He becamehighly influential thanks to those col-
laborators, students and followers who adopted and
promoted his interactionist approach in modeling
human-human and human-machine relationship in
architecture. However, this paper can hardly be con-
sidered as a study that scrutinizes the extent of this
influence. On the contrary, it examines how architec-
ture influenced Pask and his understanding concern-
ing the relationship between architecture and cyber-
netics. In doing so, it focuses on some of his signif-
icant encounters with architecture and some signifi-
cant features of his ownwork, dwelling inmore detail
on the arguments presented in his two essays: the
earlier, frequently cited (Pask 1969) and the later, un-
published (Pask no date). From this inquiry, it iden-
tifies two distinct periods characterized by two dis-
tinct understandings in Pask’s evolving discourse on
architecture: The former time period, starting from
the early 1960s until the early 1970s defined by the
view that considers architecture as a field to apply cy-
bernetics to; and the latter time period, starting from
the early 1970s until his death in 1996, defined by the
view that acknowledges architecture and cybernet-
ics as fields that coexist by virtue of their similarities.
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This research brings into question, the ever-increasing role of CAD/CAM
technologies in architectural design education. Within this scope, a design
workshop for the students of architecture was organized, to investigate the effects
of design tools and methods on the design process. Participants were asked to
start their design by using traditional methods, followed by developing models
with CAD -3d modelling programmes- and prototyping with CAM -3d printers-.
Design processes were recorded visually and auditory, during the workshop for
protocol analysis. Relationship between design approaches, design tools and
design process was analysed in detail by observing the frequency of used
concepts, actions and words in both methods. Outcomes of the research showed
strengths and weaknesses of design methods for different approaches.

Keywords: CAD, CAM, Architectural design education

INTRODUCTION
The fact that architectural design has turn into
”a computer-driven, form-based design and global
practice” from a ”manually driven, tool-based design
and mostly local practice (Terzidis 2006) has been
widely accepted in last four decades. This transfor-
mation in technology, creates a constant information
flow fromacontinuousdialoguebetweendesignand
construction, which rapidly expand conception of
form,material, function and technics (Iwamoto 2009,
Dunn 2012). As, this shift changes what is conceived
to be possible, examining the use of CAD/CAM in de-
sign process and comparing it with traditional design
methods become a significant issue for architectural
education.

A group of theorists define architectural design
as a virtual, not actual process. According to them,
traditionally, intuition is the basis of the design pro-
cess. Architecture is about something vague, in-
definite and uncertain, which is a combination of
thoughts that lead to the inception of a form. In
contrast, another set of theories define the design
process as a problem-solving process (Terzidis 2006).
Several studies have shown that design process of-
ten startswith traditional designmethods asworking
with sketches, drawings and physical models. These
methods have a great impact on revealing the intu-
itive aspect of the design idea in early stages of de-
sign (Wiegers Vergeest 2001, Dunn, 2010). They are
architect’s medium to organize ideas, resources and
space. The critics of such design approaches claim
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that non-traditional design methods disconnect ar-
chitectural output from its context and its users, and
lead to a decrease in spatial quality and a building’s
integration within the urban environment. Further-
more, some argue that a totally computerized ap-
proach leads to disconnection from physical mod-
elling and drafting techniques and so risks the loss
of quality in architectural education (Terzidis 2006).
On the other hand, the traditional design is an addi-
tive process, inwhich complexity is achieved by over-
laping layers on paper. Therefore, associative rela-
tions can’t be managed, the internal consistency of
a drawing is not guaranteed and the drawing is not a
smartmedium, but rather, a codebasedon standards
and conventions. Also the additive logic of the tra-
ditional drawing excludes physically relevant aspects
that drive the generation of forms in the real world
(Tedeschi 2014).

Although there is a general judgment that CAD
and CAM tools are insufficient at the point of trans-
ferring the designer’s intuition, there are also various
studies asserting the advantages of these systems
for the early stages of design, such as their strength
in terms of being able to produce a wide range of
forms rapidly independent of material and hand skill
(Güney, 2015; İslamoğlu & Değer, 2015). Generating
lots of forms that answer the architectural problems
in a very short time, is also one of the fundamental
aspects of the architectural education and practice.
Today, computational tools have introduced innova-
tive form-finding techniques, revolutionizing archi-
tectural design and production such as; ‘generative
design’, ‘parametric design’ and ‘algorithmic design’.
With these new design paths in favour of computa-
tionally generated complexities, new topologies are
developed. So, the emphasis is shifted from ‘form
making’ to ‘form finding’ (Kolarevic 2003). Advanced
modelling software has enabled architects and stu-
dents to make designs that would be very difficult
to develop using traditional methods (Dunn 2012).
Also, using these kinds of tools to design and con-
struct digital practices have the potential to close
the gap between drawing and building. Just as tra-

ditional method, digital production is a generative
medium that comes with its own host of restraints
and possibilities (Iwamoto 2009). Development of
numerous CAD software, the variety of design pro-
cesses available to architects, and digital fabrication
of architecture and its components, are greater than
ever.

However, this transformation has not yet
reached its full potential, mostly because of the lack
of computational education of architects. Despite
the growing attention given to the digital fabrication
it is still in experimental stage. Although there are
various workshops and research programs on digi-
tal fabrication, it is still not fully integrated in archi-
tectural design education and practice. To obtain a
more integrated approach, more research is needed.
Within this scope, a short-term design workshop for
the students of architecture was held atMaltepe Uni-
versity, aiming at both introducing digital fabrication
to students and investigating the effect of the digital
design and fabrication tools on the design process.
Expanding the scope of such research will lead to a
deeper understanding of the relationship between
the design tool, design process and the creativity of
thedesigner andamore integratededucationmodel.

ATOLYE 3DONUSUMWORKSHOP
Atölye 3Dönüşüm: Design, Prototype, Produce was
planned as a four-day workshop, concentrated on a
bilateral design process that carried out with tradi-
tional and digital tools and fabricating the designs
in different scales by 3D printing. The theme was
selected as a small-scale architectural element, ur-
ban furniture, for enabling the participants to focus
a much more detailed design in all scales. In order
to encourage the participants to explore the poten-
tials in different forms of design and production with
their original ideas and concepts, urban furniturewas
not pre-defined by the instructors during the work-
shop. Participants were selected with an open call
to Maltepe University Architecture and Design Fac-
ulty. Before the beginning of the workshop, a brief
lecture about 3Dmodelling and 3D printing technol-
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ogy was given to participants, to make them familiar
with these technologies.

Method and Framework

Figure 1
Work shop process.

The main aim of the workshop was making an eval-
uation on the interrelations of design tool/method,
production technology, the design process and the
final product. The workshop planned as a 3-phased
process endingwith an exhibition of projects accom-
paniedby3Dprototypes, tobevotedbyMaltepeUni-
versity members. The project with highest vote was
produced in 1/1 scale by 3D printer (Fig 1).

Figure 2
Grouping system
according to
different design
approaches.

31participantsof architecture students fromMaltepe
University were divided into 9 teams of 3 or 4 stu-
dents, according to their grade (2nd-3rd- 4th). Teams
were split into 3 main groups, with one group from
each grade. To every main group a different design
approach -modular, fragmented or integrated- were
assigned, and design teams were named according
to the method they would use (Fig 2).

The three-phased design process started with
traditional design methods - such as sketching and

making physical models - and continued with im-
proving the designs by computational design meth-
ods:

• Phase 1 - Participants were asked to create a sce-
nario about the function and concept of an ur-
ban furniture. The first ideas on principles of
form and use were decided and represented by
traditional design tools such as sketching and
making physical models (Fig 3).

Figure 3
Sketch and physical
modeling.

• Phase 2 - Participants were asked to develop
their design ideas by using 3D modelling pro-
grams they are familiar with such as; 3DsMax,
Sketch Up and Rhino (Fig 4). Reproduction of
designs via CAD tools, made it possible to create
more complex geometries freed from the limita-
tions of material properties, and a large number
of design alternatives in this phase.

Figure 4
Design
developments with
3D modelling.
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• Phase 3 - Completed digital models were con-
trolled and revised - if necessary - in terms of
applicability with 3D printers. Final models for
prototyping were tested with MeshMixer to ar-
range optimisation of printing time and use of
material. The design process ended with print-
ing the prototypes by 3Dprinters (Fig 5), making
thepost production as; cleaning, sanding, fitting
etc., and preparing the posters.

Figure 5
Prototyping with
3D printers.

At the end of the workshop, posters, physical mod-
els and 3D-printed prototypes were exhibited inMal-
tepe University Cultural Centre and submitted for a
voting throughout the University. The winning ur-
ban furniture design was produced in scale 1:1 by a
Builder Extreme 1500 PRO 3d Printer with a print vol-
ume of 1100x500x820 mm (XYZ). Because of the size
limitation, furniture model was sliced into 36 pieces
with Simplify3D for printing (Fig 6).

Figure 6
Production of
winning design.

In order to monitor and observe the transforma-
tion of design thinking in regard to the use of dif-
ferent design tools in each design phase, partici-
pants recorded their working process while express-
ing their ideas by simplewords and actions at regular
intervals. Documentations were made as 10 minutes
of video and audio recording at 1.5-hour intervals for
3 days, from the emergence of the first design idea to
the final product.

Analysing Traditional vs Digital
Atölye 3Dönüşüm: Design, Prototype, Produce was de-
signed to understand the relationship between de-
sign approach, design tool, design process and pro-
duction in different scales. Therefore, video and au-
dio documents recorded by the participants during
the process were deciphered and classified in terms
of phases and approaches, to observe the frequency
of used concepts and actions.

The design ideas of modular approach group
(A), basically was shaped around allowing the users
to define the form of urban furniture themselves.
Multi functionality, mobility, inter-changeability, trans-
formation, convergence, flexibility, inserting-removing,
nesting, separating-joining, adding, prisms, fullness-
space are the most used concepts in this approach.
All teams of group A designed furnitures, that can be
used in different forms by combining small modules.
For the modules, all teams decided to use solid ge-
ometries because of thematerial limitations on phys-
ical modelling.

They did not face any problems in representing
the forms by hand but manual production of the
identical modules repeatedly was considered by the
teams as a problem. Because of simple form choice,
3D modelling programs did not have any significant
effect on the transformation of the form of the de-
signs. However, 3Dmodelling programsmade it pos-
sible to produce different variations in a short time
(Fig 7). Main verbal definitions used by teams of
group A were:

• Physical modelling process: cut, paste, add,
draw, attach, rotate, open a gap, join, stick, close,
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break, move, put together, pass, make volume.
• 3D modelling process: copy, rotate, draw, join,

delete, move, tie, paste, mirror, printable, dimen-
sion, angle, change angle, try, add up, support,
place, re-place, adjust.

Figure 7
A3-1+1=eternal,
physical model
(left), prototype
(right).

In fragmented approach group (B), form was de-
fined mainly by function. Curvature, slope, under-
neath, shell, balance, simplicity, functionality, gather-
ing, mobility, space and tangent are the highlighted
concepts in all teams of this approach. Teams of
group B developed their design with the main idea
of putting different pieces together in various com-
binations. They stated that the difficulty of design-
ing ergonomics and geometries of the forms they
wanted to reveal when making a physical model.
In the digital model making process, using a 3D
modelling program solved the problems of Group B,
which were mainly the ergonomics, scale, measure-
ment and form definition (Fig 8). Definitions used by
teams of group B to express their actions were:

Figure 8
B3-Sline ’njoy-
physical model
(left), prototype
(right)

• Physical modelling process: cut, paste, add, open
agap, carve, fold, tearoff, reinforce, lighten, put to-
gether.

• 3D modelling process: copy, rotate, draw, join,
delete, tug, unstable, thickness, open a gap,
lengthen, surface.

In integrated approach group (C), the characteristic
of design ideas was mostly defined by using organic
surfaces. Interior space, organism, curvature, asymme-
try, fluidity, bending, non-sharp forms, surface, shell,
angle, closure, and drilling are main concepts. Be-
cause of amorphous form trials, these teams had dif-
ficulties and restraints in designing and expressing
their ideas with physical models. The sketch mod-
els were inadequate to explain their form and de-
sired functions. Unlimited possibilities that are of-
fered by 3Dmodelling program has made evolution-
ary changes in formal aspects of the design. Every
team of group C transformed their initial design idea,
into a new form that could not be produced easily
by making sketches and physical models (Fig 9). The
words they used during process were:

• Physical modelling process: cut, paste, add, cut-
ting strips, open gap, lengthen, tie, stretch, bend,
deform, turn upside down, integrate, wrap up, bal-
ance, texture, notch, support.

• 3D modelling process: copy, rotate, draw, slide,
scale, move, angle, tug, unstable, thickness, open
a gap, lengthen, surface, deform, curve, soften,
make oval, curl up, extract, break, embed, curva-
ture, chamfer, balance, cut in circles, dimension,
draw section, section and elevation.

After the selection of the winning project (B2), ad-
ditional recordings were made with team members
during the transformation of the design (Fig 10) from
1/10 to 1/1 scale. Although the model was suitable
for 3D modelling, limitations that stemming from 3D
printer and material, forced B2 team members to re-
develop their model according to the production re-
strictions.

Figure 9
C3-Urban-CURVES,
physical model
(left) vs prototype
(right).
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Figure 10
Perspective of
winning design, B2-
3x3x1! COMBINE.

Team B2’s designwasmade of 3 different pieces, that
offers different combinations of use by moving and
rotating them. Length of the pieces ranged between
180cm and 240cm. The production was planned to
made by a Builder Extreme 1500 PRO 3D Printer with
a print volume of 1100x500x820 mm. Therefore, the
first thing that designers need to think of was short-
ening lengths, due to the printing size of the printer.
Another challenge stemmed from the material, recy-
cled filaments. The inconsistency of that kind of fila-
ments made the designers think about the structure
and stability of the design. With all these aspects,
team B2 decided to shorten the furniture, eliminate
one piece and divide the design into pieces for print-
ing. After these revisions, the timeofprintingwas cal-
culated as 3 months. Since this timing is too long for
the programme, designers decided to create a pat-
tern with holes at the solid parts of design, not only
to decrease the printing time but also to create addi-
tional spaces for animals to live. The final design took
a month to print, with 36 pieces that were installed
by all participants of workshop, and 52 kg of recycled
filament (Fig 11).

RESULTS ANDDISCUSSION
The 31 architecture students from different grades
were selected according to their 3D modelling
knowledge. None of the participants were using the
CAD programmes in an advanced mode, and some
of themwere beginners. In addition, all of the partic-
ipants never used a 3D printer or designed a product
to be printed by one. This test group selection was
made on purpose to see the real effect of using a dig-
ital tool versus a traditional one.

Because of the lack of ability in using CAD pro-

grammes, the first assumptionwas, traditional meth-
ods to be more useful in showing participants’ cre-
ativity. Independent of design approach; every
group frequently stated that they had difficulties in
the physical model making while representing their
idea. According to recordings, all groups used com-
mon actions as; cut, paste, add in physical modelling
process and preferred similar tools for 3D modelling
as; copy, rotate and draw.

Figure 11
Development and
production process
of 3x2x1! COMBINE,
from 1/10 to 1/1
scale.

Also, all teams expanded their concepts by using
elements for playing games, animals, comfort, er-
gonomics, and structure, in addition to basic func-
tions of an urban furniture such as sitting, resting,
working. Although there was a similarity in terms of
functional aspect, analysis showed that the design
method did not only determine the form, but also
defined the proposed functions. The constraints of
design approach had a significant effect on the very
first design ideas. Teams of group A and B consid-
ered the urban furniture in a dynamic and flexible
context, due to the modular and fragmented design
approaches that enables to rearrange the modules.
On the other hand, teams of group C considered the
urban furniture concept with pre-defined functions
thatwould not give users to change the form for their
needs.
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One of the most important outcomes of record-
ing analysis was defining the similarities and differ-
ences in words and actions between different ap-
proaches anddifferent design tools (Table 1). Despite
of the changes in forms and functions, verbal expres-
sions showed similarities in traditional and digital de-
sign, sometimes using the exact same action. On
the other hand, the function of the action differed
according to the approach and tool. In all design
teams, it is observed that students used a more var-
ious range of actions and form trials when working
with digitalmodels, thanworkingwith physicalmod-
els. With this outcome, it can be assumed that CAD
programmes lets theuser tobemore creative anden-
courage them to search for alternatives, even if they
are non-professional users.

Themajority of theactions that teamsperformed
at the early design phase seem to be specific to the
design approach they use. Teams of A performed ac-
tions such as; drawing, joining, attaching, sticking,
passing, depending on producing of a large number
of equivalent pieces. Teams of B talked about actions
such as carving, folding, and tearing off, in relation
to the fact that their designs consisted of less pieces.
Teams of C expressed various actions that are not
specified by other groups such as flexing, bending,
breaking, balancing, notching, giving texture, aim-
ing to mitigate the mass effect of design andmaking
the form more dynamic. A and B groups intersected
in the actions of “bringing together” by joining and
deleting, whereas, B and C groups were intersected
in “opening a gap” by tugging, playing, thickening,
opening, space, lengthening, creating surfaces, and
A and C teams were intersected in the actions of
moving and angling. In this context, it was deter-
mined that the highest number of intersections are
between B teams, using the fragmented approach,
and C teams, using the integrated approach.

Table 1
Relationships
between verbal
definitions used in
different design
phases with
different
approaches.

Another important outcome was the adaptation of
students to the tools which they are not familiar
with. Although none of the students used 3D print-
ing technology before, with a little explanation, they
all integrated to a design thought of developing their
designs to adapt this technology of prototyping.
More importantly, when the winning team adapted
their design for production, it was remarkable to ob-
serve 2nd grade students making decisions about
the production time, material and design optimisa-
tion. The chance of producing a real design made
studentsmore cooperative and interested in the pro-
cess.

High-end CAD and CAM tools made architects
increasingly concerned about the possible loss of
control over their designs due to the complicated
nature of computers. Yet various techniques simi-
lar to CAD on working principle, existed in architec-
ture before the digital revolution. Designers such
as Frederick Kiesler and Frei Otto, were applying de-
sign methods that were very similar to today’s com-
putational approach at the beginning of the twenti-
eth century. Therefore, computational design tech-
niques are not as newas they seem, nor impossible to
practise without the use of CAD. There always been
schools of thought that have encouraged a design
processbasedon initial stimulus andothershavepro-
moted a design method, based on rules rather than
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intuition, and many now argue that design methods
are necessary for architects to deal with complex de-
signs. Today, some researchers affirm that emerg-
ing computational design and fabrication tools are
changing the architect’s role, making design meth-
ods a necessity (Agkathidis 2015). This concern has
divided architectural thought into a wide spectrum
of speculations about the effect of computers on de-
sign, that ranges fromcomplete rejection toworship-
ing. In spite of these many significant and distin-
guishingdifferences, there is onemain idea that stays
the same; the assessment that there is something un-
precedented and extraordinary about the computer
as it compares to manual tools. Traditionally, the de-
pendency of tool is controlled by the human design-
ers, who decide the range of possibilities a tool has
for resolving and accomplishing a design task. In the
case of a computer as a tool, the results may be un-
predictable by the users themselves, which may be
enlightening or undesirable. However, such design
process may lead to alternative ways and results of-
ten superior than intended.

Overall, the similarities and differences showed
that; design processes using traditional design tools
and computer aided design tools could not be han-
dled independently of the design approach and
thought. In addition, the research revealed that con-
cepts such as function, ergonomics, size, scale and
structural system are both common aspects of the
design and independent of the design tool. Digital
design accompanied by digital fabrication made it
easier andmore effective to express the ideas for the
designer. Therefore, contemporary architectural ed-
ucation system should have courses related to digital
design and production methods and students must
be encouraged to use those new techniques. Ex-
panding the scope of such research will allow for a
more detailed and in-depth reading of the relation-
ship between the design tool and the designmethod
and pave the way for amore-integrated architectural
education.
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Geometry and mathematics have always been disciplines related with
architecture. As the geometry gets more complex, dealing with it becomes more
intuitive. This study focuses on an exercise process, carried out with the third
term undergraduate students, that searches complex geometries. The aim of this
study is to make the students think over mathematical expressions as a design
form and to improve their computational thinking abilities. This study takes the
use of mathematics and geometry one step further in the architectural education
process, and discusses that forms are not just visual values, and that their
mathematical values can be used as parameters in the design process. In this
context, complex three-dimensional objects that are difficult to model in three
dimensions can be modelled and developed with parameters.

Keywords: algebraic surfaces, computational design, mathematical definitions,
geometry

INTRODUCTION
There is no single precise definition about the word
“mathematics” and various definitions can be found
in the historical process. Aristotle describes mathe-
matics as “the science of quantity” (Franklin, 2009),
in Greek it means to be taught and learned, Heideg-
ger (1993) told that the mathematical represents the
things that we have already known. Throughout his-
tory, mathematics has been a tool to unravel the se-
crets of the universe andbeauty. Beauty and aesthet-
ics tried to be explained by numbers and formulas.
This shows that harmony and aesthetics have amath-
ematical definition. Mathematics has always been
an important tool of architecture. The architectural
forms contain mathematical definitions and uncov-
ering the mathematics of the designs which we intu-
itively carry out could be an important tool for com-

putational thinking and computational design.
Rivka Oxman (2008) says that as technology de-

velops the architectural education system must be
updated to catch this development. This study takes
the use of mathematics and geometry one step fur-
ther in the architectural education process, and dis-
cusses that forms are not just visual values, and that
their mathematical values can be used as parame-
ters in the design process. In this context, complex
three-dimensional objects that are difficult to model
in three dimensions can bemodelled and developed
with parameters.

The aim of the study is to make undergraduate
students to consider the relationship betweenmath-
ematics and geometry and architecture with a differ-
ent perspective. The objectives of the study are to
show the student that each geometric form actually
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has a mathematical function and to discuss the pro-
cess of this mathematical function becoming a part
of the architectural design process. Thus, it was pos-
sible to model the mathematical functions as three-
dimensional geometries and to discuss the relation-
ship between mathematics and geometry and archi-
tecture with concrete data.

THE CONCEPT OF THE STUDY
The study was carried out with the third term under-
graduate students. The study is important for un-
dergraduate students to develop a different perspec-
tive on the relation between mathematics - geome-
try and architecture. Additionally, the students’ com-
putational thinking abilities is improved in this way.
Within this context, a design problem has been de-
fined in order to specify a selection criterion for the
complex geometries and to limit the design process.
This design problem is defined as ”designing a lamp
with complex surfaces”.

The exercise processwas carried out in four steps
(Figure 1). In the first step the students chose some
algebraic surfaces and their mathematical definition,
considering the design problem. In this step the
students were expected to find mathematical defini-
tions of as many geometries as possible.

Figure 1
The steps of the
exercise process

In the second step of the study, the students
were tried to model the algebraic surfaces on the
Grasshopper 3D plug-in. In this step, the students
were expected tomodel at least three alternative sur-
faces (Table 1). Thus, they were expected to prac-

tice about modelling the algebraic surfaces. In this
step, the students tried to find out how the surfaces
change when they redefine the parameters in the
mathematical definition. The relation between num-
bers and forms were tried to be uncovered. At the
end of second step, the students chose one of the al-
ternative surfaces, considering the lighting function.
The rest of the design process was carried out over
the chosen alternative.

Table 1
The design
alternatives of
student groups

In the third step of the study, the parameters in the
mathematical definitionswere redefinedconsidering
the design problem. With this redefinition some re-
quirements such as creating voids on the surfaces,
changing the ratios were tried to be provided. By
doing this, the students understoodmore clearly the
meaningsof theparameters of themathematical def-
initions. At the end of aesthetic and functional evalu-
ations, thefinal designproductwasdecidedand then
the fourth step was started.

The fourth step of the study focused on the fab-
rication process. The main question of this step was
“How to produce the prototype of the final product?”.
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Because of the exercise was carried out with the third
term students, using complex production processes,
such as robotic production, was avoided. Instead of
this the fabrication tools were limited to CNC laser
cuttingmachine. At the end of this step, the students
gained insight about how to unroll a complex sur-
face, how to fabricate a complex geometry with sec-
tioning method, etc.

The First Step: Teaching to Model an Alge-
braic Surface
The algebraic surface exercise which was carried out
as a part of this study is the last of the exercise series
performed along a semester period, which is about
teaching computational thinking. The students tried
to figure out the computational relations of some ar-
chitectural compositions (Figure 2) as a part of elec-
tive course called “ComputationalModelling inArchi-
tecture - I”.

Figure 2
One of the exercise
samples that shows
the research of the
computational
relation

The case study ofmaking the algebraic surface a part
of design process was performed with the students
at the beginning of the exercise. As sample cases,
modelling processes of “Gyroid” and “Asteroidal (El-
lipsoid)” were shown to the students (Figure 3). In
this process, the effects of parameter changes on the
surface was discussed.

In the teaching process, modelling of two dif-
ferent types of mathematical definitions were ex-
plained. First of them explained over the Gyroid sur-
face which is defined with a single equation:

cos (x)·sin (y)+cos (y)·sin (z)+cos (z)·sin (x) = 0

(1)

In this modelling process the surface alternatives are
produced by changing the variables defined by pi
range or by redefining the parameters in the mathe-
matical definition. At the end of the process a “mesh”
model is produces.

The second one of the modelling processes is to
determine the points in the cartesian system in the
x, y and z directions with various definitions. Within
this context Asteroidal (Ellipsoid)’smathematical def-
inition is:

x = a · cos (u)3·cos (v)3 (2)

y = a · sin (u)
3
·cos (v)3 (3)

z = x · sin (v)
3 (4)

At the end of themodelling process, x, y and z points
are located in the coordinate system. And then the
surface is formed from this point cloud. As a result of
this process a “polysurface” is achieved.

Figure 3
Gyroid and
Asteroidal
(Ellipsoid)

During the teaching of algebraic surface modelling,
which is the first stage of the exercise, the logic of
creatinggeometric surfaceswithdifferent definitions
was explained to the students. In the second stage of
the exercise, changing the parameters of mathemat-
ical definitions and the effects of these changes on
the surface was discussed.

D1.T5.S1. EDUCATION AND DIGITAL THEORY – ETHICS, CYBERNETICS, FEEDBACK, THEORY - Volume 1 - eCAADe 38 | 491



The Second Step: Changing Parameters to
Fulfill the Function
The standard surface obtained by the mathematical
definition needs to be arranged and to fulfil the func-
tional necessities. Within this context, firstly, the pa-
rameter changes of the mathematical definitions of
Gyroid and Asteroidal (Ellipsoid) and their effects on
the formswere tested (Table 2). These surfaces are re-
arranged by changing the variables defined from -pi
to pi and / or by changing the mathematical defini-
tions that defines the point cloud. In the Table 2 the
effects of the various variables on the surface is seen.
When the variable range is defined from -pi to pi or
0 to 2*pi, it is seen that the geometry can be formed
as a whole. When the range is defined 0 to pi one of
the repeated surfaces of the geometry is obtained. If
the variable range is defined from3/4*pi to 0 it is seen
that a smaller part of the surface is formed.

Table 3 shows the parameter and form relations
for Asteroidal (Ellipsoid). If the range is defined from
0 to pi, it is seen that half of the surface is formed. The
other form reorganization was tried by changing the
mathematical definitions. These experiments per-
formed with the students are important in terms of
giving theman ideaof how they should approach the
mathematical definitions. After this step, the student
groups produced theirmathematical definitions. The
students searched the form definitions considering
the lighting function. In the following part of the
study, the studies of two of six student groups will be
explained.

In the Table 4, the initial forms chosen by the stu-
dents and themathematical equationsof these forms
are given. The students studied on various alterna-
tive surfaces before choosing the surfaces that they
would design as a lamp (Table 1). Then they chose
oneof thosealternatives and tried to redefine the sur-
faces by changing the parameters.

Table 2
Gyroid surface |
Parametric
definition and
parameters

Table 3
Asteroidal Ellipsoid
surface | Parametric
definition and
parameters

Table 4
The initial forms of
the student groups

The Third Step: Trying Alternatives
In the third step the students searched various al-
ternatives of chosen surfaces . They tried to fullfill
the lighting function by changing the parameters of
mathematical definitions. In this step it is observed
that the students made the changes by intuitional
approaches or trial and error method. Thus, they
could understand the meaning of the mathematical
definition by intuitional approach.
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Table 5
Group A |
Alternative forms

Two alternative forms created by Group A and B are
shown in the tables (Table 5 & 6). Bymaking changes
in mathematical expressions, Group A made tries
such as surface reduction and changing the curva-
ture of the surfaces. The alternatives were evaluated
in terms of aesthetic value and whether there are
enough voids for lighting function, or not. As a re-
sult of the evaluations, it was decided that the origi-
nal surface would be an aesthetically better result in-
stead of alternative ones.

Table 6
Group B |
Alternative forms

Group B tried to obtain the one part of the original
form consisting of two symmetrical parts. In this con-
text, by changing the values of -pi to pi, the single
part of the form was able to be obtained. The form
was tried to be improved in terms of size, ratio and
proportion by making changes in the mathematical

expressions of the single piece obtained. The final
product was created by reproducing the surface by
the reference of symmetry axes (Figure 4).

Figure 4
The final designs

After deciding the final forms of the lamps, the stu-
dents were asked to produce a 1:1 scaled prototypes
of the lamps. Thus, they were pushed to produce
ideas for the production of complex forms that they
obtained with mathematical definitions.

The Fourth Step: Formulating an Idea For
Fabrication
Within the scope of the exercise, the processes of
modelling and manipulating complex geometries
with the help of mathematical definition were stud-
ied. As a result of observations, it was seen that the
students were afraid to make complex forms a part
of their designs due to the problems that they may
encounter in the process of both modelling and pro-
ducing their physicalmodels. Within the scope of the
exercise, the fabrication process of theses kinds of
complex shapeswas also discussed. This is important
to show the student that it is not actually as difficult
process as they thought. It was decided to carry out
this process with the CNC laser cutting tool, which is
relatively easier for students to reach than the more
advanced production tools that can be ideal for the
production of complex surfaces such as robotic pro-
duction. In this context, methods such as unrolling
surface or sectioning were preferred in the produc-
tion processes of the surfaces.

Group A decided to use sectioning method for
the fabrication process (Figure 5). The material thick-
ness, the gaps between sections are defined as the
parameters of fabrication process. The junction de-
tails were also defined on the parametric model. Ev-
ery section piece to be fabricated is arranged on a
sheet material and made ready for the fabrication
with CNC laser cutting machine.
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Figure 5
The fabrication data
and the prototype

Group B decided to use surface unrolling method
(Figure 6). Within this context, the basic shape of the
surfacewas unrolled by themeans ofmodelling soft-
ware. The obtained formwas cut on thematerial and
the basic parts that would form the physical model
were cut. By getting together 12 identical pieces, the
final physical model was created.

Figure 6
The fabrication data
and the prototype

DISCUSSIONS AND RESULTS
Within this study, an exercise process was carried
out that searches to make mathematical definitions
a part of the design process. The exercise focuses on
transforming the mathematical definition first into
geometry and then into an architectural form. The
study is important in terms of being carried out with
third term undergraduate students. Thus, while the
students were still at the beginning of the educa-
tional process, they had the opportunity to evaluate
the relationship between architecture and geometry
and mathematics from a different perspective. As a
result of the study, the student learned that any form
can be expressed mathematically.

It was observed that the idea of designing with
the use of numbers increased the student’s interest
in the lesson. The students found it interesting that
themathematical definitions, which they were famil-
iar with from high school period, went beyond the
graphical explanation and became a part of architec-
ture. The fact that they can directly experience 3D
geometry by changing the parameters ofmathemat-
ical definitions is positive in terms of understanding

the abstract expressions in the equations.
During the study process, changes inmathemat-

ical definitions were made intuitively or randomly.
Although every stage of the design process was car-
ried out by numbers, the selection of the final prod-
ucts was made with an intuitive or aesthetic ap-
proach. This approach has been deliberately cho-
sen in order not to make the working process even
more difficult. In future studies, it can be suggested
as a method to determine the form computationally
and supporting it with optimization processes suit-
able for the function.

It can be proposed that similar exercises can be
carried out in cooperation with the disciplines of
mathematics and architecture, considering as an in-
terdisciplinary study. In this way, manipulations on
the formcanbemademore conscious. Improvingex-
ercise in this direction will be instructive for both dis-
ciplines. Mathematicians will be able to discover the
potential of three-dimensional geometries of math-
ematical definitions, while architects will be able to
see that mathematics is actually hidden in any form
they designed.

The world is actually a collection of data and
making it a part of the design is possible with com-
putational thinking in the architectural design pro-
cess. Within this study, mathematics of the shapes
becomes the data of the design process. As compu-
tational design tools are improved, the data of the
architecture becomes more visibile. To see the data
which has already been in architecture, the way to
think in a computational way should be developed.
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Fractal analysis helps explaining and understanding architectural quality, e.g.,
regarding visual complexity described by fractal (box counting) dimension.
FRACAM, a cell phone application, uses fractal image analysis methods and
takes into account the specific requirements of architectural purposes at the same
time. It was developed by the authors to measure the fractal dimension of
buildings; more precisely, to measure (color or grayscale) images of (street)
views. This paper examines the results of various implemented algorithms for
dependencies on camera settings and environmental factors. The main
contribution of the authors deals with both an improved differential box counting
mechanism applied to color images and a discussion about measurement results
concerning influences on the algorithms presented.

Keywords: cell phone application, box counting, fractal dimension, visual
complexity, elevation analysis

MOTIVATION
This paper is part of a broader research topic that
aims to describe and understand architectural qual-
ity. According to Georg and Dorothea Franck (2008),
the assessment of the quality of a building de-
pends on several criteria, including the relationship
to its surroundings, functional aspects, and sensual
charisma. The main question of this research is
whether measurement methods can give value to
some criteria. The authors published numerous pa-
pers about particularly one aspect: the fractal char-
acteristics concerning visual complexity, irregularity,
and proportion. This contribution describes addi-
tional methods that seek to give a holistic analysis
based on fractal methods.

The hypothesis is that architectural quality
can be linked with fractal characteristics, includ-
ing roughness, self-similarity, and scale-invariance.
Under this aspect, the authors examine especially
(street) views concerning visual complexity, irregu-
larity, and proportion (Wurzer et al. 2017, Lorenz et
al. 2017, Kulcke et al. 2016, Kulcke et al. 2015, Lorenz
2012, Lorenz 2013, Lorenz 2004). Themain argument
of these researches is the importance of architectural
continuity across multiple scales. In more detail, the
authors argue that at any distance from the building,
the presence of design components corresponding
to the human scale of the observer is essential (see
also Salingaros 2006). This means that, while a per-
son approaches a building, the building should al-
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ways offer some details to look at, which could not
be recognized in the previous more distant position
(Lorenz 2003). From every position, elements should
be visible that cover a range of different scales corre-
sponding toman - from theentirebody to thefinger’s
width (Salingaros 2006). Regarding the concept of
(statistically) self-similarity, this allows a building to
remain interesting at all levels, from far to near. The
linkage between all elementsmight be a basic shape,
such as the variation of an angle in Bruce Goff’s Joe
Price Studio in Bartlesville; a basic idea, such as the
“striving for heaven” of a gothic cathedral, reflected
in arches and the entire building; or a basic propor-
tion system, commonly used by architects through-
out history. While self-similarity, the linking part, is
difficult to measure, there are efforts to deal with

• proportions and redundancy, which reduces the
complexity of an objects’ appearance (Kulcke et
al. 2016, Kulcke et al. 2015)

• proportions and grouping of architectural ele-
ments in the senseof construct/constituentpair-
ing similar to quantitative linguistics (Lorenz et
al.)

• visual complexity and the use of box counting
applied to facades, represented as black and
white images (Ostwald et al. 2016, Lorenz 2012)

Each of these cases addresses a different approach
and uses different methods. FRACAM, the cell phone
application described in this paper addresses par-
ticularly fractal analysis methods to measure binary
black and white, grayscale, and color images.

So far, the fractal analysis in architecture
has mainly focused on the box counting of two-
dimensional representations of facades. Box count-
ing applied to facades estimates the fractal dimen-
sion to give a quantitative value of visual complexity
(Bovill 1996). The proposed method by the authors
goes one step further and calculates the fractal di-
mension directly from grayscale and, for the first
time, color photographs of buildings. As regards the
implementation, particular consideration was given
to evaluation in real-time and correctness of the re-

sults (see section ‘Analyses of Case Studies’). The pre-
sented application combines various fractal analysis
methods, which are necessary for a holistic consid-
eration, and provides, at the same time, some color
analysis methods, including average color, promi-
nent colors, and color counts. Color analysis meth-
ods are particularly important for evaluating the re-
lationships between fractal dimension and image
characteristics.

This paper describes, on the one hand, the im-
plementation of the algorithms, especially the first
architectural application of the improved box count-
ing method (Liu et al. 2014). On the other hand, it
discusses case studies under the aspect of camera-
specific settings and possible environmental influ-
ences. Case studies include specially prepared color
images and photographs of iconic architectural ex-
amples.

METHOD
Box counting is a fractal analysis method that turned
out to be a proper way for measuring the visual
complexity of buildings, especially of facades (Bovill
1996, Ostwald et al. 2016). Concerning architec-
ture, however, only the algorithm that works on two-
dimensional line graphics has been used so far. To
consider only the two-dimensional representation, in
terms of an elevation view of the building, it also
means either to discuss the design intention of the
architect (if the original plan by the architect is ana-
lyzed) or the simplified representation of the reality.
While the former may require previous preparation -
to transform the origin into a black and white line-
graphics (or vector graphics) -, the latter runs the risk
of interpretation of what might be of importance for
visual perception or for the design concept itself.

Apart fromdifficulties caused by the preparation
of a measurable representation, the computer pro-
grams used, so far, are scientific local desktop imple-
mentations that may not be freely available to ev-
eryone and sometimes slow, or applications that are
limited to binary and grayscale digital images (e.g.
[1,2,3]). Therefore, the authors have devised a cell
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Figure 1
Left: The slope of
the regression line
(in a double
logarithmic graph
with the number of
covering boxes
versus the scale of
the grid) gives the
box counting
dimension, which
equals the fractal
dimension. Right:
The number of
covering boxes in
relation to the grid
size (shown in
different colors).
This example was
programmed with
NetLogo (Wilensky,
U. 1999).

phone application that lets users quickly grasp and
analyze color photos taken with the cell phone cam-
era (Wurzer and Lorenz 2017). In this paper, the
authors describe a further development of this par-
ticular application, including a modified method for
grayscale images and a method for color images.
Moreover, case studies are discussed in terms of their
camera settings and color characteristics.

Box counting
With the “standard” box counting, at first, a grid of
an initial scale is placed over the considered two-
dimensional black and white image. Thereby, the
side length of a single box (cell) defines the scale of
the grid. Subsequently, all boxes are counted that
cover the image; in other words, those boxes are
counted that contains a black part (pixel, line, or area)
of the black and white image (see Figure 1 right).
In the next stage, the scale is reduced, and cover-
ing boxes are counted again. This is repeated several
times until the size of theboxes in thegrid is too small
to identify new details; that means, the procedure
stopsbefore the sizebecomes as small as the “empty”
space between black lines. Finally, the result is visual-
ized in a double-logarithmic graph with log(scale of
the grid) versus log(number of covering boxes). The
shape of the curve provides information about the
dependence between the scale of the grid and the
number of covering boxes. More precisely, the range
of an almost straight data curve signifies the area of a

strong positive correlation between both values (see
Figure 1 left). Such a relationship suggests that, for
this particular rangeof scales, a similar irregularity ex-
ists. The characteristic value, called the box counting
dimension (see formula 1) is, finally, determined by
the slope of the regression line.

DB = lim
s→0

log (Ns)

log
(

1

s

) (1)

withNs being the number of covering boxes, and s
being the side length of a single box that defines the
scale of the grid. Put simply, box counting takes into
account the changing number of covering boxes of a
grid depending on the changing scale of the grid, or
more precisely, on the side length of a single box in
the grid.

The resulting box counting dimension is ade-
quate to the fractal dimension, which in turn is an
indicator of the roughness or irregularity of natu-
ral and artificial objects. Since its first application
in the field of architecture (Bovill 1996) box count-
ing (modified or as is) was used to analyze elevation
views of a building (Zarnowiecka 2002, Capo 2004,
Md Rian 2007, Ostwald et al. 2016). However, in
most of the cases, the utilization of two-dimensional
monochrome images makes a previous process nec-
essary. This includes the vectorized redrawing of
plans, the rework of existing CAADdrawings, or edge
detection for scanned published plans. Moreover,
the base method does not analyze the real built ob-
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Figure 2
Different
measurement
methods of
FRACAM (from top
left to bottom
right): 1a+b)
“standard box
counting
algorithm” [1a)
pre-defined
thresholds and 1b)
sequential
thresholds]; 2a+b)
“differential box
counting
algorithm” [2a)
improved
differential box
counting method
(for square cutouts),
with and without
shifting the stacked
boxes and 2b)
integer ratio based,
with and without
shifting the stacked
boxes]; 3a+b)
improved
differential box
counting method
for color images
[3a) for a sliding
trimmed square
cutout and 3b)
original aspect
ratio]; bottom left:
the landing
webpage.

ject, taking material properties, natural shadowing,
and coloring into account. Because of this lack, the
authors developed a cell phone application that al-
lows analyzing photographs of facades directly taken
with the cell phone camera.

IMPLEMENTATION
Since speed is crucial for the application, all imple-
mentations, at first, reduce size. More precisely, the
initial photograph is changed into an image of max-
imal 512 Pixels side length (width or height, respec-
tively). The grid size itself starts with one-fourth of
the largest side-length (that is 128 Pixels). Subse-
quently, the grid-size is halved until the smallest box
size of 2 Pixels is reached (reduction factors other
than halving are only the exceptions with the follow-
ingmethods). The study of the influence on accuracy
caused by the reduction of the image size and reduc-
tion factor of grid size will be the subject of future re-
search. What can be said so far is that one clear ad-
vantage of resizing to 512 Pixels derives from the al-
gorithm itself: namely, that a reduction of one-half
always leads to whole-number side lengths. By that,
it is guaranteed that the overall grid size remains the

same for all grid scales (this only holds true for those
methods that consider square sections).

While the beta version of the application, in gen-
eral, used a 512 Pixels square-shaped cut-out of the
photograph (Wurzer et al. 2017), which influenced
the content, the additional implementations cover
the whole rectangular input. Moreover, the current
version allows for some methods a reduction factors
of 1.8 and 1.6.

FRACAM currently consists of the following algo-
rithms: (see Figure 2):

1. the “standard box counting algorithm” operat-
ing on black and white images, for a) single con-
version threshold, b) pre-defined thresholds and
c) sequential thresholds (ranges)

2. the “differential box count algorithm”, operat-
ing on grayscale images; this category includes
both, the improved differential box counting
methodapplied to a slidable square-shaped cut-
out of the imageand the integer ratiobox count-
ing method applied to the original aspect ra-
tio; both cases work either with or without shift-
ing of the stacked boxes (the amount of dis-
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placement is predefined and currently equals
one Pixel)

3. the “improved box counting method for color
images” operating on the 24-bit representation
of RGB color images (Nayak et al. 2017); either
applied a) to a slidable square-shaped cut-out of
the image, or b) to the original aspect ratio

Pre defined thresholds
The first implemented method (Figure 2; 1a) works
on the “standard” box counting algorithm. It con-
verts the original photograph into a grayscale im-
age and subsequently in a black and white image
using predefined thresholds (currently sequences of
12.5% steps). This leads to a series of results (fractal
dimensions) that characterizes the change of rough-
ness while the threshold increases (Ti; i ∈ 1 . . . N ).
Hence, the tendency characterizes the texture signa-
ture (see formula 2; Backes and Bruno 2008).

ψ(A) = [DB of T1, . . . , DB of TN ] (2)

Figure 3
Improved
differential box
counting method
(“boxes” as a yellow
grid, grayscale as
gray cubes) with (l)
being the box
number that
contains the
maximum grayscale
level and (k) being
the box number
that contains the
minimum grayscale
level.

Sequential thresholds
With the previously described methodology (pre-
defined thresholds), each threshold separates two
parts, the “black” foreground and the “white” back-
ground. Increasing the threshold means taking
brighter and brighter areas of the image into ac-
count, which leads to continually higher results. Al-
though a tendency can already be discerned, seg-

mentation may extend readability. Segmentation of
grey levels means to use ranges from one threshold
to the next instead of considering the entire spec-
trum in each case (Figure 2; 1b). The clear advan-
tage of segmentation is the improved comparability
from one range between thresholds to the next. A
horizontal data curve indicates a continuous rough-
ness (similar fractal dimensions) for all segments of
grayscale levels. In contrast, outliers with higher val-
ues indicate a higher concentration of grayscale lev-
els in a specific segment.

Improved differential box countingmethod
(square cut-outs)
The so-called differential box counting (Sarker et al.
1994) operates directly on grayscale images. This
time, the image of MxM Pixels (x, y) is consid-
ered as a three-dimensional landscape in which the
grayscale level defines the z-coordinate with lighter
Pixels forming mountains and darker Pixels defin-
ing valleys (see Figure 3). Consequently, the two-
dimensional grid is enlarged by stacked boxes (each
of which has a size of sxsxs). While s is given in Pixel,
s equals the grayscale level and depends on the to-
tal number of grayscale levels (G). The following ap-
plies:
G

s

=
M

s

(3)

Consequently, with a total number of 256 grayscale
levels (G), the largest possible stack height is 256.
Unlike the “standard” box counting, which just looks
whether or not a box contains a black part, this time,
for each box (i, j) the difference between the maxi-
mum grayscale level (l) and the minimum grayscale
level (k) is calculated (see Figure 3). With a ratio

ε =
s

M

(4)

the difference is calculated by

nε(i, j) = l− k + 1 (5)

Finally, the total number of counted boxes for each
grid size covering the full image surface is given as

Nε =

∑

nε(i, j) (6)
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For covering the grayscale levels completely, the for-
mula of the differential method (5) is slightly modi-
fied to (Liu et al. 2014):

nε(i, j) =

{⌈

l−k+1

s

⌉

if l ̸= k

1 if l = k

(7)

The differential box counting dimension DDBC is,
finally, calculated as given in equation (1) and deter-
mined by the slope of the regression line in a double
logarithmic graph (Figure2; 2a).

With shifting boxes. With the improved method,
under-counting is still possible, which may occur at
the border of two adjacent stacks of boxes where a
sharp grayscale variation exists (black andwhite vari-
ation). Therefore, following Long et al. (2013) and
Liu et al. (2014), a further improvement is achieved
by shifting the stacks of boxes in the x − y plane.
To reverse the direction of shifting at the border
prevents boxes from running out of the image (i.e.
the program recognizes whether the stacked boxes
are located at the edge of the picture and reverses
the direction consequently; from this follows, that
the shifted stacked boxes overlap with the previous
ones). The original position of the stacks leads to a
resulting nε(original). This result is then compared
with nε(shifted)where the following applies

nε = max (nε(original, nε(shifted)) (8)

The total number of boxesNε is calculated according
to (6) and the fractal dimension is determined by the
slope of the regression line of the double logarithmic
curve (log (Nε) versus log (1/ε)) with ε = s/M .

Integer ratio based box countingmethod
The improved differential box counting method
works well with square-shaped images. This espe-
cially holds for images of 512x512 pixels (x- and
y-direction), since in this case, 256 gray levels (z-
direction) is a fraction of the side length. Conse-
quently, the ratio is the same for all boxes with ε =

s/M (where (3) applies).
With rectangular grids, however, four cases have

to be distinguished (Long et al. 2013); such a distinc-
tiondependsondividing thewhole imageMxN into

boxes ofmxn pixels, where the following applies: a)
M = mxε and N = nxε for an even partitioning in
x- and y-direction; b)M > mxε for an uneven distri-
bution in x-direction; c)N > nxε for an uneven dis-
tribution in y-direction; d)M > mxε andN > nxε
for an uneven distribution in x- and y-direction. The
number of boxes is then calculated by

nε(i, j) = ceil
((

l − k + 1

p

)

·

(

Si,j

m · n

))

(9)

with Si,j being the area of a single box and p the
height of the box (p = G/ε). According to cases two
to four frombefore,Si,j candiffer frommxn (Si,j =

mxn only holds true for the entire grid with an even
partitioning). The total numberNε for each grid size
is calculated as given in formula (6). Finally, the slope
of the regression line in a double logarithmic graph
determines the fractal dimension (DMBC). Similar
to the improved box counting method, one imple-
mentation of the algorithmworkswith and onewith-
out shifting the stacked boxes.

Improved differential box countingmethod
for color images
The improved box countingmethod for color images
is applieddirectly to a24-bit representationof anRGB
color image (Nayak et al. 2017). With this method,
each of the three color components (R, G, B) is an-
alyzed in separation (after a separate conversion to
grayscales). The method used is the improved differ-
ential box countingmethod, resulting inDDBC(R),
DDBC(G), DDBC(B). After subtracting the cor-
responding smoothness (DR = DDBC(R) − 2,
DG = DDBC(G) − 2, DB = DDBC(B) − 2)
all components are added to smoothness again:

DCol = DR +DG +DB + 2 (10)

One implementation of the algorithm works with a
square-shaped cut-off of the picture (MxM ); while
the other one works with the original aspect ratio
(MxN ; similar to the integer ratio based box count-
ing method). From the results so far, it looks as if a
smaller part of the picture already allows conclusions
on the overall picture (different details of the brick
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wall: Daverage(2-128Pixels) = 2.44 − 2.49; overall
view: Daverage(2-128Pixels) = 2.42; compare Figure
4). That is not surprising since each picture shows a
main motif (the building); i.e. there are only little dif-
ferences in the characteristics to be expected (apart
from building versus surrounding).

Figure 4
Color distribution of
Robie House
(overview and
detail).

ANALYSES OF CASE STUDIES
The authors have carefully tested all implemented
algorithms (including those based on Backes and
Bruno 2008, Gao et al. 2016, Sankar et al. 2010) with
regards to real-time application and correctness, us-
ing specially prepared color images and cell phone
photos of iconic buildings (e.g. Robie House by Frank
Lloyd Wright). The main goal was twofold: a) to de-
termine influences caused by photography (e.g. dif-
ferent lightning and coloring as a consequence of
daytime, but also influences due to the portion of
green plants or blue sky) and b) to determine influ-
ences caused by the methods. Altogether 26 images
were examined: seven photographs of Robie House
(overviews and details), six color images (including a
pure red, green and blue image, but also a tricolor
image), three photographs of skyscrapers (including
the 860-880 Lake Shore Drive and the Federal Centre
Complex by Mies van der Rohe), two photographs of
a sculpture (the “flamingo” by Alexander Calder) and
eight photographs of other buildings.

Camera Settings
When analyzing the influences of photography on
measurement methods, it is important to take cam-
era settings into account. These settings include ex-
posure time, ISO, focal length [mm], and lightness.
Admittedly, at this stage of research, no clear correla-
tions can be made since the number of photographs
examined is too small. However, the authors want to
point out the importance of this aspect and present
first results.

Color analysis
Besides camera settings, this paper also examines the
effects of colors (present in a picture) on the result-
ing fractal dimension. This especially holds for the
improved differential box counting method for color
images. Color analysis includes the average color,
the average color total and brightness [4]; the promi-
nent colors called vibrant, muted, dark vibrant, dark
muted and light vibrant [5]; the dominant color and
the palette of colors each with aggregation [6]; the
ten most prominent (major) colors with tolerance,
the number of predefined color ranges (see Figure
4), saturation and lightness. Some of the color analy-
sis methods listed are based on freely available inter-
net sources (getAverageColourAsRGB.js [4], vibrant.js
[5], color-thief.js [6]). All color analysis algorithms are
also part of theweb application by the authors, freely
available on the internet [7].

DISCUSSION
The authors are aware that all fractal measurement
methods are subject to certain influence factors
(Fourtan-Pour et al. 1999). This leads, on the one
hand, to the necessity of post-processing with sta-
tistical methods (Lorenz 2012). On the other hand,
the authors believe that it is necessary to use vari-
ous methods and to define a comparison methodol-
ogy - all the more so because each method requires
a specific preparation of what is measured and thus
measures different content (line drawings, grayscale,
or color images). Differences occur, for example, be-
cause CAAD plans and photographs offer a different
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kind of detail richness and consequently either in-
clude main features of a design intention or show
the real built object (in its surrounding). But differ-
ences also occur because of the chosen view, either
as frontal elevation or as a perspective view. Con-
sequently, it is necessary to store the image in a
database together with the results (D) and with data
about the time of year, daytime, light conditions, and
position. However, this will be the subject of future
investigations.

Althoughonly a few selected case studies are an-
alyzed so far, trends can already be recognized.

Results
As expected, with the simple threshold method, the
fractal dimension generally increases the higher the
threshold (with only a few exceptions). If the photo-
graph already shows a low contrast with similar hues,
the curve is flattest. In contrast, sequential thresholds
lead to a more individual course, mostly with higher
values in the middle areas. These peaks seem to ap-
ply especially to details of exposed brick walls (see
Figure 5). In contrast, overviews tend to have a flatter
course, with JohnsonWax Headquarters having even
a valley at segment 37.5%-50%.

Concerning the differential box counting
method, all four mutations show similar tendencies.
Thatmeans the values rise and fall to a similar extent.
The relative differences (between all four variations)
arewithin a range of 5 to 10 percent. Aminimumbox
size of 8 pixels leads to the smallest differences (the
deviation lies between 1 and 5 percent). The lowest
values occur with images with original aspect ratio
MxN without shifting the stacks of boxes; the high-
est values occur with square-shaped cut-offs (MxM )
with shifting. It can also be stated that a minimum
box size of 2 pixels leads to the lowest results, while
a minimum box size of 8 pixels leads to the highest
results. The differences are within the range of 6 to 9
percent and 4 to 8 percent, respectively (within the
same method). At the same time, the available data
also shows that shifting the stacks of boxes leads to
higher values than without shifting (with the differ-

ence being below 1 percent). That means that this
option does not have a big effect.

Figure 5
Results of the
sequential
threshold method
for Robie House
(overview and
detail of brick wall)
and Johnson Wax
Headquarters.

Like grayscale analysis, color methods show simi-
lar tendencies for all mutations, i.e. values rise and
fall to a similar extent (that holds true for the red/-
green/blue parts as well as average values). Again,
a minimum box size of 2 pixels leads to lower results
compared to 8 pixels. The differences between the
red, green, and blue parts are small within one and
the samemutation and are within a range between 1
and 5 percent; this time, the differences between the
analysis of square-shaped cut-offs (MxM ) and the
picturewith the original aspect ratio (MxN ) are even
smaller than with other methods. There are slight
differences for the average as well as for the color
dimensions if the minimum box size is 2 pixels (see
Figure 6, with Dcol being higher than the average
and the color dimensions); these differences increase
slightly for a minimum box size of 8 pixels.

The comparison of Lake Shore Drive with Robie
House serves as an example of data evaluation. The
first example belongsmore likely to Euclidean geom-
etry, since it exhibits smoothness of its glass facade
with a strong linearity and an orthogonal structure.
In contrast, Robie House has some fractal character-
istics, such as self-similarity and roughness across dif-
ferent scales (Lorenz 2004). Surprisingly, both ex-
amples show only slight differences concerning the
different measurement methods. The reason lies in
the fact that the glass façade reflects the surrounding
buildings; this dissolves the smoothness, the unifor-
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mity. Larger differences only arise with the sequen-
tial thresholds, where the results of details of the Ro-
bie House follow a more curved characteristic (see
Figure 5).

Figure 6
Results of the
improved
differential box
counting method
for color images.

Correlation
The correlation between fractal dimension and color
analysis methods provide insight into their relation-
ship. In more detail, the correlation coefficient deter-
mines whether there is a relationship between the
two properties. No correlation is indicated by a co-
efficient equal to 0, while a perfect correlation exists
when the coefficient equals +1 or -1. There is a posi-
tive correlation if both series of numbers tend in the
samedirection (+1); while a negative correlation is in-
dicated by the opposite movement (-1).

Figure 7
Correlation
between improved
differential box
counting method
for color images
and exposure time,
ISO, focal length,
and lightness. So far, no correlation can be found between any

of the before mentioned methods, and the average
color of image [01], the number of predefined color
ranges, the saturation or the lightness. The same
holds true for the relation between camera settings
and fractal dimension. The latter has already been
shown by C. Horvath und P. Stummer (2020) using
115 pictures (including Robie House and other build-
ings located in Chicago). In their paper, they showed
that for grayscale measurements the f-number, the

presence of reflecting elements, and the year of con-
struction tend to have a weak negative correlation,
while exposure time [1/sec] and focal length [mm]
have a weak positive correlation. As part of this pa-
per, the authors examined 20 photos, which show
a weak positive correlation for exposure time, ISO,
focal length, and lightness; this holds true for both,
the integer ratio basedbox countingmethod and the
improved differential box counting method for color
images (see Figure 7). It can be concluded that ap-
parently neither the color of an image nor the cam-
era setting significantly influence the results, but only
what is shown (the building and its surrounding).

CONCLUSION
(Architectural) Quality is a relative term, whichmeans
it follows specific criteria. The authors argue that one
of these criteria includes characteristics of fractal ge-
ometry that concern the description of perception
(in more detail, the statistical self-similarity). Vari-
ousmethods formeasuring the fractal dimension - as
a linkage between different scales (characteristics of
self-similarity) - are presented in this paper, including
the “standard box counting algorithm”, the “differ-
ential box count algorithm” and the “improved box
counting method for color images”. The implemen-
tation as a web application, called FRACAM, makes
usage easy and is ideal for measuring architectural
photos. It could be shown that neither camera set-
tings nor the color of the image seem to influence
the result, but only the content. A connection to style
or type of building cannot be given at the moment
since sufficient data is still missing; this will be inves-
tigated in futurework. Futureworkwill also deal with
thepossibility of placing the result in relation toother
examples. Such a comparative measurement means
to consider facades as a member of a set with classi-
fication and ranking in comparison with other build-
ings (including iconic buildings). This feature will be
made possible by storing all information (including
the photographs, the timeof year, daytime, light con-
ditions, position, and results) in a database.
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Holistic Building Design

An integrated building design methodology based on systems thinking for
reaching sustainability
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This paper introduces a new perspective on methodological requirements in
building design related to questions of sustainability, where stakeholders ought to
look at design in an integrated way when economy, society, and technical
components are embedded in an ecological holistic perspective. To bind these
different aspects together and face complexity, while the goal is to reach
sustainability, Holistic Building Design (HBD) is drawn on existing concepts of
systems thinking (ST), integrated design processes (IDP), and application of
innovative technologies through building information modeling (BIM). The main
aim of this approach is to involve deeper in all aspects of sustainable building
design. The methodology is introduced and empirically practiced in a master's
level course, and a general overview besides the first results of this on-going
process are presented in this paper. It is observed that the HBD framework could
significantly influence the understanding of the design process and enhancing it
by iterative decision-making and turning the focus on the early design stage.

Keywords: Sustainability, Systems thinking, Integrated Design Process, Building
Information Modeling, Holistic Building Design, Complexity

INTRODUCTION
Thenewvision and tightened sustainability concepts
have led to an increased demand for the design of
sustainable buildings as well as sustainable develop-
ment of the built environment (Keeler et al. 2016).
In this paper, we do not use space to discuss envi-
ronmental crises, as it has been being research ade-
quately. We believe the climate change/energy effi-
ciency is not theonly environmental concernwe face.
The rationales for the development of sustainable so-
lutions and so sustainable buildings reach far beyond

the singular goal of mitigating energy efficiency or
climate change to encompass setting the stage for
the future -the sustaining- of our species and aspir-
ing still further to a positive outcome: improving
the quality of our lives (Bergman 2012). Sustain-
able buildings put out economic, cultural, and social
advantages to urban communities. Along the way,
buildings can benefit from adopting a broader ap-
proach to sustainability, which seeks to decrease op-
eration and maintenance costs; reduce environmen-
tal impacts; and can increase the building’s adapt-
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ability, durability, and resilience towards future chal-
lenges as well as a preferable, healthier, and more
convenient environment to the occupants (Kamari et
al. 2017).

The conventional building design approaches
treat buildings asobjects, as things. Yet eachbuilding
is, in fact, a system with each part affecting the other
parts and, in turn, the building and its surroundings
as a whole. Moving towards sustainable develop-
ment of buildings to include and deal with broader
perspectives from sustainability implicates handling
enormous complexity concerning:

• the understanding of requirements and fulfill-
ment of sustainability objectives and criteria
while dealing with its multifaceted challenges,

• integration and involvement of multiple stake-
holders (a shift from the “one mind” of the mas-
ter builder to the manyminds of the profession-
als and specialists) that contribute their exper-
tise to cope with their demands and priorities,
and

• identification, creation, evaluation, and applica-
tion of innovative solutions in the development
of sustainable buildings and so built environ-
ment.

Given these realizations, sustainable building de-
sign requires an overarching and inclusive theoret-
ical framework together with integrated and instru-
mental concepts, design strategies, tools, and meth-
ods (as demonstrated in Figure 1). In doing so, we
need to create a shift both in the whole pipeline and
picture, to reach sustainability as a globally desired
design value, and therefore, in our design method-
ologies to becomemore holistic in essence. It is even
more important to incorporate the emerging knowl-
edge in the current higher education system, to be
practicedby students. This couldbe themost reliable
manner to make sure that the new methodological
advances within their ultimate ability are used in the
near future by practitioners in the AECO industry.

This paper presents an integrative perspective
on methodological requirements in building design

towards tackling the above challenges, named Holis-
tic Building Design (HBD). HBD’s framework is cur-
rently being developed, evolved, and practiced by
the lead author since 2016. The main aim of this ap-
proach is to involve deeper in all aspects of sustain-
able building design, and therefore, to deal better
with very complex issues in the built environment.
The involved design stakeholders, therefore, are en-
abled to cope with a much bigger complexity and
integrate very large amounts of information so as to
create innovative sustainable solutions.

Figure 1
Complexity sources
(4P+T) in a
sustainable
building design
practice (adapted
from Kamari et al.
2019b)

In the light of this, and due to face the complexity
as explained earlier, the paper reviews and unfolds
the related concepts and methodological character-
istics of HBD to the challenge of reaching sustain-
ability in its full sense, which leads to configure the
HBD’s framework. Then, the methodology is intro-
duced and empirically practiced in a master’s level
course. A general overview of the appliedmethodol-
ogy and the first results of this on-going process are
presented in this paper.

THEORETICAL FOUNDATION
HBD is designed to cope with the existing complex-
ity, as explained in section 1. It is drawn on ex-
isting concepts of systems thinking - ST (Checkland
1981), integrated design processes - IDP (Reed 2009),
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and application of innovative technologies through
building information modeling - BIM (Eastman et al.
2011), as demonstrated in Figure 2. A brief descrip-
tion of each element is presented in the following.
In essence, all the mentioned elements are inclusive
and tend to be holistic on their own, and their appli-
cation contributes to a larger integration.

Figure 2
HBD is built on
systems thinking
and it happens at
the intersection of
sustainability, IDP,
and BIM.

Due to the space problem, we cannot provide an in-
depth fundamental theory and background of the
mentioned concepts. However, it is worth noting
that eachoneof these conceptshas individually been
studied in detail by the lead author (i.e. Kamari et al.
2018, Kamari et al. 2019a,b). As forHBD, it canbe con-
sidered as an effort to simply extending and binding
the potential application of these concepts together;
and as for this paper, it is an effort towards bringing
and bridging them in the current higher education
system, and let studentspractice them,while theyare
still in the academic environment.

- ST: is an approach to integration that is based
on the belief that the components of a system will
act differently when isolated from the system’s en-
vironment or other parts of the system. ST places
a greater emphasis upon understanding systems in
their entirety and within the environment that gives
them context. Standing in contrast to reductionist

thinking which is based on components analysis, ST
is foundedon the synthesisof elements andcanbe re-
ferred to as Holism (or Whole), which is a term known
from modern philosophy (Bertalanffy, 1968; Check-
land, 1999; Weinberg, 2001). ST is particularly useful
in addressing complex or wicked problem situations.
These problems cannot be solved by anyone actor,
any more than a complex system can be fully under-
stood from only one perspective.

- Sustainability: is defined by Brundtland Com-
mission (1987) as meeting the needs of the present
without compromising the ability of future genera-
tions to meet their own needs. The concept of sus-
tainability is composed of three pillars: Economic,
Environmental, and Social-also known informally as
profits, planet, and people. In building design, it
can be referred as the outcome of a particular set
of values focusing on increasing the efficiency of re-
source use (i.e. energy, water, materials) while reduc-
ing building impact on human health and the envi-
ronment during the building’s lifecycle through bet-
ter siting, design, construction, operation, mainte-
nance and removal (US-EPA 2013). Life Cycle Assess-
ment (LCA) and Life Cycle Cost (LCC) approaches are
very common for measuring sustainability in build-
ing design, however, concerning a partial measure-
ment of some environmental and economic aspects
of design. Therefore, it is necessary to mention that
sustainability is based on modern information and
communication systems. There are always special in-
terests to verify the need for a deep understanding of
sustainability as the pattern with the agglomerated
set of indicators that are defined by the relevant cri-
teria. As a response to this, today, there is a signifi-
cant range of methods accessible for assessment of
sustainability, such as LEED, BREEAM, DGNB-DK.

- IDP: is a method that has been evolved mostly
during the last two decades, due to the new sustain-
ability tendencies in the AECO industry. As such, the
growing focus on sustainability is one of the areas
that make the integrated design process highly rele-
vant (Reed 2009). IDP can be understood as a collab-
orative method for designing buildings that empha-
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sizes the development of a holistic design. According
to Löhnert et al. (2005), IDP characteristics follow:

• Inter-disciplinary work from the beginning of
the design process between all consultants

• Test of various design alternatives by use of sim-
ulation tools

• Development of well-formulated performance
targets and design strategies

• A more active role of the client
• The architect as teamwork leader instead of the

sole form designer

- BIM: is a method that focuses on generating and
administrating building data (Eastman et al. 2011).
BIM is an emerging methodology in the AECO in-
dustry since the intelligent digital three-dimensional
model-based process of BIM can be used to plan, de-
sign, structure, manage, and analyze buildings. The
BIM-model represents the foundation for the BIM-
process. It functions as a database for a project and
may contain information about building geometry,
spatial relations, building location, properties, quan-
tities of building components, etc. These can be ex-
tracted and used in applications for, i.e. energy sim-
ulations, acoustic conditions, facility management.
These interactionsbetween theBIM-model andother
applications can be used throughout the whole life-
cycle of the building, from the cradle to the grave,
and all parties in the project can participate (Garber
2014). Succar (2009) addresses BIM is a set of tech-
nologies, processes, and policies enabling multiple
stakeholders to design, construct, and operate a fa-
cility collaboratively.

Synergies between ST, IDP, BIM, and their
application for sustainability in the frame-
work of HBD
HBD initially is founded on critical systems thinking,
which aims to combine systems thinking and partic-
ipatory methods to look at the whole and address
the challenges of problems characterized by large
scale, complexity, uncertainty, impermanence, and
imperfection, i.e. the challenge of becoming more

sustainable in the built environment. Using it con-
tributes to becoming less and less wrong while tack-
ling very complex challenges in the built environ-
ment. Walking in this worldview, buildings are not
considered as a one-off, independent entities made
up of separate building systems that isolated from
their surroundings-but instead as part of a holis-
tic system (on macro or micro-level), an interdepen-
dent living part of the environment into which it
is placed and belongs. The ultimate goal is for all
the systems to work harmoniously, effectively, and
synergistically-where each is made stronger and not
in any way compromised by the presence of the oth-
ers (Deutsch 2011). Decisions are made about flows-
having consequences that impact both upstream
and downstream.

Adding IDP potentials increase the likelihood of
a sustainable outcome for the project. Because the
stakeholders are together from the earliest project
stages, decisions can be made-from siting and ori-
entation of the building to the specification of green
components-in a proactive and coordinated man-
ner. The integrated design process provides strate-
gies to achieve sustainable building design through
early intervention and the bottom-up consideration
by stakeholders in how the orientation and siting,
building program, and design, materials and sys-
tems, and components and products of a building
impact each other (Deutsch 2011). In place of engag-
ing sustainability specialists working independently,
IDP implies a holistic, collaborative approach engag-
ing the insights and experiences of all teammates.
Likewise, BIM technology allows the IDP to flourish,
encourages - and provides a vessel and conduit for -
the sharing of information between the design and
construction team (Deutsch 2011). As such, BIM en-
ables integrated design and makes it possible.

As for HBD in this framework, here it can be
described as a collaborative approach for designing
buildings that focus on the development of the holis-
tic and sustainable design. It strives to be holistic in
that it involves multiple stakeholders (architects, en-
gineers, contractors, and clients) from the earliest de-
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sign phases, each having input into what goes into
making thedecisions thatwill lead to theproject end-
ing (potential use of IDP). It, therefore, considers ev-
ery stakeholders’ demands and priorities and makes
sure these decisions are made with all the informa-
tion shared at one time, and not in the more conven-
tional linear way, in which each stakeholdermaintain
and control its data and information (potential use
of BIM). HBD endeavors to simplify and streamline
working relations and decision making by removing
the traditional constraints and restrictions to a suc-
cessful outcome for all involvedparties (potential use
of ST). To create an extra coordinated and complete
project in a shorter time and limited cost, HBD be-
comes the least avenue connecting the two ends of
comprehension and completion.

HBD - Process and phases
Design processes fulfill solutions that satisfy a given
set of design constraints and meet a given set of de-
sign intentions, often evolving from abstract to mea-
surable indicators. Even a design solution that is far
from being perfect can be accepted when the inten-
tions are met. Building design solutions can emerge
from a process of replacing poor solutions withmore
efficient ones following the patterns/mechanisms in
the design process. As such, the design solution
can improve if a) more attention and time is spent,
b) more choices/solutions are considered and evalu-
ated thoroughly, and c) positive and negative syner-
gies of the decisions are explored cautiously.

This adaptive character identifies solutions/con-
cepts and then transform them progressively to-
wards meeting the project goals. That empha-
sizes the heuristic and circular nature of the design
process, which needs to regularly re-characterize
the initial design intentions to meet the project
requirements. This process involves many actors

and decision-makers who influence the final design.
When the project is built, the final design is evaluated
by many individuals, including the architect, client,
consultants, local communities (including owners of
the neighboring properties), and finally, by anyone
who occupies it or even passes by it.

The discussion above is based on the under-
standing that given a project there are bothmany ac-
tors involved andmany factors influence the final de-
sign. As such, there is not only one best/optimal so-
lution to building design problems but a broad set of
possible solutions, that depends on conditions and
circumstances (i.e., cultural or geographical), should
carefully be considered and assessed by the design
team from multiple perspectives. It hints to the fact
that finding a solution for a carefully defined and
structured design problem is not a linear, straight-
forward process. Instead, the designers should walk
throughdevelopment and selection between a set of
possibledesign solutions relevant to its environment,
being only partly able to evaluate the consequences
of their preferences to the final design. It requires
to continually identify, develop, and evolve optimal
solutions while considering the aims, design criteria,
and target values of the project. This is obtained only
in an adaptive-evolutionary-integrated-dynamic and
non-linear design process (to tackle complexity), be-
gin with the end in mind, and through systemat-
ically defined phases consisting of iterative cycles,
which contribute to the emergence of most appro-
priate and optimal final design solutions. That is also
the foundation for the development of HBD’s pro-
cess and phases in this paper. As illustrated in Fig-
ure 3, HBD consists of six iterative design phases.
Depends on the situation, iteration can happen be-
tween phases and lead to evolving solutions to the
later phases. Here, we describe each phase.

Figure 3
Six phases of HBD
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-Defining theproblem: Inspiredby the systems
thinking approaches to facing and solving complex
problems, HBD strives to picture design problems as
holistically as possible from the beginning. As such,
in order to have a clear idea of what the problem is
in this framework, HBD proposes uses of the prod-
uct, people, process, policy, and technology (4P+T)
lenses. Nevertheless, the process here will be based
on using IDP, and the technology is related to the ap-
plication of BIM-based tools and software. Questions
that can be used include: What are you doing? How
are you doing it? What are you trying to achieve?
Who should you involve? What technology do you
need to use, and why? What data do you need to
collect? Likewise, questions that can help the de-
sign stakeholders to expand their view of the prob-
lem defining are: What are the trends? Where are
they going? What will be the future price we pay?
How do we want the future to play out?

- Collecting information: HBD proposes to col-
lect information from various resources, including a)
studying of the existing cases of Sustainable Build-
ings, Integrated Design, and High-Rises; b) contex-
tual, site, comfort, and climate analysis c) industry
practitioners and academic instructors.

- Structuring the problem: HBD proposes the
model in Figure 4 to structuring the collected infor-
mation and so design constraints and intentions, in-
cluding performance, context, and design variables.
Performancevariables expressdesired characteristics
of the building under design, and in terms of which
thebuildingwill be evaluated (e.g., construction cost,
aesthetic appeal, overall quality, etc.). Context vari-
ables are those factors affecting the object to be de-
signed but not controlled by the design team (e.g.,
land price, the likelihood of earthquakes, type eat-
ing habits, etc.). Design variables describe the pos-
sibilities of the designer, her/his ranges of choice,
her/his design variables (e.g., form of building, type
of façade, type of HVAC, type of materials, etc.). Here
a problem can be said to exist when there is some
misfit among three variables in an environment.

-Developingconcepts/solutions: In this phase,
the design stakeholders evaluate different concept-
s/solutions to solve a specific problem (refers to op-
tioneering) concerning the aims, design criteria, and
target values of the project (refers to synthesizing).

Figure 4
Problem structuring
categories in HBD

We define the concept as a strategy for moving from
the project needs to building solutions. As demon-
strated in Figure 5, in this phase, the design is devel-
oped to meet the design constraints and intentions
concerning the building’s form, context, and needs.

Figure 5
Developing
concepts/solutions
in HBD

It is here that the design stakeholders reach a point in
the design process where design variables are being
synthesized with context variables, to meet perfor-
mance variables with respect to improving sustain-
ability objectives and criteria. Likewise, the various
elements used in the project should be optimized,
anddetailed calculationmodels document thebuild-
ing performance. Questions that can be used are:
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How conditions arise and change? What are the
key conditions? What is the rate of change? What
may bring a better change? In addition, HBD sug-
gests the use of Rich Design Space, Incubation Tech-
niques, or War rooms, from systems-oriented design
approaches, for this purpose too.

- Gathering feedback: In this phase, design
stakeholders are trying to get everyone to see the
same thing, to paint a common picture. Therefore it
initially includes the presentation of the project. Dig-
ital models, VR technology, small physical models,
visual diagrams, images, ppts, posters, or any other
methods can be used. Questions that can be used
in order to see if feedback loops are operating in the
process include: Do we have the same picture of the
issue or strategy? If not, how do we get it? Is it clear
and unambiguous? Is it rigorous?

- Improving the design: In this phase, the de-
sign should reflect on all of the feedback and decide
if or to what extent it should be incorporated. It is
often helpful to take solutions back through the de-
sign process to refine and clarify them. In using sys-
tems thinking-basedmanners, the designers need to
continually present, test and improve the picture un-
til there is nothing left to improve. And they know
they have done it well if their mental model of the is-
sue is as simple as possible. The questions that can
be asked include: How dowe build confidence in the
theory? How do we keep it as simple as possible, but
not simpler? Is the model too complex? Could we
remove some of that complexity?

METHODOLOGY
The research in this paper adopts a Qualitative Com-
parative Analysis (Ragin 1987), looking at the team
andproject performanceof studentsprojects (design
of a high-rise building) in groups (four groups and so
four cases in total). QCA is usedwhen there is not suf-
ficient data to statistically consider butwhen the rich-
ness of the information about each case allows pow-
erful and compelling stories about the likely causes
for desired outcomes to be told (Cheng 2015). In em-
ploying a QCA method, it is required to defining a

model with a set of variables. In the current research
study, these variables are designed and surveyed in
connection with the team and project performance
of students in groups and from different perspec-
tives. The survey consisted of twenty-four questions,
as presented in Table 1.

IMPLEMENTATION
The HBD has been being developed and taught by
the authors of the present paper in the Integrated En-
gineering Project - IEP course at the Department of
Engineering, AarhusUniversity, since 2016. Ageneral
overview of HBD methodology was presented, and
herewepresent the results from the teaching andap-
plication of it in the IEP course in spring 2019. The
course ran with 29 third semester master’s students
from different specializations, including 12 students
from constructionmanagement, four from structural
engineering, three from tectonic design, three from
ventilation, four from energy and indoor climate, and
one fromgeotechnical engineering specializations. It
is important to mention that students with tectonic
design background played a role as architects in this
exercise; nevertheless, there is a massive potential to
running the similar course in collaboration with ar-
chitecture schools (e.g., Aarhus School of Architec-
ture), and so having and involving the architecture
students in the same practice, in future.

Project description
In groups (four groups with different specializations),
students were called on the development of a high-
rise building. Throughout the framework of HBD, the
instructors delivered several lectures related to ST,
IDP, BIM, and their application for the development
of sustainable high-rises. In particular, there were
multiple lectures about BIM, its framework, benefits,
challenges, the potential for mass modeling, model
development, detailing, performance analysis, col-
laboration (C4R), construction management, as well
as its integration with VR technology, LCA/LCC anal-
ysis tools, and several analytical tools. Revit was par-
tially taught (since the students were already famil-
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Table 1
Qualitative
comparative
analysis of HBD
implementation

iar with software) and used as the main software to-
gether with Dynamo (for parametric design, and per-
formance analysis), Naviswork (for 4D and 5D anal-
ysis), Sigma database (Danish cost databased), Au-
todesk Green Building Studio (for energy and sus-

tainability analysis), Robot (for structural analysis),
One-Click LCA, and Autodesk CFD. Two groups used
IFC for data exchange for running structural analy-
sis. Moreover, students used their Revit models for
solar, shadow, energy, heating and cooling load, and
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location-based scheduling analysis in Revit. The out-
comes were presented and documented in the form
of A3 portfolios, followed by a group presentation
and individual oral exams.

Project outcome
For evaluationof theHBD implemented in the course,
we used themethodology explained in section 2. We
conducted a survey at the end of the semester, using
the questions in Table 1. Since the survey was imple-
mented after the exam was done, therefore, there is
no data available for this course related to the trend-
ing of individual and group performance over the life
of the project. Likert scale was exploited in the sur-
vey follows as: 1 = Strongly Disagree, 2 = Disagree, 3
= Undecided, 4 = Agree, and 5= Strongly Agree. The
outcome of the survey is presented in Figure 6.

Figure 6
Evaluation outcome
of HBD
methodology in
Integrated
Engineering Project
course (see Table 1
for the surveyed
questions)

The survey outcome was in total very desirable and
produced several results. Concerning outcomes, it is
evident that there is a correlation between the abil-
ity of the groups to work together effectively and the
quality of the student work product. Almost most
of the students felt they learned more about other
specializations’ roles, and after the course was done,
they felt much more comfortable joining in multi-
disciplinary groups. Most students appreciated the
learning aboutHBD in the IEP coursewas a very effec-
tive learning experience. Some students commented
on how exciting it is learning and practicing on BIM,

IDP, and Sustainability in one package, as they are re-
peatedly hearing about them in both academia and
industry. All groups found that the development and
sharing of a BIM model were somewhat challeng-
ing, however beneficial. Actual workflows turned out
to be similar to the planned workflows. Almost all
confirmed that they learned more about other disci-
plines within the design process.

Students found it relatively difficult to using IFC
for data exchange between the applied software.
Likewise, they felt that the connection between BIM
and sustainable design was not as strong as antici-
pated (or should be), possibly due to workflow chal-
lenges encountered by the student groups. This re-
quires adding and covering more contents and prac-
tical exercises on BIM’s ability to achieving sustain-
ability in the future. All groups, specifically in the
early phases of the project, foundHBD somewhat dif-
ficult and more time consuming (comparing design-
ing the project on their own or in a smaller group).
On the other hand, all agreed that the successful im-
plementation of HBD will result in better and more
sustainable design outcomes.

CONCLUSION
HBD is under development, and there aremany plau-
sible perspectives yet to be explored. The basis for
a major R&D project into HBD was configured and
practiced in this paper. The methodology as a re-
search project will be moving through other stages
where experiences will be considered more system-
atically, and the concepts developed further, and
emerging patterns of use and application will be
elaborated and reported on.

HBD is intended to integrate knowledge fromen-
gineering and architecture and let them interactwith
each other in order to solve the often very compli-
cated problems connected to the design of sustain-
able solutions. Based on the result of the present
study and our experience since 2016, it is observed
that the HBD framework could significantly facilitate
theunderstandingof thedesignprocess andenhanc-
ing it by promoting iterative decision-making and
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turning the focus to the earlier stages of the design
process. That encompasses the level of awareness,
communication, and cohesion concerning the used
technology between the entire involved students in
their group and their relevant demands (from differ-
ent specialization, i.e. structure or constructionman-
agement) for the sustainable development of a com-
plex building, or the high-rise building that is the
focus in this project. Likewise, it appears that HBD
can also influenceonmoreproductive teamwork and
process from the used technology perspective, and
as a result of this, it contributes to improvement in
time-saving, accuracy and quality of the final deci-
sions, as well as encouraging the users (in this project
students) to deal with a broad set of sustainability-
focused design variables.

Hands-on integrated BIM practices are crucial to
prepare students for a professional career in the fast-
changing fields of the AECO industry. It is essential
not just to teach the new software or digital tech-
nology, but also to expose students to approaches
that foster successful collaboration and break down
specializations’ silos, as well as the compartmental-
ization of the design process. It is simply a question
of becoming familiar with the process and how this
awareness is learned and acquired. For students to
be successful in these rigorous collaborative learning
exercises, they need to join into the integrated build-
ing design courses with adequately well-developed
BIM competences, be equipped with efficient com-
puters and labs to handle digital and team collabo-
ration. This entails receiving on-going support from
academia and individuals who have a broad range of
disciplinary knowledge and experience with the BIM
and IDP, applied in real-world cases.
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An analysis of AI in design literature, compiled from almost 200 publications
from the 1980s onwards. The majority of the sources are proceedings from
various conferences. This work is inspired by the Ten Problems for AI in Design
(Gero 1991) workshop report, which listed the problems to be tackled in design
with AI. Almost 30 years since the publication, it seems most of the Ten Problems
cannot be considered solved or even addressed. One of this paper's goals is to
identify, categorize and examine the bottlenecks in the adoption of AI in design.
The collected papers were analysed to obtain the following data: Problem, Tool,
Solution, Stage and Future work. The conclusions drawn from the analysis are
used to define a range of existing problems with AI adoption, further illustrated
with an update to the Ten Problems. Ideally this paper will spark a discussion on
the quality of research, methodology and continuity in research.

Keywords: artificial intelligence, review, design automation, knowledge
representation, machine learning, expert system

INTRODUCTION
In 1991, during the Twelfth International Joint Con-
ference on Artificial Intelligence, a workshop led by
John S. Gero took place to identify possible research
avenues for AI in design. The result of that meeting is
a report titledTenProblems forAIDesign (Gero1991).
This concise publication identifies and describes the
following list of problems:

1. Representation in Design
2. Design Semantics-Coding and Decoding
3. Inference in Design
4. Combinatorial Explosion in Design
5. Indexing in Design
6. Dynamic Modification-Learning in Design

7. Generalisation in Design
8. Situation in Design
9. Creativity in Design

10. Evaluation in Design

The author relates the problems of AI with the prob-
lems of design, understanding that some parts of the
list are more coincided with AI when others are gen-
eral design problems. For instance: Representation
in Design is said to be a problem both in AI and De-
sign when Creativity in Design mostly yields deeply
philosophical questions about the creativity of com-
puters and algorithms. Even though the list is almost
30 years old, it seems some of the problems remain
unsolved. An update on the Ten Problems is themain
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inspiration for this text, and the list is further used as
a basis for evaluation.

Definitions
Artificial Intelligence. In the nature of all man-made
tools is the desire to either replace or aid the hu-
man in his/her activities in changing the environ-
ment. While a simple tool such as a fork aids very
simple tasks, more complex human actions require
more advanced objects or methods. The complexity
at which the necessity for intellect arises is reached
whenever any informationprocessing has to bedone
before, during or after the action taken. This is where
the termArtificial Intelligence emerges - a tool which
can help humans by performing a part of intellectual
work (Bellman 1978) or tools which require some in-
tellect to perform physical work (Kurzweil 1990) - i.e.
recognizing objects in an image to navigate the en-
vironment or scheduling a plan to run a complex sys-
tem.

Design. The definition of design according to the
Cambridge Dictionary [1] is: “to make or draw plans
for something, for example clothes or buildings”. “To
design” is “to plan” - to foresee the future and the
consequences of an itemor action being planned, be
it a building, computer system or a fork. A typical
design is composed of information research, analysis
and compilation of the processed information in the
synthesis (Ullman 2010, p.17-19). The information is
then used to prognose and decide the expected out-
comes of the design. Auxiliary information is sourced
through mid-process evaluation of selected design
parameters. It is clear that design “foreseeing” feeds
on information. A complementary response to the
question “why to design?” is given by (Gero 1990),
stating that thedesigner’s role is to “change theworld
through the creation of artifacts.” so that the world
suits the human better.

Design Automation. Design can be bounded to-
gether with AI to accomplish Design Automation.
Thisprocess requiresArtificial Intelligencewhich is an
aid or replacement of the human in the act of pro-
cessing information. The indispensable presence of

information both in AI as well as in Design is the rea-
son this paper focuses as much on AI as it does on
Knowledge Representation.

One example of Design Automation is Layout
Generation, which in this text is referred directly to
accentuate the popularity of this topic. Layout Gen-
eration is an act of creating or refining a building’s
spacial configuration - either a 2D plan or a simplified
3D model.

Expectations
The first eCAADe proceedings were published in
1983 - during that time the Expert Systems were
one of the most proliferated AI tools (Nilsson 2010,
p. 291) - and this AI approach continued to be ex-
plored in the 80s by architectural design researchers.
Throughout the next 37 years, different tools and
techniques appear in the field: artificial neural net-
works, fuzzy logic, genetic algorithms, recommenda-
tion systems, clustering, and more recently convo-
lutional neural networks and generative adversarial
networks. The question arises - why in themost pop-
ular CAD packages currently available in the market,
the onlywidespreadAI tools are based solely on opti-
mization? (Nagyet al. 2017, AutodeskGenerativeDe-
sign [2], Galapagos [11]) In the big picture, this paper
tries to analyse existing research to find the answer
to this question. The assumption is made that given
a large enough sample of research papers, it will be
possible to learn about the macro-scale characteris-
tics of the research spectrum and draw conclusions.

METHODS
The collection of analysedpaperswas donemanually
by browsing the series of papers in the CumInCAD
database [12]. Overall, 370 papers were selected.
332 papers were manually searched for existing key-
words, out of which 148 had such data. 180 papers
were used in the analysis of the tools used and prob-
lems approached. Narrowing the selection from 370
to 180 was done in a pseudo-random fashion. The
following is a list of sources for the 180 papers used
for in-depth analysis:
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• 85 from eCAADe (Education and research in
Computer AidedArchitectural Design in Europe)

• 53 from ACADIA (Association for Computer
Aided Design in Architecture)

• 12 from IJAC (International Journal of Architec-
tural Computing)

• 9 from CAAD Futures Foundation
• 17 from various other sources

It is important to note that theremight bemore pub-
lications related to AI in the listed events/journals as
the initial selection process was based on title, key-
words or the author. The browsing process is mea-
sured in days, if not weeks, as a lot of time was spent
on formatting the entries.

Examination criterias
The papers were analysed to obtain the following
data: Problem (the general research Area of the ap-
proached problem in the paper), Tool (the class of
the tool proposed to solve the problem), Solution
(the solution to the Problem which uses the Tool),
Stage (the stageof theworks presented), Futurework
(the outlook for the Solution), Keywords and over-
all Paper Count. Obviously, not all the papers fit the
evaluation criteria in the same manner. While most
of the publications follow the Problem-Tool-Solution
pattern, there is a significant amount of texts about
other people’swork or describing thehistory or prop-
erties of existing tools. These “meta-papers” are also
included in the analyzed sample to cover a broader
perspective of the field. It is assumed the Problem-
Tool-Solution papers are usually closer to applied re-
search, while the rest represents the basic research in
the field.

RESULTS
The results are compiled in two parts: Quantitative
Analysis and Qualitative Analysis. In the first part the
analysis is used to reveal: the overall interest of AI in
design research, the most popular research areas in
the field, the most popular tools used by researchers
and the occurrence of the keywords. The secondpart
is a list highlighting the common qualitative issues

identified in the study. Quantitative Analysis is based
on the number of occurrences of specific Problems,
Tools etc., and Qualitative Analysis discusses the con-
tent of particular papers.

Figure 1
Number of
publications found
in the analysed
proceedings and
journals.

Quantitative analysis: Paper count, Areas,
Tools and Keywords
Paper count. Figure 1 shows the number of AI-
related papers published each year. The total
amount of found texts is 370 over the last 39 years.
The first paper (Cullen 1983) appeared in the 1983
eCAADe proceedings, treating on Expert Systems
for the teaching/tutoring process. In the proceed-
ing years AI research efforts kept intensifying, with a
growth peak around 1995-2005 when the number of
papers published yearly remained on the same level.
In the next decade (2010-2020) there seems to have
been another growth period in the field. It is hard to
pin down the exact reasonwhyAI becamemorepop-
ular in the recent years, yet it is possible towritedown
a speculative list of incentives:

• AI becomes popular thanks to the maturity of
Internet applications and data-oriented services
like social media; research interest transpires to
the architectural domain.

• Parametric modelling becomes widespread
within academia with the popularity growth of
software such as Grasshopper, Generative Com-
ponents etc.

• Architectural research oriented academia grows
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Figure 2
Research areas over
time

in size, which increases the number of publica-
tions overall, including the AI-related ones.

Within the eCAADe proceedings, there were 103 pa-
pers submitted in 2003, 117 in 2008, 149 in 2013
and 181 in 2018. ACADIA proceedings usually count
around 60 papers in each edition.

Areas. This part of the analysis was focused on iden-
tification of research areas in the field - or in other
words, what seemed the most interesting AI-related
topic for the architectural design community. Look-
ing at the Figure 2 it is quite evident there are 3 key
research subjects, that is:

• Knowledge Representation [KR]
• Design Automation [DA]
• Layout Generation [LG]

While Layout Generation is in fact a task of automa-
tion, the amount of research done around this topic
is so significant (Calixto and Celani 2015) it requires a
category on its own.

The Knowledge Representation area leads the
chart and it seems the activity of this research is
constant. The range of tools used for KR covers:
graphs, grammars, symbolic notations, databases,
languages, discrete models, explicit models, frames,
parametric models. There is a reason (Gero 1991)
puts the problems of Representation and Semantics
first on the list.

Design Automation is the second most popular
research area, with multiple papers published each
decade. While thismight be the ultimate task for AI in
architecture, problemswith KR stay in theway. In this
scope there are solutions using genetic algorithms,

shape grammars, expert systems, genetic program-
ming, self-organizing maps, cellular automatas and
most recently generative adversarial networks.

Layout Generation popularity earns a category
of its own. A multitude of tools used for LG spans
between genetic algorithms, spring systems, convo-
lutional neural networks, generative adversarial net-
works and self-organizing maps. It is quite surpris-
ing that such a complex topic stays on top of the
chart, given the collateral problems still unsolved -
lack of semantically rich KR for layouts and most im-
portantly, the problem of metrics and evaluation.

Figure 3
Tools over time

Tools. There seems to exist a range of sentiments
in the Knowledge Representation area. Grammars
(including Shape Grammars, but not exclusively) are
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certainly a tool attractive for researchers for a long
time having a constant number of papers published
(Figure 3). There are more than 15 papers in the
analysed texts using shape grammars one way or an-
other, published in every decade. The popularity of
this method probably roots in the simplicity of nota-
tion which makes it readable both for computers as
well as humans (as compared with big databases or
complex semantic networks).

Another favourite KR tool is Graph representa-
tion. Widely used for decades, KR emerges as a nat-
ural choice for researchers. One can speculate that
floor plans are easiest to represent using adjacency
matrices/graphs. While this representation carries
only a small fractionof informationabout afloorplan,
there seems to be no more popular representation.

When it comes to Design Automation and Lay-
out Generation, the most popular AI-related tools
used in those scopes are genetic algorithms (Calixto
and Celani 2015). There is a peak of research papers
on genetic algorithms between 2010-2015, which
might be suggesting the rising popularity of Gala-
pagos solver available in Grasshopper. This impres-
sion is quickly overturned with a look at the publica-
tions around that time (ACADIA 2012, eCAADe 2012
proceedings), which reveal the tools used by the re-
searchers were mostly bespoke solvers.

Keywords. Finally the keyword analysis reveals a
number of trends. From a list of 525 unique key-
words, Figure 4 presents the 25 most popular ones
with a number of occurrences. The most frequent
keywords “parametric design” and “generative de-
sign” reflect the field interest in KR and information
encoding. Right after these, the ubiquitous term “ar-
tificial intelligence” emerges together with “machine
learning”. The rest of the keywords show a balance
between the research areas and the variety of meth-
ods and problems. The higher amount of keywords
found in the papers after the year 2000 might indi-
cate the popularization of the Internet and search en-
gines.

Qualitative analysis
Following is the classification of AI adoption obsta-
cles. The causes are divided into two groups: en-
dogenous and exogenous. Endogenous obstacles
arise from the way the research is done - issues di-
rectly under control of the researchers. Exogenous
obstacles will classify the issues induced by the re-
search environment and practical limitations. It is
an approach to write a comprehensive list of issues,
even if some of them might not have a major influ-
ence on the AI adoption rate.

Figure 4
Keywords over time
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Endogenous issues
Lack of methodological consistency. Assuming ar-
chitectural design is not a scientific discipline which
follows the scientific method [5], it is irrational to re-
quire every paper to be guided by a purely logical
thought process. Yet, within this field there exists a
number of clear and logical problems. The papers
which address these have to be scrutinized under the
same requirements as publications in scientific disci-
plines.

Another methodological problem is the lack of
means for evaluation (lack of goodmetrics), which in
scientific disciplines is usually solved by a compari-
son against an existing solution. A quick glimpse at
the Layout Generation research papers shows that
these could greatly benefit by using that evaluation
method. Tolerance for suchmethodological deficien-
cies may lead to a headache, similar to the Repro-
ducibility Crisis [4].

The nextmethodological issue visible in the field
is the lack of a proper evaluation of subjective prop-
erties, be it architectural or referring to UI etc. A sam-
ple size of 20 (a common size for a group of students),
gives a ˜20% margin of error with 95% confidence
level. With a sample size of 30 and a confidence level
of 90%, themargin of error equals ˜15%. While (Lenth
2001) shows that those numbers are acceptable, the
same text argues for a higher number of samples in
long term experiments (how “long-term” is the de-
sign process?). Sample randomization can be an is-
suewhenever the students are asked to evaluate part
of the research.

Finally, a common issue with the majority of the
analysed papers is the overly elaborate descriptions
of the used methods. This can be simplified by refer-
encing the paper which describes the method used
and extending the description only to put it into the
context of the presented research. While this does
not directly influence the quality of the research, it
greatly lowers the text comprehension for other re-
searchers.

Wrong prioritization of the existing problems.
Similar observations about generative design as

pointed out by Davis [6] can apply to the more gen-
eral field of AI in architectural design. For instance:
prioritization of Layout Generation or Optimization,
might introduce new (and more costly) problems to
the process - a person has to review hundreds of op-
tions or set up a complex optimization solver routine
(and run it multiple times to get a good understand-
ingof aproblem). Thebenefits of thosenewactivities
seem to not cover the additional costs.

As suggested by Davis “a more fruitful path
seems to be taking the existing process and finding
ways to enhance it with algorithmic smarts”. The au-
thor suggests tackling smaller problems with the ex-
ample of spell-checkers and other typing aids. Based
on the analysis of the AI-related papers it seems to be
the successful path for some architects (Fagerström
et al. 2012).

Overly ambitiousprojects. Thiswas a problemback
in the early 90s, during what could be considered an
“early stage” of AI-oriented architectural design re-
search. An appropriate illustration of the attitude to-
wards AI in design is demonstrated by (Bayazit 1992),
which shows the high hopes put in AI during that
time. In the most recent years, the problem seems
marginal.

Existing AI concepts are not applicable in design.
Plenty of research done reuses the tools developed
by computer scientists who made them to solve a
particular problem. Is a designproblem similar to any
of those problems? This question currently remains
unanswered and certainly needs more research.

The recent spawn of generative adversarial net-
work research in design is of particular concern (Fig-
ure 3) AreGANs able to learnwell enough togenerate
floor plans of human-like quality? That is a binary de-
cision - anything of lower quality will be considered a
failure andwill prevent thedesigners fromusing such
a tool.

A majority of papers reuse tools like neural net-
works, clustering methods etc., but maybe some ar-
chitectural problems require new kinds of tools, spe-
cific for this discipline. Basic research needs to be
done.
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Lack of representation methods. The representa-
tion problem emerges any time a researcher tries to
use machine learning methods. Just as good BIM
and parametric models are for general representa-
tion, these models might not be equipped with the
information necessary for machine learning. The ex-
ampleof Topologic (Aish et al. 2018)models for struc-
tural analysis and energy simulation shows that in
some cases, a new type of representation might be
the easiest way to utilize new tools. The need for bet-
ter representation methods is visible in the popular-
ity of Knowledge Representation research (Figure 2)

Innovation.How innovative is anotherpaper onday-
light optimization or layout generation? It seems the
major focus in such research is put on the part of ba-
sic research. Accordingly to (Edison et al. 2013), the
process of innovation is:

“...implementation of a new design, analysis or
development method that changes the way how
products are created”

Which accents the product as the final outcome
of innovation. There are 31 papers listed in (Calixto
and Celani 2015) using GA for layout optimization
(and the GA is the most common tool used - see Fig-
ure 3), yet no CAD package comeswith an integrated
out-of-the-box tool based on that research. The so-
lutions exist, what is left is to develop the product -
which requires innovation in developing other parts
of theworkflow -user interface, representationmeth-
ods etc. This is reciprocal with the wrong prioritiza-
tion of the research problems.

Exogenous issues
Interface problem. With AI working with big
amounts of data, the interface problem appears as
one of the main issues with AI adoption. This was
partially solved with the introduction of parametric
modelling (which enabled optimization solvers), yet
it seems other AI tools can’t benefit much from the
new representation method. The key concern for
research on UI and representation methods should
therefore be the amount of information humans can
transfer to a computer within a finite amount of time.

Lack of interest in Expert Systems (Figure 3) in ar-
chitectural design can be partially attributed to this
issue. The volume and complexity of knowledgenec-
essary for an Expert System to operate turned out to
be the major bottleneck in application.

Computation power. Just as there is an accuracy
difference between a simple, fully connected neu-
ral network and deep-learning convolutional neu-
ral networks, there might be another step to take
in terms of scale to address problems specific to ar-
chitectural design. A clarification on the types of
problemsdesigners encounter in theirworkmight re-
veal the complexity of the underlying tasks. Bespoke
hardware running neural networks is currently avail-
able in the market [9], maybe some architectural de-
sign problems will also require attention from hard-
ware manufacturers.

Other - Funding and Education. There possibly ex-
ist some issues with AI adoptionwhich cannot be de-
ducted from the analysed papers.

Funding is the first thing which comes to mind -
looking at the research facilities in Europe, it seems
architectural design has to cooperate with other
disciplines - material science, robotic fabrication or
physical simulation etc. in the efforts to secure fund-
ing. Architecture may be seen as a secondary actor
supplying the research with context, yet not gaining
architecture-specific solutions.

Finally, education will play a crucial role in shap-
ing the industry. For a lot of architects, the study pe-
riod is the last time they can truly experimentwithde-
sign. What information will be fed during that time,
will often remain static. In that picture, to popularize
the AI in design, it is crucial to educate the future de-
signers on the benefits of AI, even if those are yet to
come.

DISCUSSION
Update on the Ten Problems
Given the numbers in the Quantitative Analysis, one
might question the purpose of this paper. Despite
the issues listed in the Qualitative Analysis, the re-
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search environment seems rich and on the right track
to solve the Ten Problems listed in (Gero 1991). As
will be described in this part, it appears theremust be
some adjustmentsmade in the research to overcome
all of the problems. The listing below scrutinizes the
current state of each one of the Ten Problems.

Representation in Design / Design Semantics--
Coding and Decoding. The problem of representa-
tion and design semantics is widely researched by
multiple teams and institutions. With the introduc-
tion of Parametric Modelling and BIM, there now ex-
ists multiple ways of getting the computer to “know”
what there is to be known. Knowledge Representa-
tion is the most popular research area among the re-
searchers with 47 papers found as shown in Figure
2; “parametric design”, “generative design” are the
most popular keywords (Figure 4). Evenwith the cur-
rent interoperability issues (tackled for instance by
Speckle [1] and projects such as Complex Modelling
[10]), it appears that the research on those 2 prob-
lems is either done or underway. Missing is the repre-
sentationmethods developed especially for AI appli-
cations - e.g. GAN (Newton 2019) encodes floor plans
as semantically poor bitmaps (which, according to
“scruffies” might be the right way to use AI (Nilsson
2010, p.416-417)).

Inference in Design. The Inference problem seems
to be currently neglected. Some basic research on
symbolic approaches exists (Cha and Gero 1999), yet
it’s far from a real-world application. This is reflected
in the sudden loss of popularity of Expert Systems
(Figure 3), which are tightly bounded with the Infer-
ence problem.

Combinatorial Explosion in Design. With the pop-
ularization of parametric modelling, combinatorial
explosion is one of the problems most widely ad-
dressed by the researchers. There now exists a
strong suite of optimization solvers [11] (Cichocka et
al. 2017) (Vierlinger and Hofmann 2013) and solu-
tion space analysis methods (Harding 2016) (Stasiuk
and Thomsen 2014) which tackle the combinatorial
explosion using different strategies. Genetic algo-
rithms are the most popular tool in the analysed pa-

pers with 25 occurrences (Figure 3).

Indexing in Design. While there is some common
ground with the Combinatorial Explosion problem,
the accent should be probably put more at exist-
ing databases and database querying. The only
found example of a solution addressing this issue
is Autodesk Design Graph [8], which uses shape-
recognizing artificial neural networks to categorize
geometries and put them in a relational database
which the authors describe as a “design graph”.

Dynamic Modification-Learning in Design / Gen-
eralisation in Design. Just as with the Inference
problem, there seems to be nomajor research on the
problems of Dynamic Modification and Generaliza-
tion in Design. Again, this is reflected in the disap-
pearing popularity of Expert Systems.

SituationRecognition inDesign.An interesting ap-
proach to Situation Recognition was recently pre-
sented in (Peng et al. 2017), where the authors
used neural networks to classify various architectural
spaces. No real-world software application currently
exists which could guide the architect in the design
process by recognizing problems and suggesting so-
lutions.

Creativity in Design. This topic is common for al-
most all disciplines using AI (not just architecture).
There seems to be some movement with Reinforce-
ment Learning in computer science (Baker et al.
2019), yet none of it transpires to architectural re-
search yet. Creativity is visible in the way researchers
use the AI tools, yet the AI tools still lack creativity.
None of the papers considered Creativity important
enough to add a related keyword (Figure 4).

Evaluation inDesign.Noneof the abovementioned
problems can be considered relevant without an
appropriate way to measure architectural qualities.
Some advances weremade by (Wilkinson and Hanna
2015) where the author used neural networks to
speed up the wind turbulence pattern estimation.
There still seems to be a long way to go for address-
ing the socio-ethical values and other “soft-values” of
design as proposed by (Gero 1991).
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Main Findings
Quantitative analysis revealed a range of problems,
tools and solutions researchers used or worked on so
far. A range of research areas and problems are pre-
sented and then evaluated against the Ten Problems
in the Discussion. This comparison highlights a num-
ber of problemswhich are not yet approached by the
research community.

Quantitative analysis identifies a range of issues
with the existing research, which are divided into En-
dogenous and Exogenous groups. Endogenous is-
sues are identified as: lack of scientific methodology,
wrong prioritization of the existing problems, overly
ambitious projects, wrong application of the existing
AI concepts, lack of representationmethods and lack
of innovation. Exogenous issues are identified as the
interfaceproblem, lackof computationpower and in-
stitutional problems (funding and education).

Conclusions
The performed evaluation was driven mostly by the
interest in AI, current stage of the research field and
how it affects the design practice. This interest was
additionally fueled by the (Gero 1991) Ten Problems
for AI in Design and a sudden realization that a big
part of the listed problems remain intact.

Thanks to the in-depth analysis of close to 200
papers, an update on the (Gero 1991) could be per-
formed. Problems missing satiating solutions were
helpful in finding the possible issues with adoption
of AI in design, highlighting the research spaces re-
quiring more attention.

It is in the best interest of the research field to
self-reflect and question the current status - which
this publication intends to motivate.

Future work
The list of analysed papers serves as an entry point in
the research. Tackling one of the Ten Problems with
the knowledge gained from the identified adoption
issues will now serve as a reference for future steps.
A self-evaluation is possible to be performed - first by
questioning the research problem, then by question-
ing the importance of it for the field, finally ensuring

the identified adoption issues can be addressed.
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Role-playing planning games as educational tool

Experiences of teachingwith educational games in Sweden
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Teaching about cities and planning involves complexities of understanding urban
development in space and time, evolution and transformation of cities, urban
politics, actors and stakeholders. Delivering efficient ways of teaching, is very
important for educators, particularly among lecturers at universities who work
with urban planning and design. Games can be used as educational tools and
role-playing games can capture the political struggle of different actors and
stakeholders involved in planning processes. Games can enable students to
experience urban development and take roles of different actors and stakeholders
in the planning and development processes and practice the art of negotiations in
urban politics. Two educational games were written for the planning courses at
KTH Royal Institute of Technology, Sweden. Since 2011, 17 games were played in
different courses. Data from the evaluation forms was collected on 14 games and
277 students answered questions. This paper analyses the evaluation forms and
the comments of the students who took part in the games and discusses gaming as
an educational tool. The experiences with role-playing planning games are very
positive. These ratings occurs consistently in each game that was played with
very small variations.

Keywords: urban planning, urban design, role-playing games, education tool,
teaching, gaming

INTRODUCTION
Teaching about cities and planning involves com-
plexities of understanding urban development in
space and time, evolution and transformation of
cities, history and future, human society and the en-
vironment, human cognition and urban space, urban
politics, actors and stakeholders (Panerai et al., 2004
[1977]; Alexander et al., 1977; Alexander, 1979; Hall,
2014 [1988]; Batty, 2005; Marshall, 2009; Portugali,

2011; Portugali et al.., 2012). Delivering efficientways
of teaching, especially about urban planning and
design that includes multiple discourses and com-
plexities, is very important for educators, particularly
among lecturers at universities.

Games can be used as educational tools to en-
rich urban planning and design courses. Gaming re-
quires and elicits learning (Bekerbrede et al., 2011,
p.1523). Cities can be simulated to create virtual ur-
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ban environments. There is a long history of urban
gaming simulations (Meier and Duke, 1966; Taylor,
1971; Greenblat and Duke, 1975; Ceccini and Rizzi,
2001; Mayer and Veeneman, 2002; Mayer et al.., 2005;
Mayer, 2009). The city is a stage where interests of
different actors and stakeholders collide. The role-
playing games can capture and simulate this politi-
cal struggle of urbanplanning anddevelopment pro-
cess. The role-playing games are popular in the po-
litical economy courses where students can experi-
ence planning processes, decisionmaking and urban
politics or practice the art of negotiations (Luce and
Raiffa, 1989[1957]; Raiffa 1982; Raiffa et al., 2002).

Using gaming and gamification in education
links to the emergence of a new “gamer genera-
tion”. The 20th century brought a video game rev-
olution that irreversibly brought a new view on the
world. The arcade games of the 1970s awakened
interest in video games that flourished on personal
computers in the 1980s and particularly in the 1990s.
The video games persist on personal computers and
since the 2000s expanded into the domain of mobile
phones creating virtual worlds with million players
supported by billion dollar industries. This “gamer
discourse” (discussed by Bekerbrede, et al., 2011) de-
mands newways of game-like education. This can in-
cluding digital technology, but analogous methods
as board game kits can be also efficientways of learn-
ing and teaching (Meijer, 2015).

Inspired by this gaming revolution and the
gamer discourse, two role-playing games were de-
signed for the students in the planning courses at
KTH Royal Institute of Technology, Sweden. The role-
playing games simulated the process of urban de-
velopment of a city facing transportation problems
followed by subsequent local elections. The first
game focuses on the tension between road and pub-
lic transportation expansion in a city, whereas the
secondgame revolves aroundcyclingand transit sce-
narios specifically for a small Swedish town. The
students played roles according prewritten scenarios
as politicians in the City Council, municipal officials
and citizens. The purpose of the role-playing games

was to create awareness among the planning stu-
dents about the urban politics, the actors and stake-
holders of the development processes and the ran-
domness of success and failure in city building. This
paper analyses the evaluation forms and the com-
ments of the students who took part in the games
and discusses gaming simulation as an educational
tool. Since 2011, 17 games were played in differ-
ent courses. Data from the evaluation forms was
collected on 14 games and 277 students answered
questions. This paper discusses the following ques-
tions: Is it fun or boring to learn planning by play-
ing? What are the learning outcomes? How useful
is the role-planning game? During the past 8 years
of teaching the game the evaluation forms changed
slightly including questions about attitudes towards
games: Do you like playing games? How often you
play games?

The following section presents themethodology
and data collection. The third section describes the
role-playing games and the game mechanics. The
fourth section presents the results of the evaluation
forms, the comments of the students regarding their
expectations and experiences and discusses the re-
sults. The last section concludes this paper.

METHODOLOGY
The methods include quantitative and qualitative
analyses of the student evaluation forms for the role-
playing games (Figure 1). The evaluation forms con-
sist of questionnaires with rating questions from 0
to 10 and a section where the students could com-
ment on the game experience. The appendix in-
cludes the evaluation formswith the rating and com-
ments from two students. The quantitative meth-
ods are descriptive statistics. The descriptive statis-
tics show themean,maximumandminimumand are
grouped by game, game date, language of the game
and gender. The qualitative study includes explo-
ration of the student comments. The design of the
evaluation forms changed after several games to in-
clude questions about attitudes towards games.
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Figure 1
Methodology. The
sample of the
evaluation form is
included in the
appendix.

In role-playing games the players takes alternative
roles. The game mechanics include following sce-
narios, finishing quests and achieving goals or re-
ceiving awards. In the context of the planning role-
playing game, the players follow scenarios to accom-
plish goals.

THE GAMEPLAY
Two educational games were written for the urban
planning and design courses at KTH Royal Institute
of Technology, Sweden. Both games simulate a plan-
ning and development process within a cycle of lo-
cal elections. The first game describes the conflict
between road and public transportation expansion
in a fictional city, whereas the second game revolves
around cycling and transit scenarios specifically for a
small Swedish town. Figure 2 shows structure of the
role-playing planning game and political powerplay
of the roles. Figure 2A illustrates the five parts of the
game lecture. The game simulates planning and de-
sign charrette, city council meeting in a cycle of lo-
cal election. The teacher as game moderator starts
with an introduction and ends with conclusion. The
students play local politicians, municipal officials or
citizens. The lecture lasts between 2 and 3 academic
hours (45min with 15min break). The introduction
to the game lasts 15 min. In the introduction the
teacher presents the story of the game (transporta-
tion problems) and the players (the Mayor, deputy
mayor, councillors, municipal officials and citizens).
The students play roles according prewritten scenar-
ios as politicians in the City Council, municipal offi-
cials and citizens. Before the introduction the stu-
dents receive a scenario about their roles and strat-
egy how to play. The scenario for the Mayor and
two citizens (hipster) from Game 1 and one council-
lor from Game 2 are included in the appendix. The

planning and design charrette act is the first part of
the game (lasting 30 min to 1 hour) where all play-
ers are involved. This act is followed by a City Coun-
cil meeting where a development decision is made.
In this part where only the local politicians play. The
political powerplay between the actors is presented
on Figure 2B. There are five roles in the local govern-
ment. The government has majority with a chance
of a councillor to change sides between government
and opposition. The Mayor or the City Council must
reach a decision. Then the teacher throws a dice to
see if the development decision was a success or fail-
ure (there are different odds of success depending of
the decision). The game is concluded with election
that depend if the decision was successful.

Figure 2
The structure of the
role-playing
planning game and
political powerplay
of the roles.

Figure 2B describe the powerplay in the local govern-
mentwhere politicians aim towin the local elections.
There are five roles in the local government with a
chance of a councillor to change sides between gov-
ernment and opposition. The Mayor can be blocked
in the City Council. Figure 2C illustrates the political
attitudes of the citizens. One third of the citizens are
pro government, one third are for the opposition and
third are neutral. The game is concluded with elec-
tion that depend if the decision was successful. The
pro government or opposition citizens always vote
for thegovernmentor oppositiondespite the success
of the project. The neutral citizens decide based on
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successful decision of the city council and they can
overturn the government if the Mayor fails.

The main protagonist in the planning games is
the Mayor that pursues a development agenda (to
build a motorway in Game 1 and Bus Rapid Sys-
tem (BRT) in Game 2). The successful development
project will bring an election victory on the next local
elections. The Mayor tries to increase its chances by
choosing scenarios that have a great chances of suc-
cess (the motorway comes with 84% chance of suc-
cess where no decision will result in 16% chance of
success and re-election). Dice decides the outcome
of the development project. The deputy mayor has
a disruptive role to create political alliances and dis-
rupt decisions with high odds of success. This in-
cludes creating alliances with council members from
the government and inciting the citizens to propose
development alternatives thatwill decrease the odds
of success. It is possible for the mayor to decide for a
motorwayandadditional public transport alternative
that can bankrupt the city (the success chance are
lowered to 50%). The Mayor can face rebellion from
the councillors in the Local Council meeting from it
government, but in a same time theopposition coun-
cillor can support his or hers effort. Two councillors
have amoreopen strategy that can includebackstab-
bing. All the citizen pursue different agendas (pro
government or opposition and neutral). A special
feature of the game are citizens (pensioners) that are
very extrovert and vocal on the planning and design
charrette. Their role is to bring alternative or disrup-
tive scenarios opposite of the Mayor’s agenda.

STUDENT RANKINGS AND COMMENTS
Table 1 and Table 2 show the descriptive statistics,
the mean and standard deviations from the evalua-
tion forms of the students. Table 1 presents the stu-
dent ratings by the language in the game, whereas
Table 2 by gender. A total of 277 students responded
to the rating questions. The mean for the usefulness
was just under 7 (6.71), for fun was just under 8 (7.86)
and for boring just under 2 (1.93) out of 10. There
is no major variation between Swedish and English

courses. The Swedish speaking students found the
role planning games a bit less useful, more fun and
less boring. There is somevariationbygamedate. On
some dates the games were less useful, less fun and
more boring. The ratings decrease by -1 for useful
and fun and +1 for boring. The females just slightly
found the role-playing planning games less useful,
less fun andmore boring. The variation by gamedate
shows a more random pattern where sometime fe-
males have high ratings and sometime males.

Table 1
Ratings of the
role-playing
planning games by
language (the scale
is from 0 to 10)

Table 2
Ratings of the
role-playing
planning games by
gender (the scale is
from 0 to 10)
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Table 3
Attitudes to play
again the
role-playing
planning game

Table 3 shows the attitudes to the role-playing game
again. This questionwas conceived as an indicator to
more extensive use of games in education. Games
commonly play the games over and over again to
further explore the content and mechanisms of the
game. The results show that 75.5%would like to play
these games again by choosing the same of other
roles. The willingness to play the game again varies
from a game to game. Sometimes 92.9% of the stu-
dentswanted toplay this gameagain and sometimes
this number was as low to 30.8%.

Table 4 presents the attitudes for playing games.
These questions came after several games were
played to control for thewillingness to play the game
shown on Table 3. The results show that large major-
ity 81.97%of the students like to play gameswhereas
only 6.56% are against.

The comments that the students left are gener-
ally very positive. The students emphasised the in-
teractive nature of the game in a contrast to lectures.
There were no negative comments in the evaluation

forms.
Fungame! (Femaleplayingcouncillors)Nicegame!

(Male playing citizen) When I first saw a game was on
theschedule Iwasabit reluctantanddidnotknowwhat
to expect. But I found it to be very fun and a great
learning experience. It was great seeing everyone get
involved. (Female playing citizens) It was more inter-
esting and engaging than a standard lecture. (Male
playing citizens) It was fun and an educational experi-
ence at the same time. (Female playing councillors) The
game was very interactive and got me thinking. (Male
playing citizens) Games are more interactive for learn-
ing and is a great way to understand real life situations
(Female playing citizens) Very entertaining. There were
only toomany hippies on one table (Female playing cit-
izens) Fun, but I don’t feel like doing the same thing
again (Female playing councillors)

Table 4
Attitudes for
playing games

Many students commented on a ways to improve
the game. Many complained on the predefined roles
and difficulties to enter roles. That was expected be-
cause politicians act differently than planning stu-
dents. The purpose of the game is to educate on dif-
ferent perspective in the planning and development
processes.

It is good to show in simple manner how the plan-
ningworks, but obviously ismuchmore complex in real
life! I was also confused sometimes on what I actually
wanted and how I was supposed tomakemy decisions.
(Femaleplaying theMayor)We canmake this game ina
more realistic way. (Male playing citizens) At the begin-
ning I wasn’t very interested, but the game is very useful
to explain howurban planningworks in someplaces, in
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myhome country does notwork like that. (Female play-
ing citizens) There should bemore flexibility in the roles.
More power too citizens, new tools in the game (cor-
ruption, mafia), of course I’m against both but unfor-
tunately is what there is in the real world (Male playing
councillors) Unfortunately didn’t really get into the role
becausemypersonal opinionwas very different and the
opposite parties had better arguments. (Male playing
citizens) My role was too much predefined. (Male play-
ing citizens)

The following sections continues the discussion
on games and planning education.

DISCUSSIONS
Teaching about cities and planning involves multi-
tude of complexities. Despite creating a role-playing
planning game with very predetermined scenarios
how to play, each game was very unique (the ap-
pendix includes photos from selected games). Many
students, faced with political decisions that went
against their own values and beliefs, found it diffi-
cult to pursue the strategy in their scripts. When
they failed to deliver a political decision, they lost the
game. The planning education focuses on sustain-
ability and making decisions that will not affect the
climate or cause environmental damage. In contrast
to that many politicians pursued a policy that prior-
itizes economics, development and growth over en-
vironmental issues as it is often in reality. The con-
trasting roles were intentionally written to increase
the awareness of the conflicts and backstabbing that
is not uncommon in urban politics. Urban plan-
ning and design students cannot really experience
this powerplay andurbanpolitics through typical lec-
tures.

Since 2011, 17 games were played in different
courses (Figure 3). Data from the evaluation forms
was collected on 14 games and 277 students. All the
games were mandatory for the students to attend
except one. That one game that was cancelled, be-
cause only three students came to play. The role-
playing games did not inspired the students to come
voluntary. The students were generally very positive

for using games in education and they find the role-
playing planning games useful just under 7 (6.71),
fun just under 8 (7.86) and boring just under 2 (1.93)
out of 10. Their comments were positive on play-
inggames andonusing role-playingplanninggames
as educational tool. It is important to mention that
in each game there was a small group of students
(in average under 10% and sometime around 20%)
that were not thrilled by gaming or teaching with
games. Many of these students do not take part in
the game and silently observe.Evaluating learning ef-
fectiveness of games requires rigorous experimen-
tal design and data collection. The students only
stated that they learned, but this cannot been vali-
dated by the evaluation forms. The evaluation forms
and methodology were not prepared with particular
aim to evaluate learning effectiveness. It is possible
to devise an improved methodology that will specif-
ically address learning effectiveness and outcomes
(e.g. Mayer et al., 2013).

Figure 3
Photos from the
games

In the end, the results show that large majority of
the students like to play games and they are will-
ing to play the game several times to explore differ-
ent aspects of planning process and different roles.
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The proposed notion of “gamer generation” (Pran-
sky, 2001) and “gamer discourse” (Bekerbrede, et al.,
2011) works for most of the students, but it is impor-
tant to consider a small group of non-gamers who
tend to be sceptic and do not take active part in the
games.

CONCLUSIONS
This paper presents teaching experiences with role-
playing planning games at the university. The evalu-
ation forms show that students rate the role-playing
planning game with almost 8 for fun and 7 in a scale
from 0 to 10 for useful. The rating for boring was just
under 2. Large group of students, in average 81%
are positive towards games and role playing and in
average 75% of the students would like to play the
game again and learnmore. That occurs consistently
in each game that was played. There is however a
small group of non-gamers, in average under 10%,
who tend to be sceptic and do not take active part
in the games.

The games were written enthusiastically as the
evaluation forms. A limitation of the methodology is
that it was not specifically designed to address learn-
ing effectiveness and outcomes (e.g. Mayer et al.,
2013). The students only stated that they learned,
but this cannot been validated by the evaluation
forms. But this does not decrease the value of the
collected data and empirical evidence that positively
supports using games as educational tool. Similar
ratings and comments haveoccurred in all the games
over a long period of time with small variations.

The experience with role-playing planning
games show that they can enrich teaching urban
planning and design courses as educational tools.
Large majority of the students like to play games
and they are willing to play the game several times
to explore different aspects of planning process and
different roles. The games as educational tools can
enable students to experience roles of different ac-
tors and stakeholders. That can increase awareness
about planning and development processes, urban
politics and practice the art of negotiations.
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APPENDIX
The appendix includes Figure 4 and Figure 5. The or-
der of the images and scanned documents follows
the gameplay from presenting development scenar-
ios to the students to the participatory planning and
design charrette and local elections.

Figure 4 illustrates the development alternatives
in Game 1 and Game 2 and presents a selection of
roles as scanneddocuments. The scenarios about the
role and strategies how to play are distributed to the
students. The scans also include notations and draw-
ings from the students that describe their engage-
ment and reflections of the students. In the role play-
inggames the students need toput other glasses and
play against their own will. The notations and draw-
ings are communication with the role and gameplay.

Figure 5 shows the drawings that were sketched
by the students during theplanning anddesign char-
rette and a scan of the vote ballots. The scans of
the evaluation forms come last. The evaluation forms
include question and a section for comments. The
scans includes handwritten comments by the stu-
dents.
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Figure 4
The development
alternatives in the
game and scanned
selection of roles
(the illustrations
and notations are
done by the
students)
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Figure 5
The scenarios
drawn during the
planning and
design charrette, a
scan of the vote
ballots and scans of
the evaluation
forms
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Cybernetics Approach to Virtual Emotional Spaces

An electrodermal activity actuated adaptive space
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In contrast to reductionist investigating of interrelation between emotion and
architecture, we have proposed a new concept for creating an adaptive
architecture system that employs biosensors and virtual reality (VR). We have
generated a dynamic audio-visual Virtual Environment (VE) that has the
potential of manipulating the emotional arousal level of the users measured via
electrodermal activity (EDA) of skin. Much like the second-order cybernetics
system, our simulations have actuators, sensors, and an adaptation mechanism,
whereby participant's real-time biofeedback is interpreted and loops back into the
simulation to moderate the user experience. The results of our preliminary test
show that our system is capable of manipulating the emotional arousal level of
the participants by using its dynamic VE.

Keywords: Adaptive architecture, biosensor, virtual reality, cybernetic, emotion,
physiological responses

INTRODUCTION
Built environments are imbued with emotions; the
qualities of spaces in the built environment impact
profoundly on how we exist within them. While ar-
chitects intuitively negotiate with emotional quali-
ties in the context of architecture, we are far away
from a comprehensive understanding of how the
built environment ismapped toourmental and emo-
tional states (Eberhard 2009).

As people spend most of their time indoors
(Robinson et al. 1972), it is crucial to observe how
the qualities of interior spaces impact on a person’s
psychophysiological and emotional state. Simulta-
neously, there aremany pieces of evidence that emo-

tions and health are interrelated. In fact, architec-
tural design decisions are influential factors in re-
gards to health, efficiency, and functionality of oc-
cupants (Lehman 2016). Moreover, it has been sug-
gested that emotions are closely linked to the be-
haviour of inhabitants of a space (Mehrabian and
Russell 1974).

Emotion is a complex phenomenon (Berrios
2019), and studying emotion is considered very sub-
jective; therefore, the investigation and conclusive
reporting on emotion are challenging (Schreuder et
al. 2016). It is only recently that psychologists and
neuroscientists have delved into a quantitative un-
derstanding of the exact bodily reactions to vari-
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ous stimuli in a built environment using advanced
biosensors (Bower et al. 2019; Homolja et al. 2020).

These studies provide valuable contributions for
a better understanding of the interrelationship be-
tween humans and their surrounding environment.
Alongside that, they develop methodologies for
studying human’s emotion in the context of architec-
ture from a quantitative perspective. However, these
studies are not capable of providing practical guide-
lines and criteria for architects and designers to engi-
neer emotions into their designs. Their reductionist
approach to understanding the impact of architec-
ture on emotions is incapable of addressing the com-
plex and multi-sensory nature of architectural expe-
rience (Pallasmaa 2018).

With all these in our mind, we have initiated a
research project to develop a conceptual framework
that tries to tackle the concept of emotion in the con-
text of architecture from an alternative perspective.
This perspective employs theoretical concepts from
cybernetics, system theories, and adaptive architec-
ture to develop a system that adapts an environment
(a virtual environment) to its inhabitants based on
predefined emotional needs of the building behold-
ers.

CYBERNETICS AND ADAPTIVE SYSTEMS
In the 1930s, the concept of ‘General System The-
ory’ was introduced by Bertalanffy to formulate a
field of science that can be applied to systems of all
types (Bertalanffy 1969). This topicwas later followed
by the works of Weiner (Wiener 1965), who coined
the word ‘Cybernetic’; this influenced early thinking
about human andmachine communications and be-
came one the new fields of science in the 20th cen-
tury.

Cybernetics encompasses topics from various
fields such as psychology, computer science, engi-
neering, management (Stanley-Jones and Stanley-
Jones 2014). While conventional sciences try to ex-
plain the world by studying the parts of it, Cybernet-
ics is concerned about how complex systems func-
tion rather than what systems consist of (Heylighen

and Joslyn 2001); it focuses on how systems use sen-
sors and actuators to steer towards a goal ormaintain
it.

In the early 1970s, motivations for studying the
role of ‘observer’ in modelling self-regulating sys-
tems initiated a movement known as second-order
cybernetics (Glanville 2004). This paradigm was
highly influenced by constructivism philosophy orig-
inated from the works of Jean Piaget (Fischer and
Herr 2019).

Paskwas one of the second-order cyberneticians
whose work shaped many ideas in architecture. Ac-
cording to Pask, a way cybernetics could impact ar-
chitecture is that it provides a conceptual framework
and meta-language for a new theory of architecture
(Pask 1969). As Pask suggest (1969), a cybernetics de-
sign paradigm has five stages:

1.Specification of the goal, 2. Choice of environ-
mental materials, 3. Selection of invariants, 4. Spec-
ification of what the environment will learn from in-
habitants and how it will adopt, and 5. Choice of a
plan for adaptation and development.

This paradigm overlaps with the definition of
‘adaptive systems’. Although It is challenging to de-
fine adaptive systems in just one statement, a defini-
tion could be: “an adaptive control system is defined
as a feedback control system intelligent enough to
adjust its characteristics in a changing environment
so as to operate in an optimummanner according to
some specified criterion” (Narendra and Annaswamy
1989).

The definition of adaptive systems emphasizes
that the first step to designing an adaptive system
is to set a ‘goal’. A goal in a system (a set of related
variables), is a state or states (specific values for those
variables at an instance of time) that are selected in
preference to others (Morlidge and Player 2010).

Furthermore, an adaptive system can automati-
cally act to seek the goal or the selected state; this
process is called regulation. Likewise, cybernetics fo-
cuses on self-regulation mechanisms using the sys-
tem information (Morlidge and Player 2010). As de-
scribed in cybernetics, this process needs two com-
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ponents; a sensing component that reports on the
current state of the system, and an actuation compo-
nent that steers the system toward the goal based on
the current state of the system.

ADAPTIVE ARCHITECTURE
Although frameworks for adaptive architecture that
have been conceptualized previously (Barrett 2017;
Schnädelbach 2015), adaptive architecture is not a
well-established topic too. It is due to the multidis-
ciplinary nature adaptive architecture that encom-
passes various fields of study such as architecture,
computer science, system engineering, psychology,
and social sciences (Schnädelbach 2015).

Buildings can be designed to react to various
data sources, including data of the environment itself
or data related to the inhabitants. A significant por-
tion of literature about adaptive architecture is about
designing architectural elements that adapt them-
selves to environmental settings such as weather or
solar radiations intending to minimize energy con-
sumption. However, few projects have tried to cre-
ate spaces that adapt themselves directly to human
factors such as the emotional state.

Adaptation of architecture could be a manual
process, an automatic process or a mixture of both.
Moreover, a building can be adapted to its inhab-
itants, its exterior space, or its interior conditions.
For this project, we want to adapt interior architec-
ture to its inhabitants in regards to their emotional
state throughanautomatic process. Comparably, the
second-order cybernetics approach emphasizes the
importance of the role of the observer as an inte-
gral part of the adaptive architecture, as presented in
the ‘Fun Palace’ by Cedric Price, an early cybernetics
project (Mathews 2006).

A reason for the difficulty of implementation
of adaptive architecture could be the limitations in
the physical world for creating dynamic spaces that
adopt its physical characteristics to its occupants.
Similarly, Fun Palace was a concept for a dynamic
environment that provides different experiences of
the same place. Price proposed an architecture that

could be responsive to inhabitant’s needs by being
an adaptive system. But this project never became
a reality due to technical limitations. However, Ex-
tended reality (Virtual reality and Augmented reality)
thatprovides an immersiveexperienceof a virtual en-
vironment can provide an opportunity to realize the
concept of adaptive architecture.

EMOTION REGULATING SYSTEMS
Emotions could be reflected in all modes of human
communication such as word choice, tone of voice,
facial expression, gestural behaviour, posture, skin
temperature, respiration, muscle tension, and more
(Picard et al. 2001). Despite the ambiguity in the
definition of emotion, dominant theories of emo-
tion such as the James-Lange theory, Cannon-Bard
theory, and Schachter-Singer theory all emphasise
that emotional responses are closely related to au-
tonomous physiological responses. Despite all the
differences between these models, what is constant
is that emotion felt never precedes the physiological
reactions.

This understanding of emotion provides great
possibilities for measuring and quantifying emo-
tion by measuring and quantifying physiological re-
sponses. Already, there are a variety of non-intrusive
mobile data acquisition devices that can be used for
collecting various numerical physiological responses
while experiencing a condition or being exposed to
a stimulus. These commercially available biosensors
for real-time measurement of physiological data in-
cludes, but is not limited to, EEG (Electroencephalo-
gram), GSR (Galvanic Skin Response), fNIRS (Func-
tional near-infrared spectroscopy), and Eye Trackers.

An advantage of measuring physiological reac-
tions to predict emotional state is that no manual
cognitive processes (which are slow and subjective)
are needed to produce those reactions. It is because
physiological responses, which are an integral com-
ponent of emotion, are mostly the result of uncon-
scious processes associated with the autonomic ner-
vous system, and sympathetic nervous system.
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There are several research projects that try to use
a similar understanding of emotion to create adap-
tive emotional systems. Yamaguchi [3] used Twitter
as a platform to explore the “possibilities of design-
ing systems of interaction for current standard com-
munication methods such as social media, to facili-
tate aprocess of self-reflection leading todeeper self-
awareness”[3]. This study uses @heyhexx, a “robotic
puppet theatre installation that exists in the phys-
ical world, but facilitates a two-way conversation
through Twitter”[3].

Vidyarthi et al. studied immersive meditation of
participants by shaping a “peaceful soundscape us-
ing only their respiration” (2012). The iterative design
study aimed to address the regulation of emotions,
particularly themanagement of stress. Based around
a two-way system, participants create a soundscape
basedoffof their immediate respirationpatterns, cre-
ating a sense of self-awareness. Vidyarthi et al. use
the medium of sound to allow participants to con-
struct and be immersed in an environment which
they curate, reiterating the therapeutic qualities of
feedback loops in adaptive environments.

As we mentioned earlier, the environments we
inhabit can impact our emotions, and every decision
made by architects can have short-term and long-
lasting effects on inhabitants. In fact, sometimes ar-
chitects intend to design buildings to evoke certain
feelings, particularly when designing specific build-
ing typologies; health centres, educational buildings,
memorials and sacred buildings all require care in
the design of different sets of characteristics and
functions. Louis Kahn emphasises this responsibility
while defining architecture as “the creating of spaces
that evoke a feeling of appropriate use” [2].

Interestingly, the possibility to infer emotional
state from the interpretation of biodata provides
potentials for architecture (Schnädelbach 2015).
Schnädelbach (2015) proposes a model of physio-
logically driven adaptive architecture that employs
physiological data from inhabitants. In this model, to
achieve adaptive architecture, real-time physiologi-
cal data collection is fed into actuators. Schnädel-

bach et al. (2010) describe ExoBuilding as “a tent-
like structure that externalises a person’s physiolog-
ical data in an immersive and visceral way” which
is achieved “by mapping abdominal breathing to its
shape and size, displaying heartbeat through sound
and light effects and mapping EDA to a projection
on the tent fabric”. Using empirical and subjective
feedback, the study implies that adaptive architec-
ture may be understood as a socio-technical system.

Similarly, a study conducted by Ghandi (2019)
aims to transform biofeedback into “actionable
changes,” with the goal “to blur the lines between
the physical, digital, and biological spheres and cre-
ate cyber-physical spaces that can ”feel“ and be con-
trolled by the user’s mind and feelings” (Ghandi
2019). The intention is to address mental health and
wellbeing; Ghandi uses artificial intelligence to cre-
ate a system through which a responsive environ-
ment can be altered through the emotional states of
users. Along with Schnädelbach et al. (2010), Ghandi
presents adata-drivenexperiment as a “framework to
transform the built environment into a living organ-
ism that is networked, intelligent, sympathetic, sensi-
tive, adaptive, and yet under the comprehensive con-
trol of the user” (Ghandi 2019).

ELECTRODERMAL ACTIVITY ACTUATED
ADAPTIVE SPACE (EAAAS)
Based on the points mentioned above, we started to
design a system to take initial steps toward realizing
the concept of adaptive architecture. EAAAS is de-
pendent on cutting edge technologies, namely VR
and biosensors, that provide a condition for achiev-
ing a multi-sensory adaptive architecture. Further-
more, the second-order cybernetics theory provides
a theoretical framework for our system by defining
rationale behind goals, sensors, and actuators of our
system.

The Goal
Finding what can be a suitable goal for an emo-
tional regulating architecture is challenging? We ar-
gue that, in anadaptive architectural system, thegoal
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should be first determined based on the needs of the
users and also based on the design program.

Moreover, based on the valence/arousal emo-
tionmodel (Mehrabian andRussell 1974), every emo-
tional state can be mapped to a two-dimensional
map constructed from two axes, namely valence and
arousal. This model of emotion discusses that a state
of high emotional arousal is when someone is aston-
ished or alarmed (Stangor and Walinga 2014), and
the minimum level of emotional arousal is where
someone may feel sleepy or droopy (Figure 1).

Figure 1
The arousal/valence
space of emotions
(Mehrabian and
Russell 1974) (the
position of the
emotional states
are only
approximated).

In the context of architecture, the aim of an emo-
tive adaptive architectural system could be to maxi-
mize emotional arousal (for amusementparks, sacred
buildings, memorial buildings) or minimize emo-
tional arousal level (for health centres). This indicates
that there is no ultimate goal in terms of emotiveness
of abuildingwithout considering the context and the
program.

However, for the purpose of this research, we
proposeanabstract architectural emotional goal that
could be used to test the effectiveness of the sys-
tem. Achieving a dynamic equilibrium or maintain-
ing a state of balance (Morlidge and Player 2010) is
the goal for this adaptive system at this stage. Here,
the goal of the system is to maintain an emotional
equilibrium for the users of the virtual space.

To link this understanding toour system,wehave
defined an equilibrium state, and we call this state
a ‘neutral state’ (Figure 1). The equilibrium state is
a state between the most emotionally aroused con-

dition and the least emotionally aroused condition,
regardless of the valence of the emotional state (pos-
itive or negative feelings). The rationale behind this
goal is to minimize the occurrence of extreme emo-
tional arousal (very high and very low that makes)
while experiencing an environment.

Actuators
Various interior architectural features can manipu-
late physiological arousal. It includes multisensory
variables of space, such as visual or non-visual prop-
erties of the built environment. Using Mehrabian
and Russel’s An approach to environmental psychol-
ogy (1974) and other supporting literature, we es-
tablished a number of parameters which we identi-
fied as particularly useful to this study. The motive
was to employ interior features that are highly poten-
tial formanipulating emotional arousal level, and use
the combination of all those features to create a po-
tential “stress-inducing” environment and a potential
“stress-reducing” environment. It will help us to use
those variables to lead the emotional arousal level of
users to thedirectionof interestwith ahigher chance.

Based on the literature, we selected five inte-
rior design features to manipulate emotional arousal
level in our virtual environment: 1. Colour (Küller et
al. 2009), 2. Geometry (linear and nonlinear) (Varta-
nian et al. 2015; Banaei et al. 2017), 3. Size (Vartanian
et al. 2015; Schnädelbach et al., 2010), 4. Biophilic
(Yin et al. 2019), and 5. Sound (Vijayalakshmi et al.
2010)

For each of these five features, we created two
extreme situations, and we named them ‘stress-
inducing’ and ‘stress-reducing’ conditions (Table 1).
We parameterized our space for each design feature.
It allowed us to create a dynamic space that can
morph from one extreme condition to another ex-
treme condition with smooth transitions for each of
the five variables.

We mapped extreme points to the value of -1
and 1, and then we created a linear transition be-
tween these two extreme conditions (Figure 2). For
instance, a condition 0 for the colour feature is where
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the colour of the space is white. To simplify our first
step of this research, we linked all of the five condi-
tions to amaster variable that assigns the same value
to all of them. It means, the system condition would
be a number between -1 to 1 for all of the five inte-
rior design features. We called that value the Master
Value or ‘MV’.

Table 1
Parameterized
virtual interior
architecture
features.

Since the manipulation of some of those features in
thephysicalworld is very challenging,we take advan-
tage of VR andVE to create our dynamic and adaptive
system. ByusingVE,wecanparameterize various fea-
tures of the environment and manipulate that in re-
gards to our goal and adaptation mechanism. More-
over, the capabilities of VR as a proxy of reality for sit-
uations where manipulation of the physical world is
challenging or it is highly costly (for example using
smart materials), has been widely mentioned in re-
cent studies.

Furthermore, empirically studying human emo-
tion is a difficult task; utilizing VR can aid this pro-
cess. VR creates a sense of presence which is an inte-
gral component for a system that relies on automatic
physiological responses. Roberts et al. (2019) sug-
gest that VR tests are comparable to real-life testing,
demonstrating the validity of this medium for psy-
chological assessment studies. Additional studies in-
dicate the suitability of using VR for simulating the
sense of presence in a corresponding real physical
space (Kuliga et al. 2015; Maghool et al. 2018, Yeom

et al. 2019). It supports the notion that the virtual
environments, in combinationwith VR, could be con-
sidered as an alternative method when investigating
the impact of spatial stimuli.

To manage the morphing of the design fea-
tures from extreme points, we used a combination
of Blender and Unreal Engine 4 software. Later, by
using the Blueprint function in Unreal Engine 4, we
linked the value of MV to the morphing state of the
virtual space. Also, We employed Unreal Engine 4 for
immersing users into the VE.

Sensor
Various sensors provide measures for emotional
arousal. In the first part of this project, we used a GSR
sensor to record EDA during exposure to the VE. In
the simplest terms; “GSR provides a measure of the
resistance of the skin by [...] passing a negligible cur-
rent through the body. This resistance decreases due
to an increase of perspiration, which usually occurs
when one is experiencing emotions such as stress or
surprise” (Soleymani et al. 2012).

To interpret emotional arousal from GSR signals,
and use that in our adaptive system, we followed the
guideline provided by iMotions [1]. First, our system
stores real-time data collected from the GSR device
(Via Bluetooth) to a data frame with the frequency of
5Hz. Then the system automatically creates a buffer
of themeasurements of skin conductance during the
lastminute. Later the systemdecomposes thedata to
its ‘phasic’ and ‘tonic’ components and detects peaks
in the phasic component. Then, the system counts
the number of peaks for each epoch of time with a
duration of 5 seconds. Finally, the system applies a
basic real-time linear regression analysis on the num-

Figure 2
‘Stress-inducing’,
‘stress-reducing’,
and ‘morphing’
conditions.
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ber of peaks detected during the recent minute. The
coefficient of the linear regressionmodel is treated as
an indicator of tendency in emotional arousal level of
the users. For example, if the coefficient is negative,
then we interpret that the user’s emotional arousal
state tendency (EAST) is toward a less aroused state.

Real-time data were collected and analyzed by a
customPython 3module andusing a Bluetooth com-
munication method. We used ‘Serial’ and ‘Pandas’ li-
braries for Python 3 to handle the real-time data ac-
quisition and analyses.

Adaptationmechanism
To maintain the goal of the system, we propose a
mechanism that sends commands to the system’s ac-
tuators based on the value of EAST. The actuation
in this mechanism is morphing between design fea-
tures. To elaborate, when the system counters a dis-
turbance (Heylighen and Joslyn 2001) in the emo-
tional state of the user (indicated by the EAST) it will
counteract by changing virtual interior design fea-
tures (the MV value). It is anticipated that this will re-
store equilibrium. For instance, for a positive value of
EAST, the EASTA changes MV incrementally toward -
1 value to compensate that change in the emotional
arousal and maintain the equilibrium. The system
will achieve that by real-time sensing (using biosen-
sors) and actuation (using stress-inducing and stress-
reducing actuators).

The EASTA mechanism is also implemented by
using ‘pandas’ and ‘NumPy’ libraries of Python 3.
Moreover, the MV value of the virtual environment is
exposed toour Python3modulebyusing a Transmis-
sion Control Protocol (TCP) connection and Blueprint
tool provided inUnreal Engine4. In thisway,weman-
aged to change that value automatically in real-time.

PRELIMINARY EXPERIMENT
While until this point, every step is based on theory
and informed assumptions, we moved from design-
ing the prototype to a pilot study to test the system’s
robustness. The goal here is to test how the extreme
conditions in our system impact emotional arousal

level. The experiment aimed to test what extent our
conceptual system is practical and whether reliable
recordings can be acquired for a cybernetics loop.
Additionally, wewanted to assesswhethermorphing
and transition produce the emotional reactions that
we were speculating. Moreover, we planned to use
the collected data for debugging the EASTA module.

Therefore, we conducted a preliminary experi-
ment on four of our lab members. However, the re-
sult of our research thus far is a limited pilot exper-
iment in the form of VR simulation, in which partic-
ipants’ galvanic skin response was recorded during
various calm and stressful scenarios.

The test procedure is based on our literature re-
view, together with recommendations we received
from a colleague of the School of Psychology. This
test protocol helped us to ensure a correct empirical
approach was implemented to recording physiologi-
cal data.

In this test, we used a wireless non-invasive EDA
Shimmer sensor worn as a wristband on the distal
forearm, with PPG sensor attached to the index fin-
ger and GSR diodes attached to the middle and ring
fingers of subjects. Prior to participants arriving, the
GSRwas calibrated,with a sampling rate frequencyof
5Hz. The temperaturewas taken in the room, and the
wireless HTC Vive Pro headset was prepared for the
test. Participants were asked not to wash their hands
immediately before the test in order to gain accurate
readings of their electrodermal activity.

Then, the Shimmer set was undocked from the
calibration dock, and logging activity was checked.
The Shimmer GSR (worn as a wristband on the dis-
tal forearm) was placed on the participants’ wrist and
fingers, ensuring that everything is firmly strapped.
Participants were asked to sit in the testing chair. The
HTC Vive Pro headset was placed on their head, en-
suring it is seated firmly and is comfortable. Partici-
pants were asked to take a deep breath (this should
show in the GSR data and is a good indication of GSR
activity).

We immersed participants in three virtual en-
vironments (VEs), referred to as “stress-inducing”,
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“stress-reducing”, and “morphing” (Figure 1). Initially,
participantswere exposed to the “stress-inducing”VE
for a period of time and then they were shown the
“stress-reducing” VE. Finally, participants were im-
mersed in the Morphing VE, where VE morphs from
one extreme condition to another extreme condi-
tion and reverses this process. After the VEs were
complete, the headset and Shimmer GSR were re-
moved from the participants. The Shimmer GSR was
re-docked to stop logging of data.

OBSERVATIONS ANDDISCUSSION
In this project, we argue that real-time biofeedback
collected from participants who are immersed in a
VR environment could be used to create an adap-
tive architectural system that is developed based on
the concept of cybernetics. To achieve this, we de-
signeda system thatworks in thismanner. To test this
system, we planned a pilot study to check the tech-
nical aspect of this idea and also gather some em-
pirical data to increase our understanding of the na-
ture of data we are dealing with and to test our data
analysing methods.

Our observation of the preliminary test high-
lights that raw skin conductance level measured in
the ‘stress-inducing’ VE is averagely higher than emo-
tional arousal measured in the ‘stress-reducing’ VE.
However, it is not a good practice to average rawGSR
data of participants for interpreting the emotional
arousal. Therefore, we extracted the phasic compo-
nent of the data, andwe applied our analysingmech-
anism to calculate the number of peaks in data. It
seems that the module is capable of automatically
extracting phasic from raw GSR data. Also, it is also
capable of automatically detecting peaks in the pha-
sic component of the GSR signal and calculating our
EAST value. Moreover, our preliminary observation
again highlights that the number of peaks measured
in the ‘stress-inducing’ VE is a bit higher than emo-
tional arousal measured in the ‘stress-reducing’ VE.

Unfortunately, we are not able to provide any
specific interpretation for physiological data col-
lected during the morphing scenario. It could be

mainly due to the fact that we conducted tests on a
few participants. However, through verbal feedback,
we found that the morphing transition seems odd to
participants. We think that the speed of transition
should be lowered for the next testing phase.

Overly, the results of our experiment suggest
that our adaptive virtual architecture system is ca-
pable of manipulating the emotional arousal level
of the participants by using its actuators. However,
more experiments are required to pass the specula-
tion phase. Also, our preliminary results are incon-
clusive in terms of the effectiveness of directing emo-
tional arousal by morphing to various spatial condi-
tions. We suspect that morphing and transition itself
can also cause some emotional reactions. Similarly, a
study conducted by Ojha et al. (2019) also highlights
the importance of this point (variation of visual stim-
uli can cause emotional reactions).

Finally, since we only focused on emotional
arousal, our adaptive system is not concerned about
whether an architectural experience is pleasing or
not. The experience of our system may be pleasing
or not for a beholder based on many other influen-
tial factors. To elaborate, it is still the responsibility
of designers to steer the cognitive processes of users
toward likingornot likinganarchitectural experience
in regards to other influential factors.

LIMITATIONS AND CONSIDERATIONS
Our sample size for this testwas very small, given that
it was a pilot test. This lowered the level of empirical
evidence but was the initial dataset that we needed
to test whether the system is working and a signifi-
cant GSR response could be acquired.

The results are based on the preliminary test pro-
cedure, which is timed, curated, and behaves based
onpredeterminedpatterns. However, for realizing an
actual adaptive system, we should examine the be-
haviour of the system when EASTA is linked to MV.

At this stage, the VEs represent the parameters
(scale, colour, light intensity, biophilic elements and
sound) which we thought are capable of manipulat-
ing emotional arousal. The future of this project aims
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to include other design features such as style, texture
and visual complexity.

Also, using a single biosensor could be limiting
accurate decoding of emotional responses. In fact,
emotional analyses systems are most likely to be ac-
curate when they combine multiple kinds of signals
(Picard et al. 2001). To address this, in the next step,
we plan to employ other biosensors such as EEG and
Eye trackers to improve the sensing component of
our system.

CONCLUSION
Our project investigates how to create an adaptive
VE that is self-regulating toward a predefined goal
by employing concepts from cybernetic and adap-
tive systems. It implements the concept of second-
order cybernetic in the context of architecture by
providing a mechanism that uses real-time biofeed-
back in a loop with actuators to maintain a prede-
fined goal. The actuators of the system include var-
ious visual and non-visual properties of space that
previous studies suggest that have potential to im-
pact on physiological reactions. We have designed
a VE that has parameterized interior architecture fea-
tures that can be controlled through a feedback loop
dynamically. The subject or observer is part of this
self-regulating system since we feed back its real-
time emotional reactions to the system by utilizing a
data acquisition module, a data interpretation mod-
ule, and actuators.

To achieve the aim of this project, we employed
a GSR device that provides real-time measurement
of skin conductance to quantify the emotional re-
actions of the subject that are exposed to our pre-
designed virtual conditions. The findings suggest
that our VR setup is capable of manipulating the
emotional arousal level measured via GSR signal.
However, to establish that more research studies are
needed.

In the next steps, we will develop our system
further to meet other stages of an adaptive archi-
tectural system. We plan to achieve a more intelli-
gent ‘self-adaptive’ system, that implement a kind of

memory mechanism that stores the systems actions
and the responses it evokes in beholders. This capa-
bility requires implementingmachine learningmeth-
ods. This will help to create a system that can adapt
itself automatically to its individual users over time
without any need for linking architectural features to
emotional responses prior to designing the system.
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A growing awareness of architecture's environmental responsibility is
encouraging a shift from an industrial age to an ecological one. This shift
emphasises a new era of materiality, characterised by a special focus on
bio-polymers. The potential of these materials is to address unsustainable modes
of resource consumption, and to rebalance our relationship with the natural.
However, bio-polymers also challenge current design and manufacturing
practices, which rely on highly manufactured and standardized materials. In this
paper, we present material experiments and digital design and fabrication
methodologies for cellulose-based composites, to create porous biodegradable
panels. Cellulose, the most abundant bio-polymer on Earth, has potential for
differentiated architectural applications. A key limit is the critical role of additive
fabrication methods for larger scale elements, which are a subject of ongoing
research. In this paper, we describe how controlling the interdependent
relationship between the additive manufacturing process and the material
grading enables the manipulation of the material's performance, and the related
control aspects including printing parameters such as speed, nozzle diameter, air
flow, etc., as well as tool path trajectory. Our design exploration responds to the
emerging fabrication methods to achieve different levels of porosity and depth
which define the geometry of a panel.

Keywords: cellulose-based composite material, additive manufacturing,
material grading, digital fabrication, spatial print trajectory, porous panels

INTRODUCTION
Contemporary construction practice faces a material
crisis, caused by the overconsumption of resources.
Consequently, we are encountering challenges such
as decrease in material availability, land use change,
cost inefficiency, labor intensity andhighenergy con-
sumption. Material extraction and processes are re-
sponsible for 90% of biodiversity loss and 50% of cli-

mate change impact (Resource Panel 2019).
A shift from an industrial age to an ecologi-

cal one has been surfacing since the 1970s with pi-
oneers such as Walter R Stahel (1982) introducing
circular frameworks inspired by nature. Materials
used for both commercial and industrial purposes
are thought from cradle so they would be elements
of a continuous growing process, reducing therefore
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the usage of raw resources and increasing circular-
ity. This has generated a new era of materiality - al-
ternative materials which brings us closer to the liv-
ing world, such as biocomposites. These are com-
posed of biodegradable polymers, such as lignin or
cellulose, reinforced with bio-based agents and fig-
ure as a replacement for petroleum-based compos-
ites (Nagalakshmaiah et al. 2019). Cellulose is the
most abundant organic polymer on Earth. It is found
in the cell walls of green plants, algae, fungi and se-
creted by some species of bacteria. It can also be ex-
tracted from recycled sources such as sawdust waste,
recovered paper and cardboard and agricultural lig-
nocellulosic waste (Crawford 1981). Cellulose-based
composite materials are compostable, returning as
nutrients to the living environment. Additionally,
they store inorganic carbon compounds, reducing
the greenhouse gas emission. They are characterized
by a viscous consistency and different performances
which can be achieved by material grading through
recipe control.

The fabrication process, and its customisation
and optimisation, is central to design with viscous
cellulosicmaterials. Methods such as pressing, spray-
ing or pouring using molds are used within industry
(Zeo, 2005). These methods are normally applied to
manufacture small scale and thin-walled elements.
Once deployed onto the mold, the cellulose slurry
goes through a curing process in which water - up to
70% of volume - is evaporated. The presence of the
mold increases drying time as it reduces the surface
area from which evaporation can occur. Along with
time and material costs, fabricating large-scale vol-
umes usingmolds can also lead to the contamination
of the artifact during this extended drying period.
For these reasons,mold-basedmanufactureuses thin
layers, and works within limited design scales and
possibilities.

This paper explores an emerging alternative
form of manufacture with cellulose, 3D printing, and
reports the design and fabrication of 3D printed
porous biodegradable panels out of cellulose-based
composite materials. Porosity is developed as a

strategy to enable large scale elements to cure
quickly and without the problems associated with
mold-based manufacture. The porosity is generated
through control of the the 3Dprinting process, based
on a system of spatial and flat strings of material
with voids between them which form a system of
self-supporting lattices. This matter is investigated
through material recipes exploration tied to digi-
tal fabrication and computational design strategies.
In order to create these cellulosic strings, the ma-
terial must accommodate continuous printing with
a tool path based on spatial trajectory (AlOthman
2018). Other important parameters are speed, air
pressure nozzle diameter and the introduction of an
air-based cooling system to quicken the curing pro-
cess. This paper follows the relationship between
material grading in its wet state and the fabrication
parameters, as well as the design possibilities influ-
encedby thematerial properties gainedafter the cur-
ing process. The design and fabrication process are
framed against the need for urban greening. A struc-
ture composed of these elements would figure as
a scaffold for plant growth, an additional biological
layer to our urban development.

RESEARCH CONTEXT
3D printing through Fused Deposition Modelling
(FDM) is a widely used approach for rapid prototyp-
ing. The FDM process creates a physical object by
laying down material layer by layer on a horizontal
surface according to a 3D digital model (Abdullah et
al. 2006). The filament mostly used is made of ther-
moplastics, such as PLA or ABS, which is melted be-
fore extrusion and fuses within the layers. However,
additive manufacturing has recently been a strong
mean of experimentation caused by the shift to ma-
terials which have a different consistency. We wit-
nessed an impressive development in clay manufac-
turing since Dries Verbruggen (2009) introduced the
‘claystruder’. His aim was to bridge digital fabrication
with clay crafting techniques by introducing a cus-
tomized tool for this paste-like material. The process
of 3D printing clay becamewidely popular, a process
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which empowers the designer with control of the
fabrication process in order to achievemore complex
designs. Ronald Rael and Virginia San Fratello (2018)
have been using 3D printing as a medium to manu-
facture architectural components and decorative ob-
jects with paste-like biocomposite mixtures. These
arebasedonby-productsderivates that are extracted
from local sources such as clay, coffee grounds, tea
and wine waste, bioplastic or sawdust.

Other explorations in the world of additive man-
ufacturing and biocomposites consists in moving
away from the traditional 3D printer environment
and customizing a robotic arm with an altered ex-
truder. Singapore University of Technology and De-
sign developed a derivate of cellulose and chitin by
looking at the chemical composition (Dritsas et al.
2018). FLAM (fungal - like adhesive material) was
therefore reproduced artificially associating struc-
tural biomolecules. The recipe was tuned until a
3D shape was able to be retained, while maintain-
ing structural integritywithminimal shrinkage. What
was challenging for themwas to achieve predictable
results. When the printed artefacts cure, they shrink
due to water evaporation. Therefore, the digital de-
sign process needs to respond to the physical chal-
lenges such as binding between layers, drying pro-
cess and shrinkage behavior.

Research has also been made in the field of
bio-polymer manufacture with robotic spatial extru-
sion. This technique facilitates the possibility to print
in any direction, shifting towards a design practice
based on spatial complex geometries. IAAC intro-
duced in 2013 Mataerial, an additive manufactur-
ing method which uses a thermosetting polymer
to achieve the flexibility of ‘drawing’ self-supporting
free-form shapes, with a high degree of inclination
(Laarman et al. 2013). Another example is Mesh
Mould, a robotically fabricated spatial PLA mesh
which can replace steel reinforcement in concrete
formwork (Gramazio et al. 2014). This novel research
introduces spatial weaving techniques with the use
of an FDMextruder attached to aCNC robot. A similar
additive manufacturing setup for spatial extrusions

was developed specific for clay depositions (Im et al.
2018). A structure made of self-supporting lattices
is therefore created. This process also includes scan-
ning ofmaterial depositions and self-correction in or-
der to recompute the new depositions and increase
precision.

METHODOLOGY
MaterialandFabricationParametersExplo-
ration
The material exploration has been strongly influ-
enced by the 3D printing possibilities. The basic
recipe consists of the cellulosic component - recycled
paper, a medium - water, and a binding agent. Ad-
ditionally, glycerin is added to the composition as a
plasticizer and wood flour to reinforce the material.
An initial investigation of the material grading was
made by developing 19 different recipes. Initial ad-
justments of the quantities were made in order to
reach an extrudable state tested using syringes, fol-
lowed by adjustments for extrusion via robotic sys-
tem. By varying ingredients within the recipe, such
as adding different binding agents or adding cot-
ton fibers to the composition influenced the fabrica-
tion parameters (nozzle diameter, flow rate, speed,
toolpath, etc.). Overall, a viscous slurry is printed
from which water is evaporated during drying pro-
cess causing contraction in volume and gain in stiff-
ness. Using photogrammetry as a method of survey-
ing the printed objects, it was found out that the ob-
ject can change shape by up to 35%. The change
in shape caused by the curing process as well as the
time required to dry the prototypes affects the typ-
ical layer-by-layer deposition. It leads to delamina-
tion and rupture of the prototype, limiting the height
possibilities that can be achieved in one go. The
drying process for large scale 3D printed elements
requires several days to eliminate the water com-
pletely. Therefore, it is necessary to consider aspects
such as tool path, nozzle diameter and other cooling
methods during fabrication. These findings lead to
establish two states of the material: the wet state in
which thematerial is usedduring fabricationprocess,
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and the dry statewhich is the prototype after the cur-
ing process and is further used in an architectural as-
sembly.

Introducing a spatial print trajectory technique
facilitates the possibility to print in any direction,
shifting towards a design practice based on spatial
geometries. The resultant geometries form a sys-
temof self-supporting lattices, with voids createdbe-
tween the strings. We found that printing this way
successfully reduces issues encountered during nor-
mative layer-by-layer depositions such as longdrying
time leading tomolding, and volume shrinkage lead-
ing to layer delamination. By controlling the dimen-
sions of the stringing geometries, variation in the
porosity of an entire systemcanbe achieved. In order
to create continuous strings, thematerial needs to be
moremalleable during the fabrication process. In or-
der to accommodate this condition, recycled cotton
fibers were added since they have longer fibers. Fur-
thermore, adding a food additive called guar gum,
which is powder extracted from guar beans, makes
the composition more elastic.

After the drying process, material tests were pro-
ceeded in order to understand its performance. The
cellulosic composite behaves better in compression
than in tension. An array of vertical strings of mate-
rial of 10mmdiameter requireda forceof 741.3Nona
displacement of 5mm to reach a breaking point. The
fact that the artefacts are light and have compressive
strength prove the fact that they can be part of an as-
sembly to form architectural elements.

Fabrication Setup
The recipe for 1 batch of cellulose-based composite
material used within the manufacture process is as
following: 600 ml of water is mixed with 10.5 g of or-
ganic binding agent. This consists of 6 g of xanthan
gum and 4.5 g of Guar gum. To this mixture, 45 g
of recycled paper floc and 30 g of cotton fibers are
added. After blending once more the composition,
7.5 ml of glycerin and 22.5 g of wood flour are added
to obtain the slurry composition.

The experiments are carried out using a UR5e, a

6-axis collaborative robot. The developed cellulosic
mixture is loaded in a tubular reservoir which is con-
nected at one end to an air compressor set at con-
stant air pressure of 0.8 bars, while at the other end
is connected to a 7 mm nozzle extruder. The nozzle
sizes tested range between 10 mm and 7 mm. The
advantage of using a smaller nozzle is the reduced
drying time. An air-based cooling system is also in-
tegrated to quicken the curing process: two coolant
hoses connected to a cooling fanwhich are aiming at
the extruding nozzle. The printing surface consists of
a perforated metal mesh to allow for vertical airflow.

Fabrication Strategy

Figure 1
Tool path geometry

The first set of printed probes consists in a one-layer
lattice in order to test the fabricationparameters. The
tool path is a curve shaped using Kangaroo to form
loops. The height, length as well as the depth of
the loop are controlled using a bounding box. The
depth represents the distance between the first and
last point of the tool path and consequently the dis-
tance between the loops within an array. The pos-
sibility of achieving self-supporting loops during the
3D printing process is influenced by the speed pa-
rameter. The curve is divided in equal lengths, and as
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the z-coordinate of the division points increases, the
speed gradually grows from a minimum of 5 mm/s
up to 25 mm/s creating anchorage. When the nozzle
reaches themiddle point of the height of the bound-
ing box the extrusion stops. The material is further
dragged through the maximum height, to the next
point closest to the printing surface with a speed of
70 mm/s (Figure 1). After the printing process, the
height of the loop is lower than in the digital model.
For instance, if the initial height of the loop is 55mm,
after deposition it will be approx. 23 mm (Figure 2).
Furthermore, for z values higher than 55 mm, the
height of the loop does not have noticeable changes
after printing. The experiments so far showed that
the maximum z value that can be set in the digital
model without the loop collapsing on the printing
surface is of 70 mm. We discovered that a width to
height ratio of 1:1 is optimal. However, these num-
bers can change if another nozzle size is used and less
material is extruded. The depth of the bounding box
is minimum twice as big as the nozzle diameter, oth-
erwise the tool will damage the loop.

Figure 2
Height discrepancy

The next step is to interlock the array of loops on the
same plane (figure 3 left). A new row of loops can be
interlocked with the first one by shifting its position
forwardbyhalf the depthof the loop. By bringing the
two rows closer together theywould create one com-
mon edge of loops. After drying, they are locked to-
gether. The third step is stacking. Stacking consists in
alternating both spatial and flat loops (Figure 3 right).

Figure 3
Interlocking (left)
and stacking (right)
strategies

The purpose of the flat loops is to support the next
layer of spatial loops. Several flat geometries were
tested, such as a polyline weave or simple lines. The
flat loop is the most successful one since it supports
the following layer from both outer and inner edges.
The maximum of alternating layers reached so far
without the first one collapsing is 6 (3 spatial, 3 flat).
This process is continuous: there was no need to
wait until each layer fully dried. It is enough to mea-
sure the new z-coordinate after each layer to proceed
with the following. While the overall digital height
is 194 mm including string thickness, after printing
the overall height is approx. 61 mm. After the curing
process, the overall height is 45 mm. Observations
point out to the fact that shrinkage occurs more in
z-direction, while in x and y direction is not as evi-
dent. Although the lattice can support more layers,
the prototype is dense since the loops are not as vis-
ible. The introduction of a smaller nozzle might be
sufficient to limit the volumeofmaterial extruded. By
combining the two strategies, interlocking and stack-
ing, an array of loops can be fabricated to form the
porous panels.

DESIGN EXPERIMENT
Our fabrication system can provide porosity and
depth variation within a single designed element -
the porous panel. Through control of the fabrication
parameters, we can change how dense the panel is
and how many layers are stacked. As part of an addi-
tional cladding layer, the geometry of the panel can
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Figure 4
Array of loops after
printing (left) and
after curing (right)

Figure 5
Stacked lattice front
view (left) and top
view (right)
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Figure 6
Panel design and
edge detailing
strategy

respond to multiple design criteria. Firstly, various
levels of porosity provide anchorage for the roots of
plants. Since cellulose-based composite material is
biodegradable, this becomes a sustainable and cy-
clable greenwall system. Secondly, weobserved that
this biocomposite behaves well in compression. The
panel’s geometry can also be influenced by the struc-
tural performance of an assembled system. This as-
pect canprovide room for further design speculation,
moving away from a flat system and creating more
spatial designs. Lastly, controlling the geometry of
a panel can also act as a light filtering system. The
various levels of porosity would produce intriguing
shading patterns. To scale up and create an assem-
blage, our strategy is to introduce a lap joint as a con-
nection system. Since shrinkage occurs, the sides of
the porous blockwould change aswell. However, the
face laying on the printing surface during the deposi-
tion will not change. By altering the printing surface,
we can use conformal printing as amethod to ensure
edge detailing.

CONCLUSION
In this paper we have described design and fabri-
cation considerations for 3D printing with cellulose-
based composite materials. Porosity is developed
as a strategy to enable large scale elements to

cure quickly and without the problems associated
with mold-based manufacture. Porosity is created
through leveragingmaterial behaviour within the 3D
printing process, through the creation of continuous
spatial trajectories, and via control of fabrication pa-
rameters including speed, air pressure, nozzle diam-
eter and the introduction of an air-based cooling sys-
tem to quicken the curing process. Within this work-
flow, robotic spatial printing facilitates the possibil-
ity of extruding in all dimensions. Compared with
the traditional FDM method of layer by layer depo-
sition, there is no delamination or breaking during
the curingprocess. Additionally, thedryingprocess is
quicker. Therefore, spatial and flat loops are building
together through stacking and interlocking in order
to form biodegradable porous panels that can help
increase the urban greening in cities.

Nevertheless, this is an initial stepwhich explores
a solution to fabricating with cellulose-based com-
posites. They are anisotropic and hygroscopic mate-
rials which have an unpredictable behaviour since it
can change its shape due to water elimination and
retention. In the case of printing spatial trajecto-
ries, there is a discrepancy betweenwhat is designed
in the digital environment, what is 3D printed and
the cured artefact. Therefore, the fabrication pro-
cess needs to be tailored according to the material
properties, integrating the element of uncertainty.
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Precision becomes a questionable aspect in this pro-
cess. This leads to a low-tolerance regenerative de-
sign paradigm that encourages bio-occupancy and
growth.

The system needs to be further developed in or-
der to move to the next scale towards implemen-
tation in real-life: the porous panel. This means
merging the two methods: stacking and interlock-
ing. Here, further explorations will test a 5 mm noz-
zle to increase porosity, as well as expanding the ex-
tent of porosity variation within one panel. The size
of the panel depends on the reach of the robot arm
used in the fabrication setup. Since the loops can
support themselves, there was enough to record the
new height dimension immediately after printing in
order to proceed with stacking. However, a shrink-
age at panel level is expected to occur, which might
affect the next scale - a system of assembled panels
which can be implemented in real-life projects. It will
be interesting to see what kind of issues will occur
and how they can be solved, given the low-tolerance
nature of the system. Further considerations involve
manipulating the surface morphology of the panel
by introducing different depths. This is achieved by
varying the number of stacked lattice units. This
would encouragegrowthby creating amicro-climate
ecological system at surface level through water col-
lection (Cruz and Beckett 2016). If this system would
be implemented in a real-life situation it would be in-
teresting to study what is the longevity of these pan-
els, as well as the bio-occupancy possibilities.
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Increasing use of computational design tools have led to an increase in the
demand for mass customised fabrication, rendering decades old industrial
CAD-CAM protocols limiting for such fabrication processes. This bespoke
demand of components has led to a unified workflow between design strategies
and production techniques. Recent advances in computation have allowed us to
predict and register the tolerances of fabrication before and while being
fabricated. Procedural algorithms are a set of novel problem-solving methods
and have been attracting considerable attention for their good performance.They
follow a procedural way of iteration with an established way of behavior.In the
particular case of Incremental Sheet forming (ISF), these algorithms can realize
several functions such as edge detection and segmentation required for
optimizing machining time and accuracy.In this context, this paper presents a
methodology to optimize long-drawn-out ISF operation by using geometrical
intervention informed by supervised machine learning algorithms.

Keywords: Procedural Algorithms, Incremental Sheet Forming, Robotic Cold
forming, Mass Customization

INTRODUCTION
Current focus on the development of CAD CAM pro-
cesses is focused on themass customizable aspect of
manufacturing overmass production using the same
machine setup. The process of incrementally form-
ing sheet of metal is called ‘Dieless Forming’ which
was patented by Leszak [1] in 1967, much before it
could have been machined. The process relates to a
method for forming a sheet of material into various
shapes of revolution without the use of dies, forms,

or mandrels. Ever since, there have been investiga-
tions on different ways of plastically deforming sheet
metal at a local point to maximize freedom for pro-
duction [3].

Recently due to the diversity of manufacturing
techniques and their productivity, the volume of
batch production has gone low resulting in shorter
production cycles. Hence giving a boost to more
adaptable manufacturing systems.
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Figure 1
Picture credits :
Hélène Binet,
Roland Halbe,
Werner
Huthmacher.
Architect : Zaha
Hadid Architects -
Innsbruck Railway
Station 2007.

Processes such as sheet metal forming have
given greater degrees of freedom to architecture and
designers. Some architectural projects such as the
Innsbruck’s Railway station by Zaha Hadid Architects
(ZHA; figure 1) have demonstrated the versatility of
moulding process combined with CAD CAM tech-
niques. Here each unique panel was manufactured
using amoulding process where mouldmaking con-
sumes a tediously huge amount of machining time
and material while roughly 98% of the planning, cal-
culation, optimization, tendering and marketing in
construction is based on digital data. Along with this
comes more and more direct interface between the
computerizeddesignprocess and thephysical imple-
mentation (Hauschild & Karzel, 2011) [3]. While more
and more architects make use of computational log-
ics to embeddata into structures, there is also agrow-
ing interest in algorithms inspired by Nature that
havedemonstrated someeconomic advantagewhile
revealing novel patterns and function.

This paper explores the use of such nature in-
spired algorithms in the specific case of incremental
sheet forming process and discusses its possible eco-
nomic and aesthetic interest towards machining and
performance.

EXPERIMENTAL PROCEDURE
To evaluate the potential of nature inspired algo-
rithms for the production of thin sheet elements,
the following experimental setup has integrated a
“Space Filling Curve” procedural algorithm with an
“Incremental Sheet Forming” robotic fabrication pro-
cess, later optimised with a “K-Nearest Neighbour”
machine learning.

INCREMENTAL SHEET FORMING
Incremental Sheet forming (ISF; figure 2) is a pro-
cess which imparts 3D forms onto 2D sheets directly
formed by accumulative plastic deformations. It is a
stretching cold forming process where the structural
capability of the sheetofmaterial is augmentedby lo-
cal surface structuring. This opens up new potentials
to structural shapes/forms which could be manufac-
tured out of thin sheets of material.

Customarily ISF systems can be set up with a 3
axis manipulation. For this particular paper, the ISF
system was set up on a 6 axis industrial robot with a
heavy payload of 120 kgs to allow greater possibili-
ties of manipulation for complex forming (figure 3).
The large setup allows more panels to be mounted
apart from the system flexibility for individual fabri-
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Figure 2
Conventional steps
for Incremental
Sheet Forming

cation of sheet metal. The purpose of this paper is
bifold. First is to optimize the toolpath to reducema-
chining time of any given geometry as compared to
the conventional way. Second is to use this gener-
ative toolpath as means of micro-texturing to allow
localized surface structuring to introduce stiffness at
stressed regions of the desired surface.

Figure 3
Digital robot setup
for ISF

SPACE FILLING CURVES
Space filling curves (SFC) is a way of mapping mul-
tidimensional space into one dimensional space. It
acts like a lace that passes through each cell in the
volume so that every cell is visited exactly once.
Thus SFC imposes an order of points in a volume.
There are numerous kinds of space-filling curves
(e.g.: Hilbert, Peano, and Gray). The difference be-
tween such curves is in their way of mapping to the
onedimensional space, i.e., the order that a certain
space-filling curve traverses the multi-dimensional
space. The quality of a space-filling curve is mea-
sured by its ability to preserve the locality in progres-

sion [4]. Some of the standard space filling exam sys-
tems include :

Peano Curve (figure 4): The Peano’s curve starts
with an initial ‘curve’, then each element of the curve
is replaced by a newly generated path. Shown in fig
04are four iterationsof thePeano’s Curve and it’s easy
to imagine how you can keep doing this over and
over again. One would think that if you kept doing
this indefinitely, this one-dimensional curve would
eventually fill all of two-dimensional space and be-
come a surface [13].

Hilbert’s Curve (figure 5): Hilbert’s system of
curve generation was introduced by David Hilbert in
1892. It describes a logic where the curve visits ev-
ery point in a square grid with a size of 2×2, 4×4, 8×8,
16×16, or any other power of 2 [5].

Figure 4
Peano’s curve logic

Figure 5
Hilbert’s curve logic

Gray code (figure 6): The gray code belongs to
a class of codes calledminimum change code[6].This
algorithmcreates the shortest non intersecting curve
length in a given space.
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Figure 6
Gray’s code

Figure 7
KNN data point at
different instance
(time) in the same
data set

K-NEAREST NEIGHBOUR(KNN) MACHINE
LEARNING
Since most of the space filling logics map multidi-
mensional values to 1D/2D parameters, there is a
need for continuous classification and order to op-
timize the space colonization.The K-Nearest Neigh-
bors (KNN; figure 7) is one of the simplest algorithms
used in Machine Learning for regression and classi-

fication problems[10]. KNN algorithms use data and
classify newdata points based on similaritymeasures
(e.g. distance function). Classification is done by a
majority vote to its neighbors. The data is assigned
to the class which has the nearest neighbors. As you
increase the number of nearest neighbors, the value
of k, accuracy might increase [10].
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EXPERIMENTS
The proposed method here makes use of the KNN
algorithm to find the most optimized space filling
curve in agivenvolume. The featuresof theoptimiza-
tionarebasedoncell size andcurve length toacceler-
ate the rate ofmachiningwithout losing contactwith
the material for ISF. This paper can be considered as
proof of concept to the field of ISF where lead over
time and surface structure are optimized based on
purely geometrical data from the workpiece. There
were twosets of experimentsperformedwhere in the
first experiment theglobal shapewaspredefinedand
the toolpath was optimised for machining, while in
the second experiment, the shortest tool path was
generated in a 2D space and overlaid to generate a
3D surface to be incrementally formed as the work-
piece.

EXPERIMENT 1
In the first study case Nyuntm, the procedural system
was used to design a self standing structure consist-
ing of 105 unique panels fabricated using ISF (figure
8). Here the ISF process was carried out using multi-
layered stepdowns anda radial spacefilling logicwas
applied fromhighest point bearing cell to the lowest.

To achieve a clean interpolated motion for ma-
chining, the sharp edges are replaced with filleted
corners to arc like segments to avoid vibration on the
sheet metal while in plastic state. The curves gener-
ated through the algorithm pass through a cell with
the most minimum footprint. Similar to the forma-
tion of gills of a mushroom growth, the generated
toolpath creates micro-texturing onto the final sur-
face (figure 9) giving it local stiffness to achieve dou-
bly curved forming (further see figures 10 and 11).

EXPERIMENT 2
In the second experiment Force From, a simple snake
scan curve (figure 12) is generated in a 2D region and
then rotates / deforms the grid of cells to allow in-
tersections, similar to a “Moire” pattern. The primary
rule is related to the density of the pattern; where
there are more intersection points the surface defor-

Figure 8
Radial logic for
Procedural Space
filling curve

Figure 9
Micro textured gills
of mushroom
supporting the cap

Figure 10
SFC generation and
Mean Curvature
analysis of a generic
panel

Figure 11
Final results of the
pavillion fabricated
using Procedural
algorithms and ISF

mation is more drastic. This further defines the direc-
tion of where the deformation is happening in order
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Figure 12
Snake scan logic for
Procedural Space
filling curve

to guide it to the desired direction. Using paramet-
ric software, a secondary set of rules was defined to
create a variety of Moiré patterns that would later be
used to generate a 3D surface (figure 13).

The data set for the kNN algorithm in this experi-
ment floats between the intersectionof two features ;
Number of Intersection points on the curves and the
region of intersection causing the surface deforma-
tion in Z axis.The K value in this case is tunedwith the
maximum depth achieved by ISF with the minimum
curve length. As compared to conventional ISF tool-
path which are concentric, the procedural method
had produced more depth per area.

Figure 13
SFC logic to create
3D surface

CONCLUSION ANDDISCUSSION
An established way to employ space filling algo-
rithms is to produce precise and predictable models,
which geometrically match digital models.In mass
construction, even if certain parts or configurations
are parametrically customized as digital models, to
achieve true variation from object to object is not a
straightforward task.We acknowledge the time con-
suming limitation of the ISF process to form sheet
metal but by using space filling algorithms in a su-
pervised learning environment, we can try to address
this limitation in a novel way to gain lead over time in
largeproduction setup and in turn economically con-
structive.

Concurrently, designing texture often lies on the
margins of the design process, it is rarely articulated
for anything beyond purely visual effect.In this par-
ticular case it performs surface structuring through
micro texturing as an added value.However it can be
argued that the toolpath generated and the sheet
metal formed are located in a space of convergence
of material deformation and digital logics, which
makes texture into a suitable problem for digital fab-
rication.These tests have been limited to geometrical
extrapolation of data for optimization but we intend
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Figure 14
Optimization
parameters - IAAC
MRAC 2019-20 -
Workshop 1.1

Figure 15
Schematic block
diagram showing
KNN optimization
structure

to introduce sensors to have material feedback to be
able to train the algorithm for accurate prediction.
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Figure 16
Final results
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This paper focuses on the design of individual bricks in a masonry shell system
that are inspired and informed by the reorganization of epithelial cells within
tissues. Starting from a newly discovered shape called "Scutoid", we first
investigated how epithelial cells within living animals are packed three
dimensionally within tissues. We focused on the living mechanisms within these
cells that facilitate tissue curvature in the creatures' organs, skin, and blood
vessels. By utilizing this generative geometric approach, we created a series of
parametric generators and modeling kits to represent this mechanism and
process. We then explored the potential for adopting this mechanism into
larger-scale settings. Meanwhile, we discovered that the deformation of
individual epithelial cells during the bending process generates an intriguing
triangular connection along the bending direction. We managed to translate this
unique feature to the architectural scale as a joint system for connecting bricks in
a masonry shell structure. Based on the above findings, we designed and
fabricated a set of models for the masonry shell structure that are generated from
scutoid bricks and this unique joint. The geometrical characteristics of scutoid
bricks allows the packing of four bricks with just two joints. The work that we
have generated thus far contributes to solving issues of shell design and
fabrication from the perspective of individual units. The result of the shell
structure model demonstrates that applying the epithelial cell inspired-block
masonry system is a feasible approach for the construction of shell structures.

Keywords: Epithelial cell, Scutoid, Bio-inspired Design, Generative Design,
Masonry shell

INTRODUCTION & BACKGROUND
Due to the limitation of imaging technology at the
nanoscale, a comprehensive visualized description
of epithelial cells’ three-dimensional appearance has
been missing from the field until recently. Most

biological researchers understood the shape to be
similar to columnar prisms or a frustum shape. In
2018, through the approach of mathematical model-
ing, A group of scientists from Universidad de Sevilla
(G´omez-G´alvez, Pedro, et al, 2018) unexpectedly
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predicted that as the curvature of these epithelial
tissues increases, some of the epithelial cells would
likely develop into forms other than columnar prisms
and frustum shapes. The research claims that this
unique three-dimensional geometry is a transition
volume between a pentagon and a hexagon with
an added vertex (Figure 1). Researchers named the
shape ”scutoid” because the backs of some insects
(Protaetia speciose) have a similar mini-triangular
shell. Additionally, researchers successfully found
that some of the epithelial cells present the same
shape in several highly curved epithelial tissues in
various creatures such as drosophila and zebrafish’s
renal tubule and thyroid follicles. The discovery of
the scutoid has brought new geometric inspiration
to understand the three-dimensional structure of ep-
ithelial tissues. Epithelial cells are one of the most
critical cells in the early stages of every animal. They
are capable of reorganizing themselves into different
shapes to envelop cavities. This capability allows ep-
ithelial tissue to establish barriers for the creature’s
body from the external environment and deform the
barriers to fit with the environment.

Figure 1
The findings of
scutoid, photo
credit to
Gómez-Gálvez,
Pedro, et al (2018 )

There are two parallel goals in this paper. First, we
aim at investigating the deformation mechanism of
epithelial cells to enrich our overall understanding of
how the epithelial cells present the scutoid shape by
setting up a series of parametric models and visual-
ized generators from the perspective of design re-
search instead of cell biology. Specifically, this paper
looks into dialectical relations between global mor-
phology and individual units at a micro-scale. Mean-
while, situating this from a design perspective, the

paper aims to adapt the deformation mechanism of
epithelial tissues and the concept of the scutoid into
a novel design application. Notably, inspired by Scu-
toid geometry, we designed a new masonry system
termed Scutoid Bricks. The system can be used to en-
hance a joint in a masonry structure, as the scutoid
shape in epithelial tissue exhibits certain impressive
features that we can potentially enlarge to a macro
scale.

Epithelial cells deform and proliferate them-
selves into multicellular tissues during embryonic
development (Lecuit, Thomas, and Pierre-Francois
Lenne., 2007). These tissues will eventually become
various organs in our body. Primarily, serving as a
medium to isolate different biological tissues as ep-
ithelial cells constitute the surfaces of creatures’ or-
gans and blood vessels. They form the skin of the
creature, establishing a barrier for the creature’s body
from the external environment. Epithelial cells have
other chemical and physical mechanisms, such as
regulating the exchange of chemicals inside tissues
and body cavities, etc. Our project specifically fo-
cuses on the mechanism that allows epithelial tissue
to deform itself into complex geometry. To achieve
the wide range of functions mentioned above, ep-
ithelial tissues have evolved to develop complex and
diverse cellular structures that exhibit unique struc-
tural features at multiple dimensions. These features
allowepithelial tissues to form into a complex surface
to fit with a given environment.

In 2D space, considering a single layer of epithe-
lial tissue as two-dimensional lamellar, it can be rep-
resented by a two-dimensional sheet. Studies found
that the deformation capability of epithelial tissue as
a 2D lamellar is achieved through its cell rearrange-
ment. As the primary mechanism of tissue deforma-
tion, epithelial cells rearrange themselves to a new
position without being separated from the adjacent
cell according to a topological T1 transition (Kong, D.,
2017). A single layer of epithelial tissue is composed
of adjacent and closely connected epithelial cells. In
this two-dimensional cell model, isolated cells can be
approximated as circles. When two cells engagewith
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each other, their common boundary can be repre-
sented by a straight line. The length of this common
boundary depends on the distance between the ge-
ometric centers of the two cells. The closer the two
cells are, the longer the common boundary is. When
four cells are packed together, cells squeeze each
other inbothhorizontal andvertical directions. If two
of the four cells are neighboring with each other hor-
izontally, the other two cells are isolated vertically.
The distance of isolated and neighboring cells are in-
versely proportional. The closer the geometric cen-
ters of neighboring cells are, the further away the iso-
lated cells are (Figure 2).

Figure 2
1 and
2-dimensional
deformation of cells

Expanding this into 3D space, for most healthy ep-
ithelial cells, the columnar appearance of epithelial
cells is one of the critical morphological features. Ge-
ometrically, a columnar epithelial cell is composed of
basal and apical surfaces, and the deformation pro-
cess of epithelial tissue is a surface that, with thick-
ness, bends at a particular position. When the tissue
is bending, the basal and apical surfaces associatively
perform the T1 transition to rearrange its position.
Epithelial cells often have significant polarity, which
is not only presented in the different functions and
structures of basal and apical surfaces but also the
various movement tendencies. The basal and apical
surfaces of any pair of adjacent cells, that share one
common boundary, will have a different motion ten-
dency. If the tissue is bent toward the basal surfaces

(Figure 3), the basal surfaces of the two cells will two-
dimensionally squeeze each other. At the same time,
the apical surfaces will tend to separate from each
other. However, due to the presence of adhesion
forces between cells, adjacent cells will not be im-
mediately isolated and their common boundary will
not disappear quickly. In the process of tissue bend-
ing, with the increasing curvature of the tissue to-
wards the basal surface, the boundary line between
the two adjacent apical surfaces will gradually be-
come shorter (Figure 4). Until the curvature reaches
a certain level, both apical surfaces are separated.
The basal surfaces that two-dimensionally squeeze
against each other will produce longer boundary
lines. When four such cells are packed together, two
cells that don’t align along the bending direction will
also have different motion tendencies on the basal
and apical surfaces. The two apical surfaces that get
closer with each other will occupy the space that
is vacated after the detachment of apical surfaces.
As the tissue bends, the basal surfaces that squeeze
each other will occupy the space left by another pair
of basal surfaces.

Figure 3
The tissue is bent
toward the basal
surfaces

Figure 4
3d deformation on
apical and basal
surfaces

Studies (Rupprecht, Jean-Francois, et al. 2017) also
found that such polarity can not only be observed
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on basal and apical surfaces. This is observed inside
of the epithelial cell cluster with the help a microflu-
idic device. The common boundary between adja-
cent cells exhibits various lengths at different depths
(Figure 5). Given the fact that cells are competing for
space under geometric constraints, we realized that
at a certaindepthwithin agroupof cells, the lengthof
the common boundary would reach 0. It means the
initial adjacent cells are connecting through a vertex,
while the formerly separated cells that are perpen-
dicular to the bending direction are also connecting
through the same vertex. Our initial modeling strat-
egy is based on the geometrical feature described in
(G´omez-G´alvez, Pedro, et al, 2018), where the scu-
toid is a volume that transitions from a pentagon to a
hexagon. We found that the vertexmentioned above
plays a critical role in themodeling process of a given
scutoid shape. Deeper within the cells, two of the
hexagonal neighboring vertices on a surface merge
to the mentioned vertex. By doing so, the hexagon
on the apical surface converts to a pentagon in the
middle of the cell’s volume and keeps this formation
until it reaches the basal surface.

Figure 5
The common
boundary between
adjacent cells
exhibits various
lengths at different
depths. Photo
credits to
Rupprecht,
Jean-Francois, et al
(2019)

Furthermore, based on the above researches and our
deduction, we can conclude that the T1 transition of
cells rearrangement is achieved through cell revolve
and squeeze. Cells vertically revolve along the hor-
izontal axis resulted in different movement tenden-
cies on apical and basal surfaces. Adjacent cells re-
volve toward the inverse direction resulted in bound-
ary length change. As for the classic scutoid shape,

the triangular that transitions from hexagon to pen-
tagon is also generated by cells squeeze. (Figure 6)

Figure 6
Cells vertically
revolve along the
horizontal axis
resulted in different
movement
tendencies on
apical and basal
surfaces.

The discovery and research above allows us to es-
tablish a framework for building a parametric model
of Scutoid geometry. Our initial model is composed
of three layers. Besides the two necessary outer lay-
ers to form the basal and apical surface, we also set
up an intermediate layer to arrange the key vertex.
On both outer layers, we defined eight fixed vertices
and two dynamic vertices to form a pair of adjacent
hexagons, where the length of the common bound-
ary can be changed. Perpendicular to two adjacent
hexagons, we defined another four fixed vertices to
form the associated pentagons which are separated
from each other. However, on the intermediate layer,
we identified 13 fixed vertices and formed four pen-
tagons which are sharing the center vertex. The for-
mation of these four pentagons on the intermediate
layer won’t be impacted by the movement of ver-
tices on the outer layers. By connecting the center
vertex on the intermediate layer with the dynamic
vertices on both outer layers, and then connecting
the remaining fixed vertices, we established a para-
metric wireframe model of scutoids that represent
four epithelial cells packed together (Figure 7). The
morphology of each cell in the cluster is determined
by the length of the common boundary of adjacent
hexagons. When the cluster model starts folding to-
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wards the basal surface, according to the T-1 transi-
tion, two hexagons on the apical surface detach from
each other. The common boundary gets shorter and
the pentagons on the same layer merge closer. Con-
versely, the commonboundary of adjacent hexagons
on the basal surface becomes longer as hexagons are
further apart, while the pentagons on the basal sur-
face separate from each other.

Figure 7
The framework of
the parametric
model of Scutoid

RELATEDWORK
As a recent discovery, scutoid related studies are still
at an early stage. Yet, there are still some associ-
ated works that positively support our investigation.
(Mughal, A., et al.2018) successfully reproduced the
scutoid-like soap bubbles between curved surfaces
on a larger scale, as they inject soap water between
twohighly curved surfaces, which have an 18mmdis-
tance in between. The scutoid bubbles can be ob-
served directly in the soap water without the usage
of any device. But in the controlled experiment, no
scutoid-like soap bubbles can be found in between
two flat surfaces. As the discovery of scutoids can
only occur in highly curved epithelial tissues, this ex-
periment verified that curved space is a necessary
condition of generating scutoid. In other words, lo-
cally converting columnar prisms to scutoids can fa-
cilitate the overall curvature of global geometry that
is packed by individual units. Furthermore, this study
validates the existence of scutoid in a non-bio set-
ting yet with less discussion of practical potentiality
or quantitative description of scutoid.

Parallel to experimental verification, (Subrama-

nian, Sai Ganesh, et al.2019) started looking at the
potential applications of scutoid in a more practi-
cal spectrum. They proposed a 3D space-filling ap-
proach by applying scutoid as its modular structure.
They hope to develop new component-based space-
filling tiles to compensate for the limitations on the
structure’s reliability and strength that is led by tra-
ditional prismatic filling units (like rectangular brick).
Researchers have developed an algorithm that takes
as input two planes containing Voronoi tessellations
and inserts tiling between the top surfaces based on
the distribution of points, then lofted each contour
profile generated through theprevious step into a 3D
volume. This project didn’t realize the fact that the
formgenerationof apical andbasal surfaces isn’t con-
ducted through the Voronoi algorithm in epithelial
tissue, although it looks very similar. Also, this project
proposed a 3D space-filling approach without giving
an application scenario. But still, through this paper,
we realized that Scutoid shape has its potential to
be designed as component-based space-filling tiles
for assembling global geometries to overcome the
drawbacks of cubic tiles such as regular bricks. In
terms of morphology, we argue that the scutoid, as
a widely existing geometry, should not be limited to
the initial description of the transition from the pen-
tagon to the hexagon. A more arbitrary geometrical
definition of scutoid is still missing within this sub-
ject. According to our investigation, the number of
polygon segments at the basal and apical surfaces of
aprismatoid is an essential factor that determines the
scutoid. We defined two conditions that are required
for prismatoid-like geometry tobe recognized as scu-
toid. First, the numbers of the polygons segment are
not equal on apical and basal surfaces; second, two
vertices on one surface can be merged into one ver-
tex on the intermediate layer to equalize the poly-
gons segment.

As we aim to adapt epithelial tissue deformation
into a design space, we also examined previous work
that borrows findings from biological models into ar-
chitectural design research. Taking the mammary
gland as a starting point, Sabin and Jones (2008) in-
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Figure 8
A matrix drawing of
a wireframe model
of a cluster of 4 cells
packing together

vestigated the mechanism of how mammary glands
respond to global and local stimulation to change its
structure by taking advantage of dynamic paramet-
ric 3Dmodeling. Furthermore, the authors expanded
the observations into the design of a set of deploy-
able structures and simulated how the surface struc-
ture responds to environmental factors. It is truly a
novel approach andworkflow that adapts the cell be-
havior into an architectural structure and design pro-
cess to bridge the gap between micro-scale biology
and macro-scale architecture application.

METHOD
Through the process of developing the scutoid para-
metric model, we propose that one of the necessary
features of the scutoid is that either two vertices on
the basal or apical surfacesmerge into the center ver-
tex on the intermediate layer. The connection be-
tween the three vertices creates a triangle that is par-
tially bridging two epithelial cells. When four ep-
ithelial cells are packed as a cluster and bend toward
the apical surface, the common boundary between
the pair of adjacent hexagons becomes extended,
and the area of the connection triangle is larger (Fig-
ure 8). In addition, we also examined that as novel
component-based space-filling tiles, Scutoid shape’s
application toassembleothermasonry constructions
such as walls, pavements. But given the fact that
epithelial tissue often presents highly curved forma-
tion, applying Scutoid shape as component-based

space-filling tiles in flat settings is not the most suit-
able application for embodying its morphology fea-
tures. Thus, we focused on further investigation on
the application scenario of scutoid in amasonry shell
system. This scutoid mechanism creates an intrigu-
ing joinerymethodwhere two pairs of epithelial cells
connect in a bending environment. Greater curva-
turewithin the cell cluster alsogenerates a larger area
of triangular connection, thereby creatingamore sta-
ble connection between two epithelial cells. The fea-
turesmentionedabove arewell suited for application
inmasonry shell systems as one of themain concerns
when designing a masonry shell is to avoid sliding
failure within the bricks (Rippmann, M. and Block, P.,
2013 ). (Figure 9)

Figure 9
Two pair of scutoids
are stacking with
each

It is noted that aswe are examining the application of
scutoids as space-filling tiles formasonry shell, we are
not focusingon thegeometrical optimizationof shel-
l/vaults geometry. Instead, we are focusing on de-
signing and generating scutoids as space-filling tiles
to assemble curved global geometry. We propose a
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novel design and assembly of bricks for the fabrica-
tion of amasonry shell with the geometric features of
Scutoid. Beyond the building of a parametric model
basedon four epithelial cells packed together, we fur-
ther explored the subdivision of a free form surface
into unit blocks embeddedwith scutoid features that
can be connected and assembled. Our exploration
can be summarized in the following two methods.

A. Voronoi-Based Scutoid Generator

Figure 10
Utilizing the greedy
algorithm for
selecting any four
cells as a cluster in
2d space

The first method is a Voronoi-based subdivision so-
lution, as the discoverers of scutoid G´omez-G´alvez,
Pedro et al. (2018) assume that the apical and basal
surfaces of epithelial tissue behave as Voronoi dia-
grams and generated the computational model of
the apical and basal surfaces through Voronoi dia-
gram in the research. To achieve an optimal result,
we utilize this well-known algorithm as a geometric
filter to select any four cells as a cluster in 2D space
to then generate scutoids from. The eventual goal
of the selection is to attain the optimal configuration
of the cell clusters. Cells that have specific eigenval-
ues are eligible to merge as a scutoid cluster. We ex-
ecute step-by-step to verify the number of neighbor-
ing cells based on the eigenvalues of each cell. We
choose those cells that have two eigenvalues as the
first batch to generate Scutoids. When one cell has
been merged into a Scutoid cluster, the eigenvalues
will be affectedbyminus one. And if we continue this
process, the selection process will eventually reach
the optimal result when there are no more eligible
cells in the Voronoi diagram (Figure 10).

We then generated an automatic workflow to
form a three-dimensional scutoid embedded surface
subdivision and translated this into a C-sharp code
component in Grasshopper and Rhino environment
(Figure 11). Based on the selection process we have
developed above, the scutoid generation starts with
an initial input that changes the curvature of the sur-
face. In this component, it is necessary to implement
a simple associative data structure (the Graph). It is
a spring force model of a dynamic system combined
with nodes and edges in this case. The surface is in-
terpreted as a simple non-interacting particle system
where each element is a simple point whose location
changesover timeas a response toexternal forces ap-
plied to it obeying Newtonian physics. Some collec-
tions of objects can be updated in real-time. The ini-
tial spring force structure containsmultiple polygons
that are optimized from the Voronoi diagram. The
cells on themargin are fixed. Then, external forces are
applied to each node in the spring structure, which
makes it bend gradually. During this process, for cells
that have edges and nodes that are overextended, a
trigger function is added to generate scutoids (two
vertices on outer surface merge into one vertex in
the middle of cell). Hence, the Scutoid generator be-
comes functionalwhen the overall surface is about to
lose the stability of the original form.

Figure 11
An automatic
workflow to form a
three-dimensional
scutoid embedded
surface subdivision
and turn it into a C#
code component in
Grasshopper/ Rhino
environment.

After successfully establishing a Voronoi-based scu-
toid generator to create scutoid shapes within a
curved surface, we designed several trials to prove
the efficiency of this generator and to optimize the
workflow. We conducted a comparison when some
specific input elements are changed. A preferred
model was printed as it best reflects themorphology
relationships between local connections of Scutoid
bricks. However, from a simulation perspective, the
above method has less practical potentials.
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B. Rational-Based Subdivision Scutoid Gen-
erator
Compared with the Voronoi diagram-based subdivi-
sion solution, the secondmethod attempts to subdi-
vide the overall surface in a rational and practical ap-
proach instead of starting from random points. The
method creates more accessibility for fabrication, as
the sub-divided components are unified into vari-
able modules. This method aims to generate scutoid
bricks for a static double-curved shell so that blocks
can be interspersed with each other without the risk
of sliding failure.

Figure 12
Three layers of
sub-division of shell
geometry

Previously, we defined that the parametric model of
a scutoid cell cluster can be recognized as a three-
layer structure. Two essential conditions for deter-
mining a scutoid are: 1) the number of the polygo-
nal segments are not equal on apical and basal sur-
faces; 2) two vertices on one surface can be merged
into one vertex on the intermediate layer to equal-
ize the polygon segments. Based on the above rules,
we first extracted the three layers of a given shell ge-
ometry. Then, we sub-divided the apical surface into
hexagons and the intermediate layer into a variable
grid of diamond shapeswith hexagons andbasal sur-
face into agrid of diamond shapes andoctagons (Fig-
ure 12). Finally, we merged the two vertices of each
hexagonon the apical surfacewith the vertex of each
diamond shape on the intermediate layer, and con-
nected the same vertex of each diamond shape with
the two vertices of the octagons on the basal surface.

The above sub-division and connecting method
creates two types of scutoid bricks: one with the
arrangement of hexagon-diamond shape-diamond
shape, and the other with the arrangement of
hexagon-diamond-octagon (Figure 13). Despite the
two different arrangements, both types of scutoids

have two connection triangles allowing these scu-
toids to be continuously assembled.

Parallel to the Voronoi-based scutoid generator,
we built a rational-based subdivision scutoid gener-
ator component in Grasshopper/Rhino environment.
Several physical models of 3D printed shells are fab-
ricated and assembled for evaluation purposes.

In addition to the advantage of the connec-
tion triangles preventing sliding failures, we also
discovered another benefit of the scutoid bricks
in shell systems when making physical models.
The connection triangles of both types of scutoid
bricks (hexagon-diamond shape-diamond shape,
and hexagon-diamond-octagon) aligned with two
bending directions (U and V), as the given shell ge-
ometry is a doubly-curved surface. The two types of
scutoid bricks share a bridge of connection triangles
along the respective axes. Meanwhile, the connected
scutoid bricks on both directions act like multiple
arches that are perpendicularly mortising together.
The above configuration formed a space grid struc-
ture that is believed to have greater structural stabil-
ity ( Figure 14).

Figure 13
Two types of
scutoid bricks

Figure 14
The connected
scutoid bricks on
both directions act
like multiple arches
that are
perpendicularly
mortising together
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Figure 15
FEA of shell model

For testing the structural stability, we conducted fi-
nite element static analysis on the selected shell
model with ANSYS, and mainly focused on the total
deformation and equivalent stress. In the controlled
experiment, we calculated the force situation for a
non-masonry shell. We found in a particular area that
the total deformation is significantly higher than av-
erage. However, in the experiment of the masonry
shell that is made up of scutoid bricks, we found the
deformation ratio on each scutoid brick of the shell is
relatively even ( Figure 15) Meanwhile, we also con-
ducted an initial stress test on a 3D printed and as-
sembled scutoid masonry shell model. Each scutoid
brick of the masonry shell model is 3D printed with
PLA with a 20% infill, and the total net weight is 1.8
lb. The model surprisingly supported the payload of
a pair of 40-pound dumbbells without any damage
(Figure 16). According to the results of FEA analy-
sis and physical model testing, we can assume that
the use of scutoid bricks in the masonry shell system
can distribute a sudden change in stressmore evenly
than a non-masonry shell.

CONCLUSION
Thework thatwehavegenerated thus far contributes
to and enhances our understanding of how defor-
mation mechanisms within epithelial tissue struc-
tures local and global change due to changes in lo-
cal geometry and global surface curvature. We also
opened up a new channel that builds upon rigor-
ous observations of cell behavior to then apply these
findings indesign research for architectural potential.
Most importantly, we contributed a novel approach
for shell structure design and fabrication from the
perspective of individual scutoid units. These out-
comes demonstrate that the epithelial cell inspired-
brick can be applied in a masonry shell system and is
a feasible and innovative approach for the fabrication
of shell structures.

Future work will include full-scale testing and
digital fabrication accompanied with detailed de-
sign and technical drawings. Fabrication methods,
material studies for constructing a masonry shell
with both semi-rigid and rigid scutoid bricks will
be investigated at full scale. Notebly, this study of
scutoid bricks shows us that this unique geomet-
ric system does not only pertain to biological mod-
els. A comprehensive investigation requires interdis-
ciplinary teamwork .

Figure 16
Testing with
physical model
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In this paper, we present a speculative design concept for a mycelium-based living
bio-hybrid architectural system. The system combines inoculated lignocellulosic
substrates with soil-based 3d printed structures that function as growth scaffolds,
material boundaries and spatial organisers. The primary objective of the system
is to exploit mycelium as a living remediator of contaminated sites, in the form of
architectural proposition. The feasibility of this concept is investigated in two
ways: 1) material composition development and process control parameters for
soil-based 3d printing, 2) the synthesis of printed prototypes to determine
geometric and environmental parameters for promoting colonisation of mycelium
and supporting its role as both structural binder and `Mycorestoration' agent.
This work is contextualised with reference to the state-of-the-art in order to
identify the research gap and articulate the contribution of a mycelium-based
remediating architecture. The merits and limits of the experimental results are
reflected upon and trajectories of further investigation outlined.

Keywords: mycelium, mycorestoration, soil contamination, 3d printing,
bio-hybrid architecture, design based experimentation

INTRODUCTION
The study of mycelium, in architectural contexts,
has largely focused on composites production to
develop construction elements (Adamatzky et al.,
2019). In this paper, we examine an extended use
of mycelium as a living remediator of contaminated
sites. Contaminated urban land scenarios pose sig-
nificant challenges, being a source of natural habitat
deprivation aswell as humanoccupancy impoverish-
ment (Nilsson & Grelsson,1995). The work presented
here contributes to wider and on-going challenges
facing architectural practice, with the need to estab-

lish new sustainable methodologies through design
and production processes and to uncover alternative
material resources. Within this context, architectural
applications and approaches that aggregate new
technological processes with mycelium based com-
posites for ecological restoration are still limited. In
this paper, we present work that probes this territory
through the concept of a living bio-hybrid architec-
tural system produced using digital design and fab-
rication through Additive Manufacturing (AM). Here,
the notion of bio-hybrid refers to the designed incor-
poration of living complexes as instrumental compo-
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nents of the architectural fabric/system (Ayres et al.,
2019). In the study presented here, lignocellulosic
substrates are inoculated with mycelium and com-
bined with 3d printed soil-based scaffolds to com-
pose actively remediating architectures for deploy-
ment in critically contaminated territories.

The natural ability of fungi to decompose pol-
lutant substances is documented in the literature
(Stamets,2005), presentinga compellingopportunity
to expand its vectors of architectural application. A
key challenge here is the design and development of
a living bio-hybrid system in which designed struc-
tures can establish symbiosis with the target organ-
ism. We develop a soil-based deposition material
suitable for 3D printing as soil is a native substrate in
which mycelium proliferates and builds its network.
In addition, and beyond the bioremediation objec-
tives, the concept of using the soil of any given site
follows the concept of recycling and repurposing raw
materials “in situ” and acts in accordance with efforts
to achieve zero-waste building approaches along-
side the concept of circularity. We find that the addi-
tion of bio additives to the soil enhances the biocom-
patibility between mycelium and scaffold, and also
facilitates the 3d print process.

Through a speculative design proposition, we
define two investigations that seek to establish plau-
sibility and test feasibility of the concept with par-
ticular focus on issues of material composition, fab-
rication and biocompatibility. The first investiga-
tion targets the composition of soil-based compos-
ites suitable for 3d printing together with establish-
ing process parameters. The second investigation ex-
plores geometric, environmental and temporal pa-
rameters through the synthesis of printedprototypes
and their subsequent colonisation by the mycelium
strain Pleurotus ostreatus. P. ostreatus has been se-
lected due to its particular abilities to break down
hydrocarbons (Stamets,2005). These are a common
source of site contamination and the primary source
of contaminants across the chosen site which is lo-
cated on the cleared docks of a former Naval base
in Copenhagen (Figure 1). The hypothetical pro-

gramme is for a ‘Restless Labyrinth’ - an open leisure
landscape in which the connectivity of the labyrinth
is periodically reconfigured tomark stages of remedi-
ation and to create shifting associations between the
ground and its surroundings (Figure 2).

Figure 1
Contamination
results shown for
2.0 - 2.4m depth on
the site, part a
former Naval Base
in Copenhagen.
Contamination is
recorded up to
3.2m depth at 0.4m
increments. Report
kindly provided by
Geo Subsurface
Expertise.

In the following section, we provide a brief state-of-
the-art covering in the use of mycelium for remedi-
ation and the use of mycelium based composites for
construction. From this, we identify a research gap
that frames the work presented here. In section 3 we
outline themethodological approach and the exper-
imental setups. In section 4, we present results and
reflect on the merits and limits of the experiments
conducted. In section 5, we present conclusions and
discuss future trajectories for the work.

STATE OF THE ART
Mycorestoration &Mycoremediation
Mycelium is the vegetative structure of fungi that
grows through terrain creating extensive tissue-like
webs composed of tubular filaments called hyphae.
It serves a principal role in the breakdown of or-
ganic matter, unlocking nutrition resources and ac-
tively distributing and balancing these in ways that
support biodiversity (Simard et al.,1997; Simard et al.,
2012). The presence ofmycelium in soil also serves to
heal and recover deprived and contaminated terrains
by decomposing toxic substances, filtering microbes
and contributing to the making of new soil. It there-
fore acts as a critical sustainer of ecosystems through
its cycling of nutrients.
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Figure 2
Sectional study of
the ‘Restless
Labyrinth’ - a
speculative
proposition for a
living, remediating
and shifting
architecture

The concept of Mycorestoration (Stamets, 2005)
seeks to exploitmyceliumas amechanism for ecolog-
ical repair and reinvigoration of fragile territories and
habitats. Mycoremediation is one of four strategies
defined within the Mycorestoration concept and fo-
cuses on the ability for mycelium to decompose pol-
lutants. Different mycelium strains are adept at de-
composing different types of contamination, there-
fore it is possible to develop customizedmycological
landscapes for habitat restoration.

Stamets has pioneered a deployment technol-
ogy that utilises burlap sacks filled with wood chip
gathered from storm debris and inoculated with
mycelium. The bags can be arranged in various con-
figurations to suit landscape features and objectives,
acting as combined contaminant filters and biodi-
versity stimulators.This discrete element technique,
collecting multiple sacks to form a ‘bunker spawn’,
represents an efficient, sustainable and circular way
to generate mycelium in contaminated areas and re-
store ecosystems (Stamets, 2004; Stamets, 2005).

Architecture andDesign
Designing with inhibition. The first applications of
Mycelium in anarchitectural context have focusedon
the production and assembling of units, or compo-
nents, that are the result of growing inoculated ligno-
cellulosic substrateswithinmoulds toachieveprecise
geometric outcomes (Ross, 2018; Heisel et al., 2017).
Once the substrate is fully colonised, growth is inhib-
ited either through air drying or heat treating at c.
80 degrees celsius. Composite materials with differ-
ent mechanical performance can be engineered by
varying the mycelial strain in combination with vari-
ations of substrate composition andprotocols of pro-
duction (Appels et al., 2018; Appels, 2020; Elsacker
et al., 2019; Elsacker et al, 2020). Sterility in pro-
duction is a common feature of fabrication protocols
and is deemed necessary to mitigate against con-
tamination from unwanted organisms and to con-
trol consistency of production and subsequent per-
formance. An important implication of this produc-
tion approach is the contribution it makes to thema-
terial’s embodied energy budget.
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Designing with growth. In contrast to the inhibi-
tion approach of pre-fabricating Mycelium compos-
ite units, there have been research and design ef-
forts exploring thegrowthof structures in-situ and/or
monolithically (Dessi-Olive, 2019). Approaches in-
clude the use of removable moulds, or stay in place
scaffolds for containing inoculated lignocellulosic
substrates as in the case of Eric Klarenbeek’s 3d
printed mycelium chair (Klarenbeek, 2014), where
an outer shell is 3d printed in PLA to contain the
spreading of the organism. Hybrid approaches have
also been demonstrated in which discrete elements
are initially produced and assembled but without a
growth arresting treatment. Under suitable condi-
tions, the mycelium continues to grow and can bind
the elements, thereby converting a discrete-element
structure into a monolithic one (Dahmen, 2016).

Research gap and Contribution
In industrial, design and architectural contexts, ster-
ilisation in production is deemed necessary due to
the fact that mycelium is not operating in its nat-
ural habitat. The aim is, therefore, to prevent con-
tamination from competing organisms. This leads
to intricate manufacturing protocols and associated
energy consumption through production. The work
presented here intersects these pathways and ex-
tends the state-of-the-art through twocontributions:
1) by developing soil-based 3d printing of substrates,
whichprivilege continuousmaterial extrusion in con-
trast to discrete element assemblies or monolithic
moulding approaches - common to both pathways;
2) by working with non-sterile production protocols

for architectural contexts; the implication being an
improvement of sustainability credentials in compar-
ison to engineered approaches due to a reduction in
the embodied energy budget of production.

Thework seeks to exploit the organism’s capabil-
ities for degrading soil pollutants, remove toxins and
sustaining bio-diverse communities by creating a 3d
printed soil-based architectural system that is com-
posed of a site’s ground. This ground is articulated
into architectural form that surrounds the organism
with the aim of supporting and nurturing it’s propa-
gation as a remediating membrane.

METHODOLOGY AND EXPERIMENTAL SE-
TUPS
The overarching methodology for the work pre-
sented is to use speculative architectural proposition
as a method for developing a hypothesis, then to
test the plausibility and feasibility of key aspects of
the hypothesis through experimental investigation
(Figure 3). Insights from the empirical experimenta-
tion work are used to refine the design proposition
in an iterative manner. Two experimental investiga-
tions are defined: 1) the testing and development of
soil-based deposition material and process parame-
ters for 3d printing; 2) the testing and development
of geometric and environmental parameters for pro-
moting colonisation of mycelium and supporting its
role as both structural binder and ‘Mycorestoration’
agent. The investigations seek to answer the follow-
ing questions: 1) Can the mycorestoration capabili-
ties of mycelium be combined with use as a binding
material for architectural application? 2)whichmate-

Figure 3
Proposed
configurations of
the growth
experiments.
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rial combinations and geometric configurations sup-
port the establishing of symbiotic relationships be-
tween scaffold and organism?

Setup for Material and 3d Printing Investi-
gation
This study seeks to develop a successful soil compos-
ite mixture (Figure 4). Two tests are used for devel-
opment. The first is a 3d print test to study com-
patibility, consistency and repeatability. The second
is a colonisation test conducted by observation over
fixed time periods. Themeasures of success for these
tests are: 1) the composition is printable using a 3d
extrusion setup; 2) the composition is structurally ro-
bust in printed geometries, biocompatible and sym-
biotic with the introduced organism. To improve the
performance of the bulk material (soil) across these
different goals, various additives are tested. Inocu-
lated soil compositions are also tested. The 3d print-
ing setup and extruder system comprises an air com-
pressor providing 1.5 bar pressure connected to a sy-
ringe pump with 1 litre capacity for holding the soil
composite. The syringe is fixed to a UR5 robot arm
and joined to an end-effector extruder by a 3 cm di-
ameterplastic tube. Theend-effector is custommade
and 3d printed with PLA filament. A spinning motor
is connected to the tool that activates a customized
3d printed drill to facilitate the extrusion of the soil-
based composite through a 7 mm nozzle.

Setup for Growth Investigation
The second investigation seeks to determine geo-
metric and environmental parameters for promoting
colonisation of mycelium and supporting its role as
both structural binder and ‘Mycorestoration’ agent.
This is explored through the synthesis of printed pro-
totypes and observation of their development over
timeunder controlled lab conditions. Theprototypes
are printed using the setup previously described. Af-
ter printing, the structures are left to stiffen through
evaporation before transfer to an open rectangular
glass tank, c. 800 (l) x 300 (w) x 400 mm (d). They are
then incubated for c. 20-30 days at c.27 degrees cel-
sius in dark conditions on top of a layer of diesel con-
taminated soil. The prints are inoculated with Pleu-
rotus ostreatus (Oyster mushroom) which has been
found to be a suitable strain for decomposing crude
oil based toxins (Stamets, 2005). An optimal humid-
ity in the range of c.60-70% ismaintainedby spraying
with water every 2 days. The prototypes are printed
with a sectional cutwhich abuts theglass tankonone
of its long sides, allowing observation of changes to
interior regions. Colonisation of the prototypes are
observed and recorded photographically. The mea-
sure of success for this investigation is defined by
observing colonisation of the printed structures and
the development of fruiting bodies, which are inter-
preted as indicators of biocompatibility.

Figure 4
Fabrication set up
(left and centre)
and growth
investigation set up
(right).
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Two prototypes are fabricated. One has a sin-
gle skin arrangement, the other has a double skin.
The single skin prototype is fabricated using the soil-
based composite and inoculated internally with a
combination of two lignocellulosic substrates, hay
and straw serving as a source of nutrition for the
mycelium. Here, the speculation is that fiber orienta-
tionof the straw functions as anefficient guidance for
theMyceliumtopenetrate into thepolluted terrain to
initialise mycorestoration, while the lateral substrate
of hay acts as an interface to connect the mycelium
to the 3d printed walls of the structure. The external
wall of the double skin prototype is fabricated using
the soil-based composite with bio additives, while
the inner wall uses the composition with mycelium
spawn added. Both sets of internal volumes are filled
with a substrate of hay. The intention here is to test
the feasibility of inoculating the system through the
process of 3d printing instead of the post-printing in-
oculation approachused in the singlewall prototype.

In both sections, the 3d printed paths are gen-
erated by computing a differential growth algorithm
on a closed curve. This strategy increases wall sur-
face area, providing greater interfacing potential be-
tween the mycelium and the print. Moreover, en-
hancing the curvature of the print path provides sta-
bility to theprint. A furthermanipulationof thepaths
creates exterior porous pockets using the stringing
method with the anticipation that these will act as
sites for the fruiting bodies to appear.

RESULTS AND REFLECTIONS
Results forMaterial and 3d Printing Investi-
gation
The first soil-based composite investigated has four
components - soil as the bulk component; two bind-
ing bio-agents - Xanthan gum and Guar gum; water.
This composition is found to be too viscous for extru-
sion and too brittle once printed. The next compo-
sition introduces a reinforcement component (hay,
chopped to fibre lengths c. 15-20mm), a lubricant
(glycerol) and an extra adhesive agent (molasses).
The optimal mixture of bulk to additives by weight is

found to be 74% soil, 0.4% xanthan gum, 0.2% guar
gum, 1.5% wet hay, 0.9% molasses, 1% glycerol, 22%
water. An inoculated composite is also investigated,
with grain spawn added to the composition above.
This composition is found to be too dense as the or-
ganism has a very low rate of hyphae propagation
and difficulties colonising the inner part of the soil-
based composite. A revision to the composition adds
perlite to reduce density and promote increased aer-
ation. Improved colonisation results are observed,
however it is also noted that a higher rate ofmoisture
content must be maintained post printing. Here, the
composition of bulk to additives by weight is: 60%
soil, 0.4 % xanthan gum, 0.2% guar gum, 20% water,
2% wet hay, 1% glycerol, 1.4% molasses, 5% perlite,
10% mycelium spawns.

The primary parameters assessed for 3d printing
are layer deposition height and linear deposition rate
(mm/s). The combination of these two parameters
determines the quality of material deposition with
the goal being a compact and smooth extrusion. Lin-
ear deposition rate is a function of the speed atwhich
the extruder ismoved by the robot arm and the pres-
sure applied in the material extrusion; the aim here
is to match linear movement with the rate of mate-
rial delivery to prevent ‘thinning’ or ‘fattening’ of the
extrusion. Taking into consideration that a higher
speed requires an increment of air pressure released,
a speed of 5 mm/s linear movement combined with
1.5 bar pressure is found tobe optimal for deposition.
The optimal layer height is c. 3-4 mm with the 7mm
dia. extruder nozzle setup. The difference between
layer height and extrusion diameter results in a com-
pacting of the extruded filament and the preceding
layer which provides better binding between layers.

Results for Growth Investigation
The 3d printing of the single skin prototype is suc-
cessful, with compact walls and good consistency of
print. After transfer to the incubation tank, the in-
ternal volume of the print is filled with inoculated
straw where fiber orientation is tested as a method
of guidance to facilitate hyphal penetration into the
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sublayer of contaminated soil. Chopped hay sub-
strate is placed laterally to the section walls as an in-
terface system for mycelium to establish hypal con-
nection on the print. Two days after inoculation of
the single skin prototype, hyphal growth is detected
from the P. ostreatus spawn. Within seven days, the
mycelium web starts to rapidly spread across the ex-
terior surface of the print. Twenty days after inoc-
ulation, the mycelium network has fully extended
across the printed surface. The section, which incor-
porates the fibrous straw substrate that acts as a con-
duit between the 3d printed composite and the con-
taminated soil, reveals similar vigorous colonisation.
Mycelial growth remains most evident in the printed
section with very limited colonisation into the con-
taminated soil as yet, most likely due to nutrient con-
centration. Dense and abundant fruiting bodies are
evident across many features of the print.

The 3d printing of the double skin prototype is
also successful, with compact walls and good con-
sistency of print using both the non-inoculated ma-
terial for the outer wall and the inoculated material
for the inner wall. The internal volumes are packed
with chopped hay substrate as described in the ex-
perimental setup section. Across the same incuba-
tion time as the single skin prototype, the mycelium
does not produce a defined hyphal network and
growth is not homogeneous. After thirty one days,
the mycelium has not spread uniformly to the adja-
cent hay substrate from the incoluted inner wall, and
shows a very inconsistent expansion (Figure 5).

Figure 5
Configuration of
the 3d printed
single skin
prototype before
inoculation and
transfer to
incubation tank
(top) and timelapse
of mycelium
colonisation over
35 days.
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Reflections on Results
Assessing the results against the measures of suc-
cess defined in the previous section, it can be stated
that successful material compositions have been de-
veloped and proven to be 3d printable with the de-
scribed setup. The inoculated and non-inoculated
material compositions have proven to be robust,
biocompatible and symbiotic with the introduced
organism. However, when deployed to produce
the printed prototypes, it has been observed that
the single skin print, in combination with the non-
inoculated material, has been successful while the
double skin print has not, over the same incubation
period. Reasons for this could be packing density
of the hay substrate, or the multi-layered material
build-up, resulting in a reduction of necessary gas
exchange for mycelial development. However, the
single skin prototype has demonstrated biocompat-
ibility with successful and rapid colonisation of the
printed structures and the development of fruiting
bodies.

A key limit of the prototype results is their length
scale and a primary limit of the work is that it hasn’t
explored issues of scaling up, as yet. It can be as-
sumed that there will be nonlinear parameter rela-
tions as this is addressed, for example in the relation
betweenmaterial extrusion diameter, rate of deposi-
tion, print path geometry and feature size, with these
relations likely forcing reconsiderations and design
iterations such as the use of stringing as a method
for generating porosity in the deposition. Neverthe-
less, the outlook is positive as the feasibility of achiev-
ing architectural scale artefacts using soil-based ma-
terials in combination with 3d print has been es-
tablished, demonstrated and reported in the litera-
ture (Izard, 2017). Practical challenges to such an
approach still remain if the printing context is to
be open-field in-situ conditions and the objective
monolithic printing.

CONCLUSION
In this paper we have presented a speculative design
concept that hypotheses a 3d printed architecture

comprising living fungal organisms to perform my-
coremediation - that is, the decontamination of pol-
luted soil. The plausibility and feasibility of two as-
pects of this concept - fabrication and growth - have
been investigated through preliminary experiments.
The fabrication investigation has sought to establish
material compositions compatible with 3d printing
methods, together with establishing key printing pa-
rameters. The growth investigation has sought to es-
tablish and observe biocompatibility through inocu-
lated 3d prints incubated for over 30 days; also to ex-
plore variations of geometric andmaterial configura-
tions together with ideal environmental conditions.

The task of incorporating a living organism into
an artificial system has proven to be challenging
and slow, with many experiments producing poor
results or failing - often after long periods of ex-
perimentation in the case of the growth investiga-
tions. Nevertheless, progress has been made in the
identification of material compositions and process
control parameters for soil-based 3D printing fabri-
cation, also in spatial, geometric and material de-
ployment strategies as demonstrated through two
mature section prototypes. The single skin proto-
type has demonstrated the feasibility of construct-
ing a bio-hybrid system by internally implementing
lignocellulosic substrates, inoculated with mycelium
spawns, within a 3d printed soil-based composite.

Questions regarding scalability of the system,
system features and the practicality of achieving a
continuous monolithic structure in open-field condi-
tions remain open. Possible approaches to address-
ing this have been identifiedwith reference to the lit-
erature. Alternative approaches to monolithic con-
struction could be the fabrication of sub-assemblies
or components made on-site and assembled. Here,
mycelium could act as a long-term binder of the dis-
crete elements - an approach described and demon-
strated in the literature (Dahmen, 2016). Future ef-
forts will target these open questions.

It is generally acknowledged that industrialisa-
tion has resulted in many negative repercussions
with regard to landscape, ecology and bio-diversity.
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Figure 6
Details of emerging
dense clusters of
fruiting bodies
developing from
the mycelium
network which has
enveloped the 3d
print.
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Within urban conditions especially, many brownfield
sites have a legacy of contamination and impover-
ishment. The work presented here offers preliminary
but promising insights into a strategy whereby a liv-
ing bio-hybrid system could be deployed to provide
ecologically positive and biologically-based remedi-
ating processes, whilst also providing quickly estab-
lished architectural form for supporting bio-diverse
occupancy (Figure 6).
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This paper discusses architectural experimentation's shift from a carefully
designed spatial practice into a distributed set of dynamic processes unfolding in
time. When linearity shifts into a convoluted set of feedback loops, circularity
emerges as a fundamental paradigm. The paper discusses a set of project
descriptions and recent case studies from the work of the PhotoSynthetica
venture, bringing together the experimental practice of ecoLogicStudio and the
pioneering research of the Urban Morphogenesis Lab at UCL and the Synthetic
Landscape Lab at UIBK. These projects demonstrate how the practice of
architecture constitutes a distributed form of emergent collective intelligence.

Keywords: digital fabrication, computation, cyber-gardens, cognition,
bio-digital architecture

AN ANTHROPOLOGIC PERSPECTIVE ON
SYSTEMIC ARCHITECTURE
Systemic architecture (Pasquero, Poletto 2012) acts
like a living organism with its intelligent ability to
sense the surrounding environment and adapt to it.
It is dynamic and capable of recognising everything
around as intertwined and in movement. Its intelli-
gence invites us to observe it with attention, to inter-
act with it and to grow and evolve with it. It is not
only smart but also alive and, to a certain extent, au-
tonomous.

Recent Anthropological studies in Architecture
suggest a shift inperceptionwhich triggers the emer-
gence of a hybrid design practice that is “reflexive
toward its own disciplinary creations; participatory
in its understanding of life; knowledgeable of the
interrelationships between perception, culture, and
materials; and active in creatively engaging with the

continued enhancement of human life” (Anusas and
Ingold 2014: 58). This cultural perspective influ-
ences the current definition of designmorphology to
evolve into a process of curated morphogenesis.

The word anthropology shares its Greek root
with another term currently in demand, Anthro-
pocene. This association brings a new twist to its
meaning, evoking a new cultural context, the An-
thropocene epoch, and the intelligence of modern
technology, which determines it. Today we are wit-
nessing an unavoidable “ontological turn”, because
of unilateral globalization and “an explicit response
to the crisis of modernity that expresses itself largely
in terms of ecological crisis” (Hui, 2017).We now re-
alize the necessity for this ontological shift espe-
cially as the management of the COVID19 pandemic
presents the biggest global challenge humanity has
faced since the Second World War.
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GLOBAL CO(I)MMUNITY
The current epochal distortion in the planetary
metabolism manifests itself as climate change. Re-
cent global events have further accelerated perceiv-
able changes. The Covid19 global pandemic strikes
with “a domino effect of consequences, altering not
only the movement of people, but affecting plane-
tary cycles of energy, materialization, expenditure,
and waste” (Bratton, 2020).

While undergoing changes of such enormous
scale that current generations have never before ex-
perienced, we realize the impact of our planning over
the Urbansphere is larger than we thought. As Brat-
ton explains: “Our thinking and our interventions
must be based on a higher resolution understand-
ing of cyclical interrelations and physical economies,
from scales of viral infection to intercontinental circu-
lation and back again.”

Far from being excluded from this ontological
turn, humans are deeply involved as co-actors. This
shift affects us on a personal level, as we start gaining
apreviously unknownsenseof responsibility. That al-
lows us to move beyond living in a world of causes
and effects defined by hopeless searching for the
“guilty” and the “responsible” for global disruptions.
This is particularly relevant as we tend to cling to our
preconstituted understanding of the world around
us and any change is leading us out of the comfort
zone.

However, it is now important for us to realize that
the goal of resuming “normal life” after such crisis is
not an adequate response (Hui, 2020), rather we are
challenged to define a ‘new normal’ (Bratton, 2017).
In other words the goal cannot be simply to survive
the pandemic but to instil in us the ability to answer
critical questions about the evolution of the Urban-
sphere (Poletto, 2018), the global apparatus of con-
temporary urbanity.

Designing for the planet, affecting its
metabolism without “returning back to nature”
brings up the question of artificiality. The problem of
not embracing our artificiality while at the same time
the realisation of the impossibility to “return back

to nature” is confining us to inertia. The only way
out may be, as suggested by Andy Clark, to realize
that our true nature is cyborgian.Our true nature and
purpose is “to enter into deep and complex relation-
shipswith non-biological constructs, props, and aids”
(Clark, 2003).Responding to this realisation, we are
moving away from the “human-oriented framework”
of architecture to propose a new design science for
the assemblage of human and non-human agents,
mediated by inhuman apparatuses. (Pasquero and
Zaroukas, 2016).

ONTOLOGICAL TURN
As architects, we are often called upon designing
large unmovable artefacts, in Italian “beni immobili”.
Nevertheless, every interaction they enable or trig-
ger, with or without us noticing, becomes part of an
evolutionary progress, a process of becoming of an
architectural prototype (Pasquero, Poletto, 2012).

Figure 1
Urban Algae Folly
Aarhus by
ecoLogicStudio,
Aarhus, Denmark,
2017, photo
©NAARO

Architectural experimentation shifts from a carefully
designed and crafted artefact in space into a dis-
tributed set of dynamic processes unfolding in time.
This kind of processes are smart, but unlike in the
known archetype of smart architecture, they consti-
tute a distributed form of emergent collective intelli-
gence (Fig.1).

The notion of intelligence we recall here is
rooted in collective behaviour of decentralized, self-
organizing systems, natural or artificial (Dorigo,
2017), that continually learn from feedback, experi-
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ence and even failure to produce just-in-time knowl-
edge for better decisions than its separate elements
acting alone (Glenn, 2009) could ever achieve.

In this sense, we are prototyping the unpre-
dictable, with no decisive end in its creation, embark-
ing in a process that necessarily contains a series of
successful steps as well asmultiple failures. However,
from this perspective even failures contribute to the
progress of an experimental practice that becomes
the core of architectural design itself. Experiment-
ing it’s about not knowing the final result, therefore
it calls for experiencing the progression itself.

Figure 2
Urban Algae Folly
Aarhus by
ecoLogicStudio,
Bio-Digital Systems
Detail, Aarhus,
Denmark, 2017,
photo ©NAARO

Anexperimental practice allowsus toembed thepro-
cesses of experimentation into spatial context, for
example by engaging urban public spaces as open-
air laboratories. Building and constructing with a vi-
sion butwithout predefined knowledge ofwhere the
whole process will lead us, we continuously test the
interaction with the environment, as well as the ap-
plication of digital and bio-technologies in the urban
realm to evolve the methods and protocols of what
we call a “collective urban cultivation” (Fig.2).

“An extended cognitive system” (Clark, 2003),
that is conscious of its interconnectedness with
the environment creates a constant exchange with
it, sourcing and feeding us back with information,
matter and energy. The evolution of such bio-
digital system raises our awareness resulting in a bio-
technological network of information. Everything
is part of the making of architecture, including our

response and other forms of human-nonhuman ex-
change. Different components may have different
meanings and purposes in their dependence or re-
lationship with parts of the architectural ecosystem.

Figure 3
Aarhus Wet City,
Network Threshold,
Aarhus Denmark,
2017,
©ecoLogicStudio

ecoLogicStudio’s Photosynthetic projects create a
transversal, non-hierarchical connection between
various layers of research to helps us move beyond
mere numerical data and statistics. They attempt to
exclude nothing and include all. “Sustainability is ei-
ther of everything, or it is nothing” (Ingold, 2019), and
everything is interconnected in trans-scalar correla-
tions, thatmightbe revealedonly if explored through
different set of lenses, thus unveiling anovel bioinfor-
mational landscape (Fig. 3, 4).

Figure 4
Aarhus Wet City,
Water Flow, Aarhus
Denmark, 2017,
©ecoLogicStudio

In this paper we are attempting to illustrate this land-
scape through a series of living sculptural prototypes
and bacteriological gardens.
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PHOTOSYNTHETIC ARCHITECTURE
The Photosynthetica Consortium, established in
2018 and including London-based ecoLogicStudio,
the Urban Morphogenesis Lab (Bartlett School of
Architecture, University College London (UCL)) and
the Synthetic Landscape Lab (University of Inns-
bruck, Austria), has been pursuing architecture as a
research-based practice, exploring the interdepen-
dence of digital and biological intelligence in design
by working directly with non-human living organ-
isms.

Figure 5
PhotoSynthEtica
Circular
Metabolism,
diagram,
©ecoLogicStudio

The photosynthetic projects discussed here merge
biological and artificial life in richly articulated ar-
chitectural components receptive to urban stimuli;
these seek to conjure a newcircularity of information,
matter and energy where what one system emits the
other feeds onto (Fig. 5).

Photosynthetic architectures are powered bymi-
croalgae organisms. One of the oldest organisms
on Earth micro-algae and cyanobacteria are able to
grow in every aquatic habitat. The projects are de-
veloped in “collaboration” with these living organ-
isms, turning the prototype into a performative living
sculpture, where the notion of “living” takes on a new
form of artificiality.

The intricate morphology of PhotoSynthetica
Tower for example, and its sheer scale, promotes a
significant microclimatic effect. The prevailing winds
generate enough draft and turbulence to force nat-

ural seeds and air polluting particles through its
porous skin. Each module of this skin is then acti-
vated locally to evolve into a unique function (Fig.6).

Figure 6
PhotoSynthetica
Tower, visualisation
by ecoLogicStudio,
2019

Figure 7
PhotoSynthetica
Tower, visualisation
by ecoLogicStudio,
2019

Some components of the system are designed as
photo-bioreactors. These are custom-printed bio-
plastic containers that focus sunlight to feed living
micro-algal-cultures and release luminescent shades
at night. Unfiltered urban air is pulled in and through
the bottom of each module. As a consequence,
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the air bubbles naturally rise up through the liquid
medium within each photo-bioreactor, thus coming
into direct contact with the voracious microbes. CO2
molecules and air pollutants are captured and stored
by the algae and grow into new biomass. Freshly
photosynthesized oxygen is released at the other
end of themodule, and naturally channelled into the
vast inner lobby of the tower. Here a clean urban mi-
croclimate is synthesised and supports air circulation
within a shared public space (Fig.7).

Designwise the Photosynthetic Architecture sys-
tem integrates three layers of functionality:

• Wetware: the selection and management of the
microalgae cultures.

• Software: the digital management system that
uses sensors to optimise performance in real
time. It also provides long-term projections
and predictions of the system’s carbon captur-
ing and air cleaning capabilities.

• Hardware: the artificial habitat for cultivation
of living cultures, or photo-bioreactor. The
project combines digital design and fabrication
technologies to optimise aesthetic qualities and
environmental performances into an architec-
turally integrated system.

The system embodies multi-generational long-term
benefits of adopting a carbon absorbing technology.

Algae primarily function as metabolic machines,
deployed to convert and digest pollutants found in
the air and in the waterways by means of the pro-
cess known as photosynthesis. CO2 emissions are
adsorbed and oxygen is released back to the atmo-
sphere. We have tested the system in two 1:1 scale
pilots, in Dublin and Helsinki. In Dublin 2sqm of Pho-
tosynthetica membrane, containing about 50l of liv-
ing cultures, did adsorb about 22Kg of CO2 per year,
equivalent to the average mature tree. A mature
tree once integrated in a building could reach a total
weight 100 times higher. This demonstrate the po-
tential of building integrated algae powered photo-
synthesis (Fig.8).

Figure 8
City Curtain
PhotoSynthEtica by
ecoLogicStudio,
Helsinki, Finland,
2019, photo
©Tuomas
Uusheimo

Algaehave the capacity todigest andbreakdownnot
only CO2 but also other air pollutants such as NO2,
and SO2. Current research indicates that algae have
the potential to capture trace metals dissolved into
the environment by biosorption and bioaccumula-
tion processes (Malinska and Zabochnicka-Swiatek
2010).

Figure 9
Urban Algae Folly
Aarhus by
ecoLogicStudio,
Top View, ETFE
Photobioreactors,
Aarhus, Denmark,
2017, photo
©NAARO

Typical air quality monitoring stations capture
ground level ozone (O3), sulfur dioxide (SO), carbon
monoxide (CO) and nitrogen dioxide (NO), measured
in parts per millions, as well as fine particulate mat-
ter (PM) such as PM2.5 and PM10, whose concen-
tration is measured in micrograms per cubic meter.
These concentrations have been driving the design
of PhotoSytheticas systems and the algal density in
its bioreactors (Fig.9).

Grown algae can be harvested as superfoods,
supplementing the protein intake from animal prod-
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uct, leading tomore sustainable foodproduction and
supply chains. The nutritional composition of mi-
croalgae is made up mainly of proteins, carbohy-
drates, lipids and trace nutrients, including A and B
vitamins and antioxidants which makes them one of
the most nutritious aliment on Earth.

Figure 10
City Curtain
PhotoSynthetica by
ecoLogicStudio,
Helsinki, Finland,
2019, photo
©Tuomas
Uusheimo

Algae growth is dependent on amount of CO2 that is
fed with, but also depend on environmental condi-
tions, which can be systematically optimized within
an architectural organism in order to maximize the
growth rate and pollution absorption. There are
many variables to be considered ranging from the lo-
cation’s natural habitat and climate, to choosing the
specific algae, and providing it with right conditions
of appropriate solar radiation, temperature, pH. Cou-
pling algal growth with building operations affords a
renewed level of efficiency, since building emitions
sustain accelerated algal growth. It is a new kind of
architectural symbiosis (Fig.10).

BIO-ARCHITECTURAL SYMBIOSIS
The latest material embodiment of this concept in
the work of ecoLogicStudio, is a bio-digital sculp-
ture titled “H.O.R.T.U.S. XL Astaxanthin.g” (Fig.11). It
was first presented at the Centre Pompidou in Paris
in 2019 as a part of the seminal exhibition titled “La
fabrique du vivant”. This specific installation is in-
spired by studies, conducted by the authors, on the
collective behaviour of coral colonies and their mor-
phogenesis. Individual coral polyps host microalgae

called zooxanthellaewithin their tissues. As the algae
photosynthesises, it provides a metabolic flow of en-
ergy to the polyps, which in turn build their exoskele-
ton of calcium carbonate. More exposure to sunlight
results in more rapid growth. This positive feedback
loop enables the characteristic convoluted morphol-
ogy of many known coral species to emerge.

H.O.R.T.U.S. XL Astaxanthin.g deploys an algo-
rithm to simulate a growth of a 3Dimentional sub-
stratum inspired by coral morphogenesis. The result
is a set of digital meshes that are subsequently anal-
ysed, and twoof themare selected as inner and outer
layers of the 3D printed substratum for the sculpture.
Each vertex of the mesh represents a virtual version
of a coral polyp.

Figure 11
H.O.R.T.U.S XL
Astaxanthin.g by
ecoLogicStudio,
Centre Pompidou,
Paris, France, 2019,
photo ©NAARO

The substratum is further developed into a 3D print-
able structure. This structure, as in the case of corals,
is developed to support the proliferation of colonies
of cyanobacteria that will inhabit its individual cells
(bio-pixels). Each cell is therefore occupying the in-
terstitial space between inner and outer layer. These
two layers are then translated into a porous field of
contour lines indexical of incoming solar radiation.
The curvilinear profiles provide partial enclosure to
the cells while enabling light penetration and oxy-
gen/CO2 exchange.
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The final digital model of the substratum for
the living sculpture is then prepared for 3D printing
in PETG (Polyethylene terephthalate) on a Wasp 3D
printing machine and processed with the Cura soft-
ware. The layering process is algorithmically con-
trolled to match the curvilineal profiles of the outer
layers with the actual tool paths of the 3D printing
nozzle. This workflow allows high fidelity transition
of digital model into the lines of deposited material.

Each layer is 400microns thick with triangular in-
fill units of 46 mm. It is printed in 105 hexagonal
blocks of 18.5 cmeach side producing an overall sub-
stratum that is tall enough to enclose an adult human
and that reaches 317cm in its tallest point (Fig.12).

Figure 12
H.O.R.T.U.S XL
Astaxanthin.g by
ecoLogicStudio,
Cybergardening
process, Centre
Pompidou, Paris,
France, 2019, photo
©NAARO

Photosynthetic cyanobacteria cultures are then inoc-
ulated, on a bio-gel medium, into the individual tri-
angular cells, or bio-pixels, forming the units of bio-
logical intelligence of the system. Theirmetabolisms,
powered by photosynthesis, convert radiation into
actual oxygen and biomass. The density-value of
each bio-pixel is digitally computed in order to op-
timally arrange the photosynthetic organisms along
surfaces of progressively higher incoming radiation.
The cyano-bacteria’s unique biological intelligence is

now gathered and organized by means of the latest
innovation in 3D printing (Fig.13).

The scales of architectural detailing and the ur-
ban microbiome become compatible for the first
time in history, conjuring a new form of bio-digital
architecture. Noticeably this enables multiple inter-
actions in buildings that can now be activated by the
intelligence of microalgae colonies. Themicroorgan-
isms grow faster in the bio-digital environments than
in the wild, because in these artificial habitats they
are very closely connected with human life. Man-
made emissions, like heat and carbon dioxide for in-
stance, stimulate biomass growth.

Algae is contributing to city´s extended
metabolism by filtering its pollution, cleaning
wastewaters, digesting urban waste and growing
into biomass. One of the most direct implications of
algal biomass is that they can be converted into a
spectrum of biofuels such as methane produced by
anaerobic digestion of the algal biomass, biodiesel
derived from microalgal oil, bioethanol derived from
microalgal carbohydrates or photobiologically pro-
duced biohydrogen (Malinska and Zabochnicka-
Swiatek 2010).

Figure 13
H.O.R.T.U.S XL
Astaxanthin.g by
ecoLogicStudio,
Inoculation process,
Centre Pompidou,
Paris, France, 2019,
photo ©NAARO

Another signifcant useof biomass is high-protein ani-
mal feed and human super-food products, activating
new pollution-to-food feedback loops, significantly
affecting theoverall urbanmetabolism, and reducing
its footprint. The high nutrient concentration in spir-
ulina contains three times theamountof useablepro-
tein as beef, per 100 grams. Further variety of algal
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bio-mass applications generate a circular economy
loop, where nothing is wasted and all by-products
have further use.

This urban dimension of architectural symbio-
sis has been recently explored as an extension
of H.O.R.T.U.S. XL Astaxanthin.g project research in
Tokyo at the Mori Art Museum. Suspended at the
53rd floor of the Mori Tower and with the backdrop
of Tokyo’s urban sprawl the sculpture materializes its
urban dimension. Explored through a series of asso-
ciated speculative images the project unfolds the ar-
chitectural implications of H.O.R.T.U.S. as the embod-
iment of Tokyo’s evolution into a future powerhouse
of bio-digital culture and technology.

At the city scale it appears as a complex syn-
thetic organism inwhichbacteria, autonomous farm-
ing machines and other forms of animal intelligence
becomebio-citizens. Alongside humans they all con-
tribute to the new formation of Tokyo’s own synthetic
urban landscape.

HUMAN - INHUMAN BIOSPHERE
Such relations with inhuman species woven into city
fabric require us to participate and engagewith new,
redefined human behavioural patterns developing a
compassion towards other species and living organ-
isms that supports the functional diversity of the Ur-
bansphere (Fig. 14).

Figure 14
PhotoSynthEtica
Dublin by
ecoLogicStudio,
Dublin, Ireland,
2018, photo
©NAARO

Compassion from Latin compati, means literally “to
suffer with”. However here it is not only about feeling
the pain of the other but the authors refer to a more

profound intention of being motivated to relieve it.
Seemingly, we have developedmore compassion to-
wards our devices then towards fellowhumanbeings
or other species.

In this respect one of our new strands of research
focuses on biometric sensor mapping of human per-
ception and relation to immediate environment. This
bio-digital conversation aims to unfold new layers of
information towards understanding the complex in-
formational network of behaviour of species. While
creating this link we not only engage in studying the
other living organisms, but at a same time we are
sensing the Self. When we experience an arousing
stimulus, like an evocative question, a startling noise,
or even a disturbing thought, our body generates a
variety of psychophysical responses (Montgomery &
Laefsky 2011). By monitoring these phenomena by
biometric sensor technology, biofeedback, we can
learn and train ourselves, we can grow our prefrontal
cortex and improve our emotional state.

”How we relate to each other is part of how we
relate to the city” (Bratton, 2020), and we humans
have been protecting ourselves from the outer world
through layersof artificial skins (clothes) andprosthe-
ses (phones) and incubators (buildings). Historically
one of the defining qualities of architecture is its per-
manence, its hardness and its resistance to change
and movement, protecting us from the outer world
and from wild nature. The resemblance of breath-
ing photosynthetic architecture to the human body’s
metabolic functions potentially allows humans to re-
late to the surrounding and transcend the seeming
detachment imposed by the architectural envelope.
Through a combination of human and non-human
interfaces we are merging the natural with artificial
realms. The aim is to realize the outer world can
be a safe place for us, we can take an active part in
its circular metabolism. As humans’ internal emo-
tional state directly influences our behaviour, the
emotional evolution as a response to urban stimuli
is one of the aspects of Photosynthetic Architecture
that can evolve into a powerful mechanism of be-
havioural shift within the Urbansphere (Fig. 15).
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Figure 15
PhotoSynthEtica
Dublin by
ecoLogicStudio,
Detail of
Inoculation Process,
Dublin, Ireland,
2018, photo
©NAARO

Our Autonomic Nervous System reacts to stress aim-
ing to re-establish homeostasis, a steady state on a
psycho-physiological level, by regulating heart activ-
ity, skin conductivity and skin temperature. There-
fore the most common and suitable sensors to
measure arising stimuli are associated with phys-
iological signals such as Galvanic Skin Response
(GSR), Electroencephalogram (EEG), Electromyogra-
phy (EMG), Electrocardiogram (ECG), Skin Tempera-
ture (ST), Heart Rate Variability (HRV), Blood Volume
Pulse (BVP), and even Respiration Rate.

Galvanic Skin Response (GSR) is the most com-
mon one, used alone orin combination with other
sensors. It is a measure of skin conductance, that is,
of the electrodermal activity (EDA) of the skin due
to the variation in human body sweating. Research
combining the body temperature (ST) and skin con-
ductance (GSR) shows that: when a negative expe-
rience occurs, the skin conductivity increases and
themeasured skin temperature decreases (Zeile et.al.
2015).Sweating is controlled by the sympathetic ner-
vous system and skin conductance is an indication
of psychological or physiological (sometimes called
emotional) arousal. The micro-pulses of sweat is re-
leased after a 1- to 2 seconds delay from apocrine
sweat glands that are tied to the arousal systems in
the body via adrenaline and other hormones. With
each pulse of sweat, skin resistance decreases sud-
denly and creeps slowly back up as the sweat evap-
orates. Each pulse of sweat increases the electrical
conductance of the skin, andwhen this conductance

is measured and tied to arousing stimuli, it’s referred
to as galvanic skin response (GSR).

The unconscious signals released by human
body are an emotional reaction in form of variety of
psychophysical responses to any stimuli. The visual-
izations of measured spatial perception in some sort
of “emotional cartography” using biometric Galvanic
Skin Response (GSR) sensor in combination with
Global Positioning System (GPS) shows that the stim-
uli are usually in correlationwith environmental pres-
sures, such as, in cities, traffic loads, startling noise
and environmental pollution (Nold, 2009). However
we shall take in consideration that even a disturbing
thought that can be triggered bymemory and our in-
ternal emotional wellbeing can influence the sensor
data collection and as a consequence the way we re-
spond to urban environment.

The specific emotion can be specified by using
Russell’s circumplex model of emotion (1980), which
represents emotions along a bi-dimensional repre-
sentation schema, including valence, the pleasant-
ness of an emotional state in horizontal and arousal,
the intensity of activation of the emotional state in
vertical axes. The early cognitive representations of
urban space started with “mental maps” by Kevin
Lynch in 1960s. In the 1970s these “mental maps” or
“cognitive maps” evolved by cartographic represen-
tation into behavioural geography defining that hu-
man spatial behaviour is dependent on the individ-
ual’s cognitivemapof the spatial environment (Roger
Downs & Stea 1973). They discovered that human
behaviour is dependent on the individual’s cognitive
map of the spatial environment.

CONCLUSION
To conclude, while most of urban mapping is driven
by a human-centric approach calling for citizen-
centred perspective in urban planning (Zeile et.al.
2015) the authors suggest asking the following ques-
tion: how can we consciously evolve our behaviour,
shifting our perception of the absolute spaces and
therefore influence our impact upon the environ-
ment?
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The results of our experimentation suggests a
clear direction: by dissolving the human I-ness com-
plex that still frames contemporary architecture and
move away from pure anthropocentric methodolo-
gies. That is to adopt a human - inhuman relationship
towards a new epoch of shared Biosphere.

As such the Photosynthetic architectures pre-
sented in this paper operate as embedded algo-
rithms within the so called Urbansphere, and acquire
a non-human sensibility that we are beginning to
“cultivate”. Experiencing these spaces stimulates us,
as humans, to engage with Urbanspheric processes.
We thus evolve our own sensibility and develop a re-
newed understanding of ourselves in relationship to
the planet we inhabit.
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Humanity is currently facing an environmental crisis driven by our reliance on
fossil fuels and our indiscriminate use of global resources. To address this we
investigate the development of a sustainable new material, nano-cellulose.
Nano-fibrillated Cellulose (NFC) is a highly renewable material processed from
wood fibres. In this research we present a new method for processing renewable
Nano-fibrillated Cellulose into a bulk material. Presently, traditional wood fibre
is utilized extensively; it is used in the production of paper, clothing, and
buildings. This research asks if wood fibre could be utilized in applications that
go beyond its traditional uses? Using an iterative approach, the research reveals
the challenges of working directly in the processing and production of
nano-fibrillated cellulose, a high-performance bio-polymer requiring no
adhesives and no petrochemicals as a finished product. The paper presents these
experiments and discusses the feasibility for using nano-cellulose in building
products.

Keywords: Nano-fibrillated Cellulose, Bio-Polymers, Lightweight Architectural
Structures, Structural Hierarchy, Material Processing, High Performance
Biodegradable

INTRODUCTION:
Defining Cellulosic Architecture
Cellulosic Architecture is architecture that is created
and constructed from wood cellulose. At first glance
it appears obvious or redundant to propose such a
simple idea. For centuries humans have been con-
structing buildings using wood (Herzog et al. 2004).
In the last two centuries processed wood-fibre has
become fundamentally valuable to industry as well
as a highly applied and well-studied resource for so-
ciety more broadly. Renewable wood-fibre of var-
ious types can be found in everything from cloth-

ing, to paper, to buildings in the field of architec-
ture. Cellulosic Architecture however is not about
investigating existing and established uses of wood
and wood-fibre, but rather, it is about a deeper in-
vestigation of a new research territory that consid-
ers wood-fibre at a nanoscale for use within the field
of architecture. The purpose of the term “cellulosic”
refers specifically to the cellulose molecule, and the
potential benefits that can be gained by utilizing the
world’s most abundant renewable bio polymer for
building applications. If processed correctly nano-
cellulosewoodfibre canhave increasedperformance
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Figure 1
Molecular Structure
of Cellulose
C6H10O5

aspects, such as strength, toughness, or more simply
achieved biodegradability (Dufresne 2018). The his-
tory of architecture, in a broad sense, is the history of
materials. It includes long lists of architects who have
had strong relationshipswithmaterials andhow they
are applied using the design process. In contrast, the
research presented here is focused on material man-
ufacturing and revealing how a new process which
achieves improved material performance can con-
tribute to a better future. In recent years, new groups
of designers have emerged as interdisciplinary re-
searchers actively engaged with problems of mate-
rial science andmaterial fabrication at the nano scale,
for example the Wyss Institute at Harvard, and MIT’s
Mediated Matter Group.

BACKGROUND:
What Is Nano-Cellulose? and Why do we
want a cellulosic architecture?
The cellulose molecule, first described in 1893 by
French chemist Anselme Payen, is composed of Car-
bon, Hydrogen, and Oxygen atoms (Klemm et. al
2005). Its chemical formula C6H10O5 has three main
Oxygen-Hydrogen pairs known as hydroxyl groups.
Figure 1 illustrates the structure of the molecule
and its repetition into long chains which make up
the molecular structure of the cellulose fibres. In
woody materials cellulose fibres work together in
combination with lignin molecules and hemicellu-
lose molecules to form the composite structure of
wood and give wood its structural properties (Her-
zog et al. 2004). These structural properties, created

by the natural world, are fundamental to thematerial
and have a very broad range of properties. They are
also highly dependant on environmental factors. In
contrast, nano-cellulose, although originating from
the samewoody source, is aprocessedmoldable sub-
stance. Its final form is not defined by nature but
instead can be designed, thereby enabling unique
forms others unachievable in traditional woodmate-
rials.

Cellulose Suspensions

Figure 2
Bleached kraft pulp
in pre suspended
state (left) and
suspended state
post grinding
(right)

Nano-cellulose suspensions are a mixture of water
and bleached kraft pulp fibre material. The majority
of lignin and hemicellulose are chemically removed
prior to the production of the suspension. This prior
step is awell-known standardizedprocess used in the
pulp andpaper industry to createbleachedkraft pulp
for the production of paper. The suspensions pro-
cessed by our team are created using a high-shear
grinding technique to achieve a nanoscale cellulose
fibre (Wu2010). Coarse suspension ispassed through
the device and ground into a finer gel or paste like
material. Figure 2 illustrates the material in its dry
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state prior to being suspended in water, and once it
has been ground into a nano suspension of approx-
imately 2% solid fibre content. In order to success-
fully grind the wood fibres to nanoscale dimension
the fibres must be suspended in a large volume of
water. Depending on the ratio of water to pulp, the
solid content in the suspension can range froma very
small percentage to as much as 4% solid fibre con-
tent with the remainder being water. The role of wa-
ter in the suspension is crucial for allowing the solid
fibres freedom tomove in thewater. For comparison,
in woody material cellulose fibres are tightly held by
the various components of wood. Although wood
also has a large volume of water, that water is con-
tainedwithin the cell walls of the fibres and is not free
to move as easily as it does in suspension.

Similar to the process of bleaching wood fibre,
mentioned above, the process of dewatering pulp
suspensions has a long history in the pulp and pa-
per industry. In recent decades the dewatering of
Nano-fibrillated cellulose suspensions has been used
to produce high-performance films for novel appli-
cations (Ummartyotin and Sain 2016). These smaller
scale films like much of the experimental work on
Cellulose and other bio-materials within the field of
architecture are understood to behave as surfaces.
In recent years, the Mediated Matter Group manu-
factured a composite material using a digitally con-
trolled robotic arm to print layers of Cellulose, Chitin,
Chitosan, into large hierarchically structured sheets.
Another researchproject from2019byKarolina Block
at Chalmers School of Architecture, used bacterial
cellulose as opposed to Nano-fibrillated cellulose to
experiment with surfaces. This distinction is impor-
tant because the methods of production are quite
different and yield different performance character-
istics. The difference between bulk volume mate-
rial and surface materials is discussed by Michael
Ashby (Ashby, Ferreira, and Schodek 2009). The pur-
pose of introducing this distinction between surface
and bulk materials here, is to show that high perfor-
mance bulk cellulose materials are within a research
lineage that is also within amuch larger structural hi-

erarchy framework for architectural materials (Lakes
1993). Furthermore, the dewatering method for sur-
face films is a well established technique whereas
high-pressure dewatering for bulk materials or the
methodproposed in this research, is still in its infancy
and the exact method is not yet fully resolved.

Figure 3
Structural hierarchy
of wood growth
(Martin-Martinez
2018).

Figure 3. illustrates the various parts which make up
this composite wood structure and the structural hi-
erarchy which emerges as a result of wood growth
(Martin-Martinez 2018). The notion of structural hi-
erarchy relates very strongly with scale. And both
ideas, scale and structural hierarchy have a powerful
significance to architecture and will be woven into
this work. The research presented in this paper is
driven towards understanding nano wood-fibre ma-
terial more deeply with the purpose of creating bulk
materials to be used in wide ranging applications
from architecture to everyday objects. Moving for-
ward we will discuss the methods explored up to the
present moment in this research, a device used to
process these suspensions into a solid state material,
and briefly speculate on the application of this mate-
rial in an architectural project.
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METHODS:
Mechanical Dewatering Using Pressure

Figure 4
Nanofibrillated
Cellulose
Suspension (left)
Simple dewatering
using basic filtration
fabric (right)

“Dewatering” is a general term used in the pulp
and paper industry for removing and drying water
from pulp suspensions during paper making. In sim-
pler terms, it can be understood as a filtration pro-
cesswherewater is either vacuumed ormechanically
pressed out of suspension resulting in a stabilized or
partially stabilized entity (Hewitt et al. 2015). This
process can be applied to many different materials
and with a high degree of variability. Our team initi-
ated our experiments using a simplemethod in order
to test its viability as an approach on which we could
continue to develop our process. Preliminary exper-
iments, illustrated in Figure 4, used cheese cloth as
the filter fabric and an industrial press to make nano
cellulose into solid samples. By using a readily ac-
cessible high-porosity fabric to initiate the removal
of water our team was able to qualitatively test and
apply a mechanical force resulting in the removal of
water.The resulting material was a compressed de-
fective ball of nano fibre that disintegrated and failed
to maintain a bulk solid state. Although the resulting
material outcome of this simple test was a failure, the
removal of free-water was a success. In suspensions
the concept of free-water canbe contrastedwith that
of bound-water, and water in suspension is more ac-
curately conceptualized as a gradient rather than ei-
ther bound or free.

This simple dewatering experimentwas then fur-
ther developed into a suspended fabric jig, see Fig-
ure 5 on the following page, that is placed in a large
press. The device has two parts, a mainframe and

plunger. The suspension material is placed on the
fabric surface and the press applies a compressive
force thereby removing the free water (Hewitt et al.
2015). This is a gradual process where the force is
increased as water is removed from the suspension.
Similar to the first filtration experiment there were
both positive and negative results. The material de-
watered successfully and compressed to give a suc-
cessful solid state material, however, the irregular-
ity of the final form due to complex shrinkage forces
and irregular moisture distribution throughout the
sample led to a distorted form once moisture equi-
librium was achieved. Figure 6. illustrates the irreg-
ular samples produced. The distorted forms of the
samples meant that standardized testing and analy-
sis of the material was impossible. This is also one of
the major challenges of processing Nano-fibrillated
cellulose into a predictable form. The goal of achiev-
ing a balanced material that could both be analyzed
and tested using existing standards such as ASTM re-
quired a rethinking of the processing method.

Figure 6
Irregular samples all
produced using
mechanical
compression
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Figure 5
General Preliminary
NanoCellulose
Processing Method
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CylinderPressDevice&Structural testingof
material samples and verification

Figure 7
3pt Bending Test:
Nano-Cellulose
Sample

Due to difficulties with the earlier experiments a
new method of pressing was developed using a cus-
tomized mold. Standardized testing, such as tensile
pull tests and three point bending tests are impor-
tant for deepening our understanding of how this
material behaves and how it could potentially be
utilized in an architectural application. In order to
qualify these tests a high quality standardized sam-
ple set is a critical requirement. The filtration re-
sults learned from the suspended fabric experiments
were once again carried forward and a redesigned
two part piston-cavity device was manufactured to
enable the production of a pseudo-injection-molded
part. This technique utilizes the volume differen-
tial between the larger piston (holding vessel) and
the smaller cavity (finished part volume) to achieve
a solid state material. In this method the suspended
material is placed inside the piston. Once the mate-
rial is inside the device the piston is placed inside the
large press and a force is gradually applied. As the
material is compressed using the mechanical force
of the large press the nano-fibrillated cellulosemate-
rial moves through the device, out of the piston, and
into the cavity. As solid cellulose nano-fibre accu-
mulates inside the cavity against the filtration fabric,
free-water begins to flow out through the filtration
fabric which is positioned within the mold. Once the

pressing cycle is complete the cavity is disassembled
and the material is removed. At this stage bound-
water is still trapped deep within the material. This
type of water gradually evaporates over time as the
material dries and reaches a stable equalized mois-
ture content. This process however is highly delicate
and if left uncontrolled leads to nonuniform shrink-
age. The results of these experiments have yet to
be fully quantified and new samples are being con-
tinually produced in order to refine the processing
parameters and to control the shrinkage that results
fromuneven drying.Once thematerial was produced
it required testing. This was done using an Instron
Universal tester. 3pt bend tests and tensile tests were
conducted. See Figure 7. At this stage of the research
our team is producing new samples in order to col-
lect a more robust and comprehensive data set. The
samples produced at this stage are promising in that
they have enabled the production of more uniform
samples as illustrated in Figure 8.

Figure 8
Standardized
sample prepared for
3pt Bend Test (Left)
Mold cavity (Right)

Simulation models for material perfor-
mance
Computer simulations provide the opportunity to
gain insight into the processing parameters of the
material. Preliminary studies are underway to de-
velop a simulation software that can predict the ma-
terials performance. In order to rely on the simu-
lation, a data driven approach is being developed.
Once our team has a large enough physical data set
and a somewhat reliable understanding of the mod-
ulus we expect. We intend on performing digital 3pt
bending tests and validating the outputs by tweak-
ing the simulation parameters. The structural tests
will be used to validate computer simulations of the
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material, by comparing the digital and physical re-
sults. Furthermore, when a user wants to test a new
geometry, a fibre distribution can be used as an in-
put and performance can be predicted. Figure 9. il-
lustrates the script with an image of the fibres sus-
pended and interacting with each other using sec-
ondary bonding between fibres, thereby altering the
material properties. The lower image in Figure 9
represents preliminary work on validating the digital
simulations using adigital 3pt bend test similar to the
one conducted physically.

Figure 9
Simulation software
developed in
collaboration with
Jesse Rogers. An
early version of a
fibre simulation
script used to aid in
the processing of
the material. The
upper image
represents
compressing the
fibres. The lower
image is a digital
3pt Bend test using
the same fibre
bundle. Once this
tool is fully
developed, it will
allow our team to
compare the digital
with the physical
material
represented in
Figure 7 above. DISCUSSION:

Architecture or What can we build with this
material?
Our team has presented the mechanical, industrial,
and engineering challenges associated with produc-
ing this material, however, we have yet to discuss
how we envision this material being architecturally

applied. In recent decades, architects likemanyother
design professionals, have begun to investigate the
impacts their work is having on the environment.
Embodied Energy and Design edited by David Ben-
jamin is but one example among many contempo-
rary works attempting to quantify the hidden im-
pacts that buildings are having on our planet today.
Included within this valuable resource is an essay by
Blaine Brownell titled Inventive Matter: Architecture
for a Third Resource Regime which addresses the no-
tion that buildings are demolished before they are
structurally deteriorated and well before their use-
ful life is complete. The cultural narrative and be-
haviour in which buildings are “razed not due to
physical shortcomings but because of their unpop-
ularity” or because they are no longer fashionable or
fondly loved is no longer feasible andmust be shifted
towards a model of lower impact (Brownell 2017).
The drive to construct long lasting buildings will al-
ways remain a central imperative in the field of ar-
chitecture, however minimizing the impacts of new
buildings will additionally become a stronger neces-
sity. The significant benefits of manufacturing this
material beyond existing surface methods and mov-
ing into the realm of bulk materials opens up a new
rangeof applications such as structural joints or com-
plex shaped geometry with specific performance re-
quirements. We have tried to show, that building
construction should always be driven by minimizing
environmental impact. In the coming decades, as
global resources grow scarcer, renewable materials
are the best candidates for deeper research. By using
highly renewable biodegradablematerials, if thepro-
duction challenges can be overcome, culturally high
valued architecture can differentiate itself as a more
responsible option.

CONCLUSIONS:
In this paper we have introduced the idea of Cellu-
losic Architecture and suggested that this material
canbeused in buildings to reduce environmental im-
pact. We have situated this material within an exist-
ing framework of contemporary research and shown
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that producing standard samples is indeed achiev-
able. We have briefly discussed an emerging sim-
ulation software that if validated will unlock signif-
icant potential for future use of this new material.
Although there are still challenges to overcome, we
areoptimistic thatNano-Cellulosefibres canbemade
into higher quality samples that will have perfor-
mance characteristics that exceed our expectations.
By overcoming the production challenges of shrink-
age and distortion discussed above, and creating a
material that biodegrades easily into the environ-
ment, our research has the potential to reduce the
long-term impacts caused by construction waste.
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Bioplastics are materials that are composed of renewable organic biomass
sources and thus they are inherently biodegradable. On top of their ecological
advantages to standard plastics they help to conserve fossil raw materials and the
dependency on mineral oil. Recent advancements in digital design and robotic
materialisation have introduced innovative methods for the realisation of complex
geometries and direct experimentation through physical prototyping. Within this
collaborative course between the Dessau Department of Design and the Dessau
Institute of Architecture, we set out to explore the potentials of self-made
bioplastic materials in combination with cutting-edge robotic fabrication in order
to produce compostable products. Throughout the course the participants got
acquainted with the fundamentals of parametric design to robotic production
while performing systematic scientific experiments with bioplastics to develop the
perfect material for robotic production. The paper presents a number of recipes
on how to create bioplastics in a DIY manner. Moreover, the material research
methodology, as well as robotic fabrication strategies behind each of the projects,
are discussed in detail.

Keywords: Bioplastic, Robotic 3D Printing, Digital Materiality, Material
Architecture, Biomaterial, Material Ecology

INTRODUCTION
Things we hear and read on a daily basis are slogans
and keywords such as sustainable, ecological, natu-
ral, green, organic, healthy, and many more. It re-
mainsquestionable thoughhowsustainable the con-
tent that is being promoted really is? And then who
- after all - can totally afford to live sustainable? By
mid-century, the global population is expected to
rise to ten billion people. The quickest growing and

largest populations “will be concentrated in just nine
countries: India, Nigeria, the Democratic Republic of
the Congo, Pakistan, Ethiopia, the United Republic of
Tanzania, the U.S., Uganda and Indonesia” ([1] Gra-
ham, 2017). Yet close to 15%of India’s population still
doesn’t have access to electricity ([2] BBC, 2018). In
Nigeria only 64% of the population is provided with
clean water and 28% with proper sanitation facili-
ties ([3] World Health Organization, 2015). Pakistan’s
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yearlywaste production is almost 48million tons, still
there are no efficient collection or recycling systems
in place, somost of the garbage ends up filling public
space and thus leads to various environmental and
health problems. The terms we hence seem so ac-
customed to - sustainability, ecology, nature - are in
most cases largely focused on an ideology of the first
world, an ideology of affluence, wealth and capital-
ism. Weare able toget our food from theorganic gro-
cery store because we have access to green alterna-
tives. We are concerned about putting the trash into
the right trash can because we can afford to worry
about it. Yet howsustainable arewe really? Wouldwe
truly give up some of our comforts to save theworld?
Would we surrender anything of what we’re so used
to for a better future? And are these even the ques-
tions that we should be asking?

Probably not, and most probably that’s also the
reasonwhy there are still so few truly ecological alter-
natives out there. Being sustainable thus shouldn’t
only be associated with reduction. It should in-
stead be linked to improvement, or as Timothy Mor-
ton, also known as the philosopher prophet of the
Anthropocene, tweeted after equipping his house
with wind-generated electricity, which meant that
he could have much more power than he actually
needed:

“You think ecologically tuned life means being all
efficient and pure. Wrong. It means you can have a
disco in every room of your house” ([4] Morton, 2016).

With that in the back of our minds, understand-
ing sustainable design as an improvement, some-
thing better than before, and not only related to a
product’s carbon footprint, we want to shift our fo-
cus on plastics. Plastics, whose main usage are in the
packaging, building and automotive industries, have
in recent years become less and less attractive for
the production of products. This is mainly because
of their dependence on non-renewable resources, an
associationwith cheapness anda lack of tactile differ-
entiation. Butwhat if therewas a plasticmaterial that
wasn’t based on oil? What if we had a plasticmaterial
that wouldn’t need recycling since it simply vanishes

by itself after a certain period of time? And what if
we not only had so much of that plastic material that
we wouldn’t need to worry any more about where it
comes from, but what if its properties would also ex-
cel those of traditional plastics? What if it would look
more interesting, feel more diverse and maybe even
smell like something we like? - Bioplastics!

A BRIEF HISTORY OF BIOPLASTICS
Bioplastics are materials that are made of renewable
organic biomass sources, such as starch, cellulose or
sugar. Because of their natural origin, they are inher-
ently biodegradable, whichmeans that they can eas-
ily be broken down into CO2, water, energy, and cell
mass. On top of their ecological advantages to stan-
dard plastics, which are mostly derived from petro-
chemicals and can takehundredsof years todegrade,
they help to conserve fossil rawmaterials and the de-
pendency on mineral oil.

The origins of bioplastics can’t be exactly set, but
natural resins, such as amber, shellac, or gutta per-
cha, have already been used during Roman times
and in the middle ages. Commercial production of
bioplastics started in the middle of the 19th cen-
tury. In 1845 the Swiss-German chemist Christian
Friedrich Schönbein created a robust, clear and wa-
terproof cellulose derivative frompaper (cellulose ni-
trate). In 1846 Louis Ménard found out that drying a
solution of cellulose nitrate and ethanol, called collo-
dion, would result in a tough, elastic and waterproof
material. In 1848 J. Parker Maynard applied collodion
on open wounds and discovered that it dried into
an air-and watertight film that advanced the heal-
ing process. At the 1862 building exhibition in Lon-
don, the English inventor Alexander Parkes displayed
a pressure-moulded product from collodion, which
he called Parkesine. In 1869 John Wesley Hyatt Jr.
patented the use of collodion for glazing billiard balls
as an alternative to expensive and precious ivory. To-
gether with his brother, they developed a process
for plasticising cellulosenitratewith camphor in 1870
and subsequently opened their first factory to mass-
producewhat they called celluloid. Celluloid became
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very popular in 1882 to create photographic films
and later for making the first motion-picture films.
Towards the end of the 19th century Adolf Spitteler, a
Bavarian chemist, inventedmouldable casein plastic,
a material that was durable, and corrosion-resistant.
In the 1910s, Henry Ford experimented with using
soybean plastic for the use of automobile parts, and
in 1941 he presented a prototype car, whose body
consisted of fourteen pressure-moulded parts made
from soybean plastic. In 1923 the industrial produc-
tion of cellophane began, which is the only bioplastic
that to date survived the rise of the synthetic plastic
industry. Cellophane is a sheet material made from
cellulose, which is found in plant cell walls andmakes
up around 40%of all organicmatter. Since the 1980s,
due to growing environmental awareness, research
and development into bioplastics have resumed and
are constantly increasing (Stevens, 2002, pp. 105,
107-118).

Yet, bioplastics still have a long way to go until
they are able to really compete with plastics derived
from petrochemicals. Mostly the two to three times
higher cost in production but also the fear of losing
land for the growth of food or an accelerated rate of
deforestation slow down its economic development.
Similar concerns exist over its impact onwater supply
and soil erosion. Since the building and construction
industry is among the largest consumers of plastics,
the potential of less pollutant plastic alternatives is
fairly obvious. However, the biodegradability of bio-
plastics poses a major problem and currently results
in applications mainly reduced to the interior (Kret-
zer, 2017, p. 136).

DO-IT-YOURSELF BIOPLASTICS
In their article “DIY materials”, published in The Jour-
nal of Materials and Design, Valentina Rognoli et al.
highlight the potential of self-madematerials both in
respect to increased personalization of products and
distributed and shared production processes.

“DIY materials are created through individual or
collective selfproduction practices, often by techniques
andprocesses of thedesigner’s own invention. They can

either be totally new materials or modified or further
developed versions of existing materials. The develop-
ment of this new trend in the sphere of materials and
design has in part been enabled by the democratiza-
tion of personal fabrication technologies, in parallel to
a rising desire amongst individuals to have personal-
ized products. DIY materials offer great opportunities
to positively contribute to product design through ma-
terial experimentationaswell as distributedand shared
production processes.” (Rognoli et al., 2015)

Self-making and Do-It-Yourself thus not only al-
lows us to customize and individualize the expected
result but also marks an alternative to modern con-
sumer culture through a more sustainable handling
of resources compared for example to dumping-
price products that are ordered online and then
shipped half around the globe to arrive three days
later in our living room. Especially in respect to the
use and development of plastic materials this ap-
proach provides a number of interesting possibilities.

Generally all plastics can be described using the
following equation:

(bio)plastic = (bio)polymer + plasticizer (+ addi-
tives)

Roughly speaking, the polymer gives plastic its
strength, the plasticizer is for its elasticity, and the
additives provide additional properties such as color,
durability, reinforcement, etc. In most of the follow-
ing recipes, glycerine is used as the plasticizer, defin-
ing the plasticity of the respective material, there-
fore accordingly the following rule should be remem-
bered:

Less glycerine will create a more brittle but
harder material, more glycerine makes it more
flexible and softer.

All recipes are adapted to a volumeof 200mlwa-
ter. However, the quantities can be adjusted. Stan-
dard tap water can be used, but distilled water might
lead to more consistent results. Sterilising and thor-
oughly cleaning all involved tools, surfaces and ma-
terials is of greatest importance since DIY bioplastics
are extremely prone to moulding.

D1.T4.S2. MAKING THROUGH CODE –BUILT BY DATA AND THE ARCHITECTURAL ILLUSTRATION - Volume 1 - eCAADe 38 | 605



Gelatine based bioplastic
200 ml Water / 40.0 g Gelatin Powder / 10.0 g Glycer-
ine

In the case of using casting as the produc-
tion technique, the mould should be non-sticky and
water-repellent. Also, the form shouldn’t have any
holes or weak parts to prevent leakage of the liquid
bioplastic. More complex shapes can be designed,
but depending on the thickness, the material can
take very long to dry. Mix the cold water with the
gelatine powder and glycerine in a pot. The mixture
has to be stirred until no clumps remain, and it is as
dispersed as possible. The mixture is then heated,
while continuously stirring, up to 95°Cor until it starts
to froth. Once it has reached its peak temperature,
no more heat should be added and excess froth re-
moved with a spoon. Once the solution is ready,
and no more clumps remain, it can be poured into
the previously prepared mould. Aluminium foil can
be placed underneath and greasing the mould with
vegetable oil will help to release the plastic after it
has hardened. The liquid should be equally spread
across the surface. The amount of time it takes to dry
strongly depends on the thickness of the final prod-
uct, as well as the temperature and humidity in the
room. It might take several hours or even days un-
til the material has fully dried, a toothpick can help
to check its state. Once it is ready, the plastic can
be carefully removed from the mould using a knife
or scalpel and then be further processed.

Alternative. Thin Sheet Recipe: 200 ml Water / 7.5 g
Gelatin / 4.0 g Glycerine

Starch based bioplastic
200ml Water / 30ml white Vinegar / 15.0 g Glycerine
/ 70.0 g Starch

Thewater, vinegar, and glycerine are poured into
a pan or pot andmixed. Cornstarch is added, and the
solution thoroughly stirred,while slowly addingheat,
until it has completely dissolved. After continuously
mixing and heating the liquid for about ten minutes,
it begins to thicken and turns gel-like. The heat can
then be turned off, but the gel should be stirred for

another one to two minutes before pouring it into
a mould or on a clean surface. The material needs
between twelve to twenty-four hours to dry, heav-
ily depending on its thickness. Serious shrinkage and
crackingmight occur. The amounts and volumes can
be adjusted in order to create materials with varying
properties. More glycerinewill result in a harder plas-
tic, and more starch makes for a denser and less vis-
cous material.

Alternatives. 1) Best for filling moulds and easier to
workwith: 200mlWater / 25ml Vinegar / 25.0 g Glyc-
erine / 35.0 g Starch

2) 200 ml Water / 6.0 g Baking Powder / 16.0 g
Starch / 30.0 g Vinegar / 25.0 g Glycerine

Starch does not make for a very sturdy plastic. It
can be used to create thin, flexible films but is gener-
ally too weak to make solid objects like cups or uten-
sils.

Casein based bioplastic frommilk
200 ml Milk / 1 tablespoon white Vinegar

The milk has to be slowly warmed in a pan or
pot. The vinegar is added while the milk is contin-
uously stirred until solid clumps begin to form. The
liquid is then poured through a strainer. The remain-
ing clumps can be scooped out and left on a flat sur-
face covered with kitchen paper. Kitchen paper is
also used to press out excess moisture. The material
will need several days, if not weeks to dry.

Casein based bioplastic from cream and
lemon juice
200 ml Heavy Cream / Lemon Juice

The cream is mixed with five tablespoons of
lemon juice in apanorpot. Themixture is then slowly
heated to simmering over low tomedium heat while
continuously being stirred. Gradually more lemon
juice is added. The mixture will eventually thicken
and make a gel-like consistency. Remove from heat
and allow to cool. After straining the mixture, the
solid creambyproducts canbe collectedandwashed.
They can then be moulded or shaped into various
forms.
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Casein based bioplastics take very long to dry
and - although hard - remain rather brittle.

Algae bioplastic
Agar Only. 200 ml Water / 20.0 g Agar / 3.0 g Glycer-
ine

Agar-StarchBlend.200mlWater / 1.0 g Sorbitol / 2.0
g Starch / 0.5 g Agar / 1.0 g Glycerine

Gelatin-Agar Blend. 200 ml Water / 2.0 g Sorbitol /
2.0 g Gelatine / 2.0 g Agar / 1.5 g Glycerine

The procedure is basically the same in each case.
All of the above ingredients aremixed and stirred un-
til no clumps remain. Then the mixture is heated to
95 °C or until it starts to froth. Excess froth needs to
be scooped out with a spoon. It can then be poured
into a mould or onto a clean surface and left to dry,
which may take several days.

Algae bioplastic produces a pretty good hard, in-
flexible plastic as long as a very small amount of plas-
ticizer is being used.

BIOPLASTICS ANDROBOTIC FABRICATION
In an experimental and do-it-yourself context, the
availability of raw resources for making various types
of bioplastics introduces challenges and opportuni-
ties of working with more creative and customised
methods of fabrication. Similar to the principles
of fab-labs and the maker movement (Gershenfeld,
2011), this requires interdisciplinary studies involving
geometry, parametric design modelling, fabrication
technology and the design of material behaviours
and properties. In order to provide such a broad
working environment, a collaborative course was
framed between the Materiability research group at
Dessau Department of Design and DARS, Design ar-
chitectural Robotics and Systems, at Dessau Insti-
tute of Architecture, to explore the potentials of do-
it-yourself bioplastic materials in combination with
cutting-edge robotic fabrication. The overall task for
the students, whoworked in teams of four to six peo-
ple from both fields, was to design the robotic pro-
duction of biodegradable lamps. Yet, beyond the
physical creation of the objects, the aim was to both

master the material system and establish a tailor-
made algorithmic design to robotic production rou-
tine for each specific bioplastic material set.

Recent advancements in digital design and
robotic materialisation have introduced innovative
methods for the realisation of complex geometries
and direct experimentation through physical proto-
typing. Related to our project, there are few re-
search experiments to mention that employ bioplas-
tics or other bio-based materials. In a project by
the Institute for Advanced Architecture of Catalonia
(IAAC), food waste is used to alter and control the
material properties of bioplastics (El-Gewely et al.,
2018). While the project by IAAC provides extensive
manual material recipe experiments, few tests are
done using digital and robotic fabrication. Another
example is done by the University of Lund, where
mycelium bio-composite is deposited layer by layer
using a 3axis printer (Goidea et al., 2020). This re-
search exploits the flexibility and programmability of
various robotic fabrication techniques allowing for
the implementation of alternative materials in vari-
ous scales ranging from product design to building
processes. In this context, architectural robotics, as
an emerging field, facilitates novelmeans to incorpo-
rate informed materiality in building processes and
products. Consequently, in the particular context
of working with bioplastics, the efficiency of the de-
sign can be achieved by engineering the complexity
of material distribution and controlling the degrad-
ability level of the used material itself (Mostafavi and
Anton, 2018). Therefore the presented case studies
demonstrate an interdisciplinary and integrated ap-
proach into the three domains of material research,
generative design and robotic fabrication methods.

PROJECTS: DESIGN TO ROBOTIC PRODUC-
TIONOF BIODEGRADABLE LAMPS
The learning objective of this interdisciplinary
project-based course was twofold. On the one hand,
participants got acquainted with the fundamentals
of parametric design to robotic production. On the
other hand, they performed systematic scientific ex-
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periments with bioplastics in order to develop the
right material for a specific design using a certain
robotic production technique such as additive, sub-
tractive, and modificative. Following this initial re-
search, the goal was to design and robotically pro-
duce objects made from self-made bioplastic ma-
terials. Variations in porosity, thickness, flexibility,
transparency, illumination, and colour were some
examples of design features and material qualities
that were achieved in the final prototypes.

Changing customs - VeganBioplastic Chan-
delier
Veganism is a philosophy and way of living which
seeks toexclude - as far as is possible andpracticable -
all forms of exploitation and cruelty to animals, either
for food, clothingor anyother purpose; andbyexten-
sion, promotes the development and use of animal-
free alternatives for the benefit of humans, animals
and the environment. While the group’s focus on ve-
ganism is expressed directly through their bioplas-
tic material, which doesn’t include animal gelatine,
they created a design that makes people aware that
humanities’ current customs are a problem, espe-
cially for future generations. Based on this idea, the
team worked with two basic design principles; vari-
ants in height to emulate the topography of Planet
Earth and surface subdivision to represent individu-
als and population. In each cell, an LED point light
wasplacedbefore casting thematerial into the robot-
ically producedmould. As pictured in Figure 1, an in-
teresting feature of to this design is the way the im-
purity of the material mix creates ranges of translu-
cencies as the light travels through the solidifiedplas-
tic. However, the lifespan of this recipe is significantly
lower than the mixtures of other groups.

Figure 1
Vegan Bioplastic
Chandelier;
Variation in height
and thickness
results in shades of
brightness and
saturation of each
cell.

Second Skin
Theconceptof this group focusedon the ideaofmak-
ing us feel more humane in the future. In a world
where algorithms and artificial intelligence surround
and control everything, it could become normal to
interact with machines that simulate feelings. Thus
this project - which suggests a second skin encapsu-
lating our body - is supposed to show and remind
us of our true selves by displaying real emotions.
By combining bioplastics with thermochromic pig-
ments, the group created a material that turns white
when reaching a temperature above 34°C and hence
reacts to the body of the person wearing it. The
product is thus able to detect and record, for exam-
ple, physiological signs of stress and excitement by
measuring temperature changes in the skin and is,
therefore, able to communicate human feelings that
might otherwise remain invisible. A series of mate-
rial and fabrication testswere conducted to try differ-
ent recipes aswell as various geometric patterns. The
production process implemented a round blade cut-
termountedona robotic arm (Figure 2). After prepar-
ing and cooking the customised bioplastic, the rel-
atively viscous material was laid down on flat trays.
A parametric design to production model accompa-
nied by a robotic simulation made sure that the cut-
ting pattern was producible. Variation in the lengths
and directions of the cut resulted in a porous gar-
ment. The porosity, as well as the outline shape of
each part of the garment, was informed by the local
curvature and temperature of the human body.

Fruit Lamp
Starting from the necessity to develop more sustain-
able solutions and looking at nature for inspiration,
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Figure 2
Second skin; a
three-dimensional
and porous
garment using
robotic cutting of
flattened bioplastic
sheets with varying
patterns.

this group designed and produced a lamp that re-
sembles natural forms, which due to its biodegrad-
ability, could become directly integrated into ex-
isting tree structures. In addition to the environ-
mental friendliness of the product, the group inte-
grated a gravity pulley mechanism, which allowed
the lamp to be illuminated without the necessity of
external electricity. The lamp can thus be placed and
used independently fromexternal access to electrical
power. Several tests were done with robotic milling
to find the right geometric properties and propor-
tions. Moreover, it was essential to ensure consis-
tency and stiffness as each of the elements trans-
forms from a flat surface to a curved one. Therefore,
coffee grounds and powdered leaves were added to
the mixture (Figure 3).

Figure 3
Fruit Lamp;
Biodegradable
lamp blended into a
tree structure,
equipped with a
gravity pulley
mechanism, makes
it independent
from the need of an
external electricity
source. The molds
for each piece are
robotically milled.

Lifelight
Lifelight is a concept, which ought to make the part-
ing from a loved one easier by transforming the un-
pleasant experience intoaprocessof renewal andbe-
coming. Based on the idea of the life cycle, the de-
sign started by using a circle in plan view onto which
different emotions andmoods of the diseased (hypo-
thetically collected over their lifetime) weremapped,
gradually turning the basic shape into a complex ar-
ray of overlapping patterns. Regarding the produc-
tion technique, the group focused on experimental
3D printing, which was made possible due to the
particular material recipe they developed (Figure 4).
The fabrication and material research in this project
demonstrate the promising potential of bioplastics
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for additive manufacturing. Eventually, successful
prints were possible through an extensive set of ex-
periments and step by step documentation of key
parameters such as the viscosity and temperature of
the paste, the size of the nozzle of the custom-made
robotic extruder, the height of each printing layer,
the speed of the servo motor pushing the material,
and the robotic toolpath speed.

Araneo
Lighting accounts for a large percentage of global
electricity consumption and a considerable percent-
age of worldwide greenhouse gas emissions. At the
same time, an estimated 16 percent of the world’s
population lacks access to modern energy services.

Light is one of Germany’s most energy-consuming
fields in terms of power usage. One percent of all
electrical currents in Germany are used to power
streetlights and guidance lights and about 40% of all
power generated in Germany is made in lignite-fired
power plants. In addition to the power usage, light
pollution became a massive problem in larger cities.
The Araneo project thus proposes a different ap-
proach towards urban lighting to create less waste-
ful products and a more comfortable atmosphere
for pedestrians. Araneo is a self-luminescent light-
ing system, made from a highly flexible biodegrad-
able material, which makes it easy to be applied on
basically any given surface, like trees, walls or ceil-
ings. The project was produced using a very fine and

Figure 4
Lifelight; Using
digital design and
robotic fabrication
the team
developed a
Robotic 3D Printing
system for a custom
made printable
material mixture.
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highly detailed roboticallymanufacturedmold. After
having a series of one-to-one scale tests on various
molds with different morphologies and sizes, the fi-
nal outcome reached 1.2 meters in length and width
(Figure 5).

CONCLUSION
During this collaborative course, the participants
with both design and architecture backgrounds got
introduced into the fundamentals of parametric de-
sign to robotic production whilst learning how to
self-make their ownmaterialswith very specificprop-
erties in relation to design and fabrication demands.
According to the outcomes of the experiments and
design explorations, relevant techniques of robotic
fabrication such as multimode (Mostafavi et. al,
2018), subtractive and additive manufacturing were
used. This knowledge will not only help them to de-
sign andproducedifferently but alsomakes themun-
derstand the essentials of material research and de-
velopment.

However, besides being trained in technical
skills, the students learned how to work in cross-
disciplinary teams, an ability that will prove vital for
their future development. As mentioned during the
introduction to this paper, our world is rapidly and
massively changing, andwe’re facing unprecedented
challenges on a daily basis. We believe that only
together, through unbiased collaboration beyond
restrictive structures and rigid boundaries, through
open-minded exchange and playful exploration, we
will be able to address these issues in a progressive
and productive manner. Merging distinctive individ-
ual competencies towards a commongoal and learn-
ing how to communicate and cooperate outside the
personal comfort zone represents a key strategy to
prepare ourselves for today’s and near-future societal
and environmental challenges.

In order to elevate this preliminary, highly exper-
imental research to the next level, we will focus fur-
ther on the concept of bioplastic robotic 3D printing.
As explained in the recipes section, the distinctive
properties of a given bioplastic material can be tai-

lored by adjusting its base quantities. Simply speak-
ing, more glycerol makes for a softer, less glycerol for
a hardermaterial. If these quantities could be numer-
ically adjusted on the fly, while extruding the plas-
tic material, we could create a hybridmateriality with
varying properties in different zones. While with the
basic recipe, this might just affect the material’s flex-
ibility, adding other natural materials, such as coffee
grounds or bananapeel, can influence its color, trans-
parency, structural integrity, etc. Obviously, devel-
oping a robotic end-effector system that would al-
low for such complex manipulation is highly ambi-
tious and far beyond the scope of a student course,
but nevertheless it is a fairly exciting and promising
point of departure for future research. A short video
providesmoredetails on the course and its individual
outcomes: vimeo.com/316313945
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Figure 5
Araneo; an
alternative urban
lighting proposal
with
self-illuminating
additives.
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Application of Machine Learning (ML) in the field of architecture is a worthwhile
topic to discuss in the context of digital architecture. Authors propose to extend
this discussion, presenting an integrated ML pipeline built with the
state-of-the-art data science tools. To investigate the affordances of such
pipelines, an ML model being able to predict the environmental metrics of a
generalized facade system is created. This approach is valid for arbitrary
facades, as long as the proposed design could be discretized in the form
analogous to the data generated for the ML model training. The presented
experiment evaluates the precision of the sunlight hours and radiation values
predictions, aiming at the application in the early design phases. Conducted
investigation builds up on the knowledge embedded in the Grasshopper and
Ladybug toolsets. Potential application of Convolutional Neural Networks and
categorical datasets for classifications tasks to increase the precision of the ML
models have been identified. Possibility to extend the approach beyond the
workspace of Rhino and Grasshopper is suggested. Further research outlook,
investigating the data pattern recognition capabilities in relation to the
three-dimensional forms discretized as multidimensional arrays, is stated.

Keywords: Machine Learning, Environmental Analysis, Parametric Design,
Supervised Learning

INTRODUCTION
The aim of this paper is to investigate the applica-
tion of Machine Learning (ML) to assist architects in
the early design process with environmental analy-

sis. The complexity regarding data used in different
ML models is investigated and its relevance and per-
formance in accordance to the problem of the con-
ceptual design of a generalized building facade is
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presented. Design experiments are performed us-
ing Grasshopper and Ladybug environmental anal-
ysis tools. The applied ML methods come from the
state-of-the-art Tensorflow[1] framework. First, a set
of random input parameterswas generated andused
to define the facade geometry in Grasshopper. Sec-
ond, the energy analysis of the generated examples
were conducted. Third, the outcomes of the analysis
were exported to the ML framework and related to
the input parameters as a preparation step for theML
training process. The iterative process of data gener-
ation took several days to accomplish, producing ex-
tensive datasets describing the facade geometry and
the resulting environmental performance of the fa-
cade. Machine learning models were benchmarked,
analyzing their performance in estimating the out-
comesof the analysis. Theoutcomes show that anML
algorithmcanbe trained todetect thepatterns inside
the environmental analytical data and thus perform
predictions that are usable in early design processes.
Further additional insightswere gained regarding fu-
ture research perspectives.

RELATEDWORKS
Machine learning and architecture
Khean, et al. (2018) argue that although ML is an es-
sential part in multiple industries and disciplines to-
day, in the field of architecture it has a hard timegain-
ing ground. They stated that the field of architec-
ture is “objectively one of the slowest industries to
integrate with machine learning.” Moreover, they at-
tributed this to the fact that “machine learning exper-
tise canbe separate fromprofessionals in other fields;
however, this separation can be a major hindrance
in architecture, where interaction between the de-
signer and the design facilitates the production of
favourable outcomes” (Khean et al., 2018, p95). Cud-
zik, et al. (2018) backed this notion by argumenting
that “despite the growth of machine learning usage,
the architectural practice still relies on a daily basis
on computer aided drawing and building informa-
tion modeling” (Cudzik et al., 2018, p81). Neverthe-
less, architectural based ML projects have been pro-

totyped. Tamke, et al. (2018) focusedon the aspect of
performance based design and fabrication showcas-
ing two case study projects: ‘Lace Wall’ and ‘A Bridge
Too Far’. Cudzik, et al. (2018) implemented ML for
design work towards automatically producing capi-
tals. Chaillou (2019) utilized ML to explore the future
of generative design and architectural styles with
a focus on AI-based floor plan generation. Belém,
et al. (2019) provided a broad overview regarding
ML techniques, projects where ML has been applied
to, and stated hypothetical use cases regarding ML
and architectural design. Muklashy (2018) analyzed
the potential impact of ML in the architectural field
and argued that although the architectural workload
will dramatically change in the future, designers will
be “finding more time for creativity while comput-
ers handle data-based tasks.” He acknowledged that
those designerswho are unwilling or unable to adapt
“will have troublepivoting fromtraditional roles”; yet,
those who see ML as “tools rather than obstacles (it)
can lead (them) to freedom from the constraints of
old models” (Muklashy, 2018, online)[2].

Intersections of Grasshopper, machine
learning and environmental analysis
Today different plugins let the user performML tasks
insideGrasshopper suchas Lunchbox, Owl, Ant, Crow
and Dodo. Although most of these plugins give the
user the ability to set up artificial neural networks
(ANN), we did not find them suitable for our experi-
ments. Data preparation such as data-manipulation
and transformation is a crucial part of the ML work-
flow (Geron, 2019) and in our viewdifficult to execute
inside Grasshopper. The NumPy and Pandas libraries
for Python aremore suitable for these tasks, however
they do not run natively inside Grasshopper’s Gh-
Python environment. Instead the Tensorflow library
was used inside Python-Anaconda for building and
training ML networks. This gave precise control over
the exact neural network architecture and allowed to
utilize the computer’s GPU to perform very fast ML
training. Regarding the environmental analysis data,
Ladybug is well suited as it gained recognition in the
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academic community, proposing new functionalities
for a master thesis (Mackey, 2015) or discussing ap-
plied analysis techniques and state of the art meth-
ods (Roudsari et al, 2013). We decided to build upon
this knowledge and technologies, proposing an in-
vestigation to generate the training data for the ML
process to learn the logics behind the energy analy-
sis and be able to predict the outcomeof the process,
simplifying and accelerating the analysis process.

STATING THE PROBLEM
Detecting underlying data patterns within
the geometry of a facade system
Architectural assemblies, such as a facade can be a
complex system with a variety of parameters. There-
fore simulating such a facade system, its geometrical
properties, as well as the environment impacts can
be a time intensive and computationally demanding
task. This might pose a problem during the early de-
sign stages, when a designer wants to swiftly eval-
uate multiple design solutions. For Grasshopper it
can take a long time to update the entire sequen-
tial chain of geometrical operations/calculations in
order to produce the desired analytical outputs; but
a trained ML model could deliver these predictions
almost instantly as shown in our previous research
(Sebestyen, 2020). Hebron (2016) pointed out that
ML works on the principle of identifying patterns
in observed data and thus imparting experiential
knowledge upon computer systems and therefore
gaining insights from the data. Therefore we hope
to train an ML model to detect patterns in the rela-
tionship between geometrical properties of a facade
systemand its energy performance. We established a
workflow for translating geometrical data into data-
set structures usable for ML training. Furthermore,
we wanted to compare data-sets of different com-
plexities through evaluation of their pattern detec-
tion performance i.e. energy-evaluation prediction
performance. Our aim was to develop a workflow
generating an ML model capable of predicting solar
radiation and sunlight hours analysis (referred to as
‘shadow analysis’ in this paper), to a degree of accu-

racy, that is suited for early stage design. This was
aimed at providing a reference implementation for
building fast and computational lightweight analyti-
cal tools. We hope that through our insights it will be
possible to extract underlying patterns in existing as-
sembled structures or geometries anduse these find-
ings in the future to create structures/geometries of
so far unknown properties.

The role of the environmental analysis in
the proposedmachine learning experiment
The proposed facade system consists of a planar sur-
face that represents a homogeneous building facade
with 16 meter width and 10 meter height. This pla-
nar surface was evaluated for solar radiation and
sunlight exposure, measured in kWh/m² and sun-
light hours respectively. Those two quantitative pa-
rameters were chosen because they do not require
the presence of additional parameters such as oc-
cupancy schedules or definitions related to the way
the building is planned inside. The generated ML
model is applicable only in the location, for which
the training data was generated. We followed the
procedure defined in the Ladybug tools and trained
the model using the EnergyPlus weather data for Vi-
enna Schwechat 110360 (IWEC). In front of the pla-
nar facade, a series of 160modular shading elements
was iteratively generated. This refers to the 16 x 10
dimensions of the primary facade, resulting in one
shading element for one square meter of the facade.
For each generated element height, width, length
and rotation parameters were recorded, to inform
the ML process about the geometric form of the fa-
cade. The role of the Ladybug tools in the process
was to generate the training data, consisting of ran-
domly generated configurations of facade shading
elements (louvers) and energy performance metrics
of the facade. This work builds on a previous exper-
iment, where a facade geometry was variable and
the louvers had a constant vertical form (Sebestyen,
2020). We decided that the facade geometry will be
kept constant and the louvers would be discretized
and related to the dimensions of the grid chosen for
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the analysis. In the presented examples, each param-
eter describing one module of the shading device is
related to the 4x4 grid of points used for the analy-
sis. This relation was found empirically and presents
a compromise between the precision of the analysis
and the computational effort needed to generate the
training data for the model. The training data was
produced for the summer period only, from 22 June
to 23 September. The trade-off was the length of the
analysis period for the higher resolution of the analy-
sis grid, given the available computational resources.
The influence of the grid’s resolution on the final out-
put was analyzed, sequentially increasing the resolu-
tion and comparing the results of the analysis. Above
the 4x4 grid resolution, absolute precision increases
only by 1%, thus the 4x4 resolution was chosen.

ML BACKGROUNDAND CONTEXT
Different types ofMLmodels and outputs
One can distinguish three ML concepts that are dif-
ferent in their approach to problem solving (Maini &
Sabri 2017) (Geron 2019): Supervised Learning, Un-
supervised Learning, and Reinforcement Learning.
We focusedourworkon supervised learning. This en-
tails a set of algorithms which first have to be trained
by the user on a known/labeled dataset, teaching the
computer what the desired output (labels) ought to
be in relation to a certain input (features). After suf-
ficient training the algorithm will be able to predict
the correct outcome corresponding to previously un-
seen input data. We utilized supervised learning for
predicting the environmental analysismetrics of a fa-
cade system. Both the data-sets’ labels and features
were produced in advance utilizing parametric de-
signworkflows. Geron (2019) explained that through
supervised ML two main tasks can be achieved: clas-
sification and regression. A classification task only
produces a finite number of outputs i.e. predicts
what class or category a certain input belongs to. Re-
gression predicts numerical values and therefore can
produce an unlimited amount of different answers.
As pointed out in earlier work (Sebestyen, 2020) re-
gression should be implemented in a prediction task

as described above since a parametric design script
can produce an infinite amount of potential outputs.
However, the possibility of grouping answer-ranges
into categories and utilizing classification to predict
those categories will also be briefly discussed at the
end of the paper.

Parametric design for big data acquisition
Without sufficient data sets ML models cannot be
constructed to perform their taskswell (Geron, 2019).
Parametric design software such as Grasshopper can
be utilized to create large datasets forML (Sebestyen,
2020). The overall idea is to generate randomized
input data that stands at the beginning of a com-
putational heavy parametric design script. After the
script has finished the entire chain of calculations,
the outputs, as well as their corresponding inputs
are recorded. This procedure is repeated multiple
times until a comprehensivedata-set is being created
which covers a large and diverse spectrum of possi-
ble inputs and outputs. This data-creation process
can run autonomously without much active involve-
ment from the designer. Since this process can be
time intensive a balance has to be found between
the time and effort put into creating datasets and the
performance of the final ML model; the general rule
being that larger datasets producemore reliable pre-
dictions. The designer needs to establish what aver-
age variance from ML prediction to true output val-
ues is acceptable.

BUILDING THEMLMODELS
Complex vs simplified data
The aim was to create ML models based on different
complexities of training data for comparison. The in-
put facade system was converted into two types of
input datasets for the ML models to train upon. The
first set of input data assumes that all louvers of the
facade have the same height, length, width and ro-
tation value. Therefore the overall facade system can
be expressed as a one-dimensional array of 4 values
(from here on this system will be referred to as the
‘simple facade’). The second set of input data lets
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each louvers have its own individual set of height,
length, width and rotation values. Of course multi-
ple louvers can have the same values. This facade
system can be expressed as a three-dimensional ar-
ray of size 16,10,4 therefore it consists of 640 values
(referred to as the ‘complex facade’). For the com-
plex facades two types of outputs were created. The
first type was a multi-output describing a two di-
mensional array, of 64,40 where for 2560 points ra-
diation and shadow values were calculated (64*40 =
2560). This multi-output data was also created for
the simple facade system. The second type, created
just just for the complex facade system, was a sin-
gle output value dataset, which consisted of the sin-
gle average radiation and shadow value of the 2560
points. We expected this model to perform very ac-
curately, since it only has to predict a single output
value rather than an array of 2560 values. For the sim-
ple facade system no single-value outputs were cre-
ated, since we showed previously (Sebestyen, 2020)
that low input to low output environmental analy-
sis of a facade system is possible using standard ML
tools. For all three scenarios a model for both radia-
tion analysis and shadow analysis were created. Thus
we trained and evaluated 6 different ML models of
different complexities.

Creating training datasets
For training a supervised learning ML model we had
to feed the algorithm both input data and the de-
sired output solutions to these inputs (Geron, 2019),
which both were created in Grasshopper. After the
simple and the complex facade system were set up
inside Grasshopper the numerical values expressing
each system were exported as a CSV file. Simultane-
ously, the louvers’ geometrywas fed into Ladybug for
all the necessary output calculations and afterwards
also exported as CSV. To produce large datasets for
training, randomized facades were created inside a
given range of possible values. The timer component
was used to produce a random facade system, to
record/export its values, to produce the correspond-
ing output values, and finally to record/export those

at a regular interval. This process of data creation
ran autonomously until data for roughly 4500 differ-
ent simple facade systemsand10000complex facade
systems were created. We decided to create datasets
in a one-at-a-time process instead all-at-once which
yields multiple advantages. In case of a crash (due
to for example memory overflow) there would be no
data loss. Furthermore, data could always be created
and added to existing datasets in order to boost per-
formance of existing ML models (through retraining
of that model with extended dataset).

Data perpetration andML training
The Python environment inside Rhino andGrasshop-
per is based on IronPython 2.7. It is therefore incom-
patible with Tensorflow, the ML library we intended
to use. An external 3.7.5 version of Python Anaconda
was used instead. For importing the multiple indi-
vidual CSV files, and converting them into a usable
format and data-structure for ML training the Pandas
and NumPy libraries were implemented. For build-
ing the ML model the Keras library was used with
Tensorflow 2.0 as the backend. The ML model setup
consisted of a sequential ANN with a variable num-
ber of hidden layers and amount of neurons per each
layer. Batch normalization was implemented after
the first layer in order to avoid the need of normaliz-
ing the input data beforehand (Geron, 2019). Imple-
menting RandomSearchCV from the Sklearn library
gave us the ability to train the ML models multiple
times with a combination of many hyper-parameters
in order to find the ML models with the best perfor-
mance score. Early stopping was also implemented
in order to stop ML training if a model had reached
the peak of its performance. A dropout rate was im-
plemented in the model to avoid over-fitting on the
training data. Although the best ML model architec-
ture varied based on the complexity of the input and
output data, mostMLmodels turned out to be rather
shallow (2,3 hidden layers)with around1000neurons
per layer. For ML training the entire data-set was di-
vided into training and testing data. The training set
was used for training the ML models while the test
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set was used to evaluate the performance of each in-
dividual ML training run. The measurement for eval-
uating the performance of individual MLmodels was
the mean-squared-error (mse) from the model’s pre-
diction to its true value. Basedon the scores achieved
from the test-sets the best model of each complexity
was chosen for in-depth performance analysis.

EVALUATING THEMLMODELS
Creating evaluation data
Data generated from randomized facades was used
for training and choosing the ML models. This ap-
proach might be suboptimal, since user created fa-
cades are mostly non-random but deliberately de-
signed. Hence, there is a chance for the ML model to
perform poorly when trying to predict the analytical
values of non-random facade system data. However,
we decided that using randomly created facades for
training yields to the benefit that we can create large
and diverse datasets relatively fast. Therefore for the
final prediction performance analysis 20 user gener-
ated complex and simple facade systems were de-
signed. Figure 1 shows the difference between two
randomly created complex facade systems used for
training and two designed facade systems used in fi-
nal evaluation.

Performance of the complex facade
Figure 2 showcases the best scores that were
achieved on each of the 6 ML models during eval-
uation. The ML model for the most complex data-
set predictions - i.e. 2560 true values data points -
achieved a mse of 925.7 (810.7 during training) for
the shadow analysis and 908.7 (921.3 during train-
ing) for the radiation analyses. This yields an av-
erage error in the shadow analysis of 30,4 sunlight
hours (√925.7 = 30.4) in a numerical range (found in
the training dataset) from 0 to 270 hrs, meaning the
predictions are on average 11% off their true value.
For the radiation the average error was about 30,1
kWh/m² (√908.7 = 30,1) in a numerical range of 0 to
254 kWh/m²,meaning the predictions are on average
12% off their true value.

Figure 1
Randomized
(bottom) versus
user designed
complex facade
systems (top)

Figure 2
The mean-squared-
error (mse) values
and mean
prediction
differences (in %)
achieved for each of
the 6 trained ML
models.

For all multidimensional output predictions a
shadow or radiation analytical image was created
as it is a common procedure when using Ladybug.
This image is a visual representation of the analytical
output and is much more user friendly for the de-
signer than raw numerical output data. Comparing
the output images produced from the predicted data
and the true value data shows that theMLmodelwas
able to pick up and recreate the image patterns pro-
duced by the input data, describing the facade. For
easier comparisons a difference map was created for
each facade prediction to showwhich sections of the
facade the ML model performed best and worse on
(white very accurate prediction; orange less accurate
prediction). Figure 3 shows the predicted shadow
and radiation images of a complex facade system,
the true images, and the difference map.

For evaluating the single outputs average radi-
ation and shadow values we saw a dramatic shift
from the ML models’ performances on the random-
ized test-data and date produced from the designed
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Figure 3
Predicted shadow
and radiation
images of a single
complex-facade
system (middle)
and the
corresponding true
images (left)
including the
difference map
(right).

facade. While the mse was just 2.624 for the shadow
analysis and 3.182 for radiation during training, it was
170.0 for the shadows and138.9 for the radiationdur-
ing evaluation. Thiswas by far the biggest gap in pre-
diction performance between randomized test data
and non-random designed data we had seen in our
experiments. While the model performed with ex-
tremely high accuracy on the test-data set it still de-
livered an acceptable performance on most of the
designed data sets. For the averaged shadow anal-
ysis themean-error was at 13,0 points on a numerical
range between 61.8 to 133.4 hrs meaning it was on
average 18% off the true value. For the average radi-
ation analysis themean errorwas 11,7 points on a nu-
merical range between 99.8 to 176.8 kWh/m² which
leads to being on average 15% off the true value.
Looking at the individual prediction values for the
designed facade system we see that for the best fa-
cade the difference in score was just 0.75 hrs for the
shadow analysis and 0.31 kWh/m² for the radiation.
On the other hand theworst performing facades pro-
duced a difference score of 28.61 hrs for shadow and
24.12 kWh/m² for radiation. It is clear that for certain
designed facade systems the ML model was able to
predict highly accurate scores while for others it per-
formed poorly. Figure 4 shows the prediction scores
and true scores for the worst and best performing fa-

cades. This shift from test-data performance to de-
signeddataperformancehas tobe evaluated inmore
depth in the future but it seems that in this instance
the randomized facade system did not always pro-
vide adequate training data for this prediction task.

Figure 4
Predictions, true
values, and
difference scores for
the worst (red) and
best (green)
performing facade
systems

Performance of the simple facade
The true value 2560 multi-outputs for the simple fa-
cade system produced better prediction results than
its complex counterpart just as expected. Themse for
the shadow analyses was 230.1 (236.8 during train-
ing); for radiation it was 147.2 (139.7 during train-
ing). This yields an average error for the shadowanal-
ysis prediction of 15.1 hrs being overall 6% off their
true value while the radiation analyses produced an
average error of 12,1 kWh/m² being overall 5% off.
Although both models performed well, it has to be
noticed that the radiation analysis performed over-
all better than the shadow analysis. Also as expected
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the predicted analytical images matched the true
images very closely detecting pasterns in data shift
across all facade systems. Figure 5 shows the pre-
dicted shadow and radiation images of a simple fa-
cade system and the true images including the dif-
ference map.

Viability ofmachine learningmodels
The constructedMLmodels proved to be able to pre-
dict themeasuredmetrics efficiently, showing a clear
correlation between individual elements of the shad-
ing system and radiation values. The observed dif-
ferences to the Ladybug analyses needs to be seen
in the context of the distribution of the values. Gen-
erally, the images produced by Ladybug have strong
contrasts and sharp edges, where two neighbouring
pixels represent two distant values. For the ML gen-
erated images, the contrast is smaller and the differ-
ences between values of neighbouring pixels are not
so big, which can be perceived as amore blurred pic-
ture. Also for extreme values, such as the top edge of
the facade, ML produces tendentially bigger errors.
This is due to the fact that no elements are protecting
the facade from radiation, and the tendency of ML to
blur the image, reduces the extremes and introduces
significant errors. When representative patches in
the middle of the facade are compared with each
other, the tendency to blur the values is also present,

but the errors are comparably smaller. This suggests
that ML performs better in continuous and homoge-
neous configurations, but is less suited to investigate
the border conditions. Computational performance
and high precision at the cumulative performance
prediction, would allow us to compare a big amount
of designs. This would build the understanding of
the design factors influencing the energetic perfor-
mance. For the chosen designs, conventional analy-
sis might be conducted to cross-check the predicted
values.

CONCLUSION AND FUTUREWORK
Implementing ML to predict metrics that describe
the influence of shading elements on the facade for
one particular location has been successful. Fur-
ther development of analogous systems should aim
at increasing prediction reliability. Increase in the
analysis grid resolution could result in better pre-
cision, yet could make it more difficult to train a
reliable ML model. However, implementation of
Convolutional Neural Networks (CNN) instead of the
used sequential ANN could improve prediction per-
formance. Geron (2019) pointed out that CNNs are a
good choice when it comes to implementing ML for
image recognition and thedata structure of our input
array already imitates the structure of an image-file
with 4 channels. Furthermore, we believe that non-

Figure 5
Predicted shadow
and radiation
images of a single
simple-facade
system (middle)
and the
corresponding true
images (left)
including the
difference map
(right).
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randomized training datasets could lead to more
reliable predictions. Converting the data-structure
and ML model to perform a supervised classifica-
tion task instead of regression, assigning categor-
ical values to number ranges, could increase pre-
diction performance as well. This could be useful
if the designer is mainly interested in the graphi-
cal analytical feedback instead of numerical values.
Geron (2019) pointed out that another advantage of
classification is that a confidence score can be pro-
duced in conjunction with the prediction. In the pre-
sented example, the analysis period was limited by
the computational performance of the environmen-
tal analysis tools. Producing data for the whole year
would result in a more complete analysis tool. In-
vestigating alternative analysis tools that perform ef-
ficiently in this iterative process can be a starting
point for further research. At the same time, the ge-
ometric relation between the shading elements po-
sitioned in front of the facade and the computed
measurements made on the surface of the facade is
straightforward. Many environmental performance
metrics refer to the space inside the building and
produce measurements oriented horizontally on the
floor plan and take into account parameters, such as
occupancy schedules or the thermal performance of
the facade. This geometric and conceptual shift can
be challenging for ML application. Further investiga-
tions of the tools and metrics for performance eval-
uations at the surface of facade poses a challenge
for the future. The discussed methods might be ap-
plied at the urban planning scale, where the build-
ing volumes would be arranged on a ground plane
using the principles applied in the proposed exper-
iment. The ML model trained for a predefined grid
and location might potentially be used for the anal-
ysis of any location. We identified the group of re-
searchers inquiring the possibility of ML to simplify
the computationally demanding analyses such as so-
lar irradiation and computational fluid dynamics re-
lated to the wind comfort, as a part of the interdisci-
plinary framework for complex analysesof large cities
[3]. Based on the preliminary materials published

by the City Intelligence Lab, their approach simpli-
fies the buildings to the outline extrusions and im-
plies planarity of the terrain. Such generalization is
valid for the city scale analysis, but particular loca-
tions that feature meaningful terrain height differ-
ences or buildings with geometries that are very dif-
ferent from simple vertical extrusions might require
additional consideration. In such situations conven-
tional analysismethodsmight be applied or some in-
sights presented in these experiments might be con-
sidered such as the extended methods to encode
complexgeometric properties intomultidimensional
numeric arrays. Geographical weighted regression
(GWR) techniques could provide insights into ways
of establishing a model that would also take into ac-
count the geographical location and orientation of
the analysed geometries (Huang et al, 2010). How-
ever, training such a model would most certainly re-
quire a vast increase in training data instances and
ML training time, which is outside the scope of this
paper. A generalized ML model might enable anal-
ysis of any geometry for a given geographical loca-
tion, as long as it is possible to discretize it in a form
compatible with the appliedML technique. Anymul-
tidimensional array representation that builds a di-
rect relation with the dimensions of the analysis grid
might be possible. For the generalized ML models,
representation of the three-dimensional geometries
as voxels might be considered. Constant growth of
the computational resources and the continuous im-
provement of the solar analysis tools would progres-
sively offset the effort needed to generate the train-
ing data. If the optimization of solar performance
metrics is the goal, the application of evolutionary
solvers might quickly optimize the size of the de-
sign solution space. We investigatedmethods that al-
lows for the exploration of design space, which is not
aimed at optimizing solar performance. However,
if optimization would be the goal than implement-
ing genetic algorithms combined with solar analy-
sis tool inside Grasshopper could deliver an efficient
method to choose the best design solution (Toutou
2019). ML technologies are developed with interop-
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erability as a goal, and the state-of-the-art ML frame-
works are deployable on mobile and pre-configured
cloud platforms. Establishing a training set that ac-
counts for environmental analysis data sampled from
a range of different locations could help produce a
ML model that is location independent. This allows
to deploy theMLmodel trained once onmultiple de-
vices, even if the resources needed to execute the it-
erative solar analysis are not available. Potential ap-
plication might be the web-based app, backed by
theMLmodel trained to evaluate the performance of
proposed design solutions. Such application might
feature an interface similar to the Design Explorer
project by CORE studio [4] and can be deployed si-
multaneously on stationary and mobile devices dur-
ing presentations to discuss potential designs with
multiple stakeholders, even if predefined environ-
mental metrics are not in the foreground of the dis-
cussion. In the current implementation of the De-
signExplorer, the design solution space consists of
a finite amount of precomputed configurations and
their performance metrics. Users are exploring the
solution space, learning about the relations between
the parameters and performance limitations of the
design proposals. For aML driven counterpart, a pre-
trainedmodel would be able to generate themetrics
on the fly. Such an approach would greatly extend
the solution space, where an amount of potential so-
lutions is only limited by the resolution of the input
parameters.
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Virtual prototypes enable performance simulation for building components. The
presented research extended the application of generative design using virtual
prototypes for interactive optimisation of structural nodes. User-interactivity
contributed to the geometric definition of design spaces rather than the final
geometric outcome, enabling another stage of generative design for the
micro-structure of the structural node. In this stage, the micro-structure inside the
design space was generated using fixed topology. In contrast to common
optimisation strategies, which converge towards a single optimal outcome, the
presented design exploration process allowed the regular review of design
solutions. User-based selection guided the evolutionary process of design space
exploration applying Online Classification. Another guidance mechanism called
Shape Comparison introduced an intelligent control system using an inital image
input as design reference. In this way, aesthetic guidance enabled the combined
evaluation of quantitative and qualitative criteria in the custom-optimisation of
structural nodes. Interactive node design extended the potential for shape
variation of custom-optimized structural nodes by addressing the geometric
definition of design spaces for multi-scalar structural optimisation.

Keywords: generative design, evolutionary computation, interactive machine
learning, typogenetic design

INTRODUCTION
A generative design framework for aesthetic guid-
ance using interactive optimisation for design of
structural nodes is presented in this paper. Aesthetic
guidance by an intelligent control system supported

designers during exploration of design space varia-
tions in structural nodedesign. This processwas facil-
itated by introducing Typogenetic Design to the ap-
plication case of structural node design. This frame-
workwas developed to guide architectural shape de-
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sign (Muehlbauer 2020) and provided two mecha-
nisms for aesthetic guidance: ShapeComparison and
Online Classification. Indeed, aesthetic evaluation al-
lowed the designer to use tacit knowledge, not lim-
ited to aesthetic appreciation, for evaluation of de-
sign solutions.

Results of the generative design process were
showcased as both virtual and physical prototypes
during the case study. A virtual prototype was
used to “represent specific attributes of a given de-
sign” (Burry 2016). This application case of Typoge-
netic Design for modeling custom-optimized struc-
tural nodes provided insights into early design in the
context of additive manufacturing. The presented
mode of interaction with structural node design in
a human-in-the-loop system supported by aesthetic
guidance presents a new method for part construc-
tion. Typogenetic Design augmented the human ca-
pabilities in generative design by machine learning
and interactive evolutionary computation. More to
the point, the computational system supported ar-
chitects in exploring the geometric diversity of de-
sign spaces for structural nodes interactively. Fo-
cussing the evolutionary process on thedesign space
rather than the shape of the structural node intro-
duced capabilities for interaction with other gener-
ative algorithms for formation of structural systems.

The purpose of this research is to report on the
investigated opportunities for application of digital
designmethodologies in an extended design system
for structural nodes. Adoption of aesthetic evalua-
tion into the fitness function allowed the design sys-
tem to adapt to aesthetic expressions favoured by
the designer. In this study, we suggest two mecha-
nisms for supporting the designer in respect to guid-
ing of the aesthetic evolution of structural nodes.
Shape Comparison was designed to provide direc-
tion to the evolutionary search by using a design ref-
erence, like an image to pre-design solutions for the
geometric definition of the design space. Therefore,
thedesignerwas able to start the evolutionary search
from an advanced starting position. In fact, this ex-
tension of performance optimisation using interac-

tivemachine learning capabilities regarding aesthet-
ics introduced diverging aspects to the evolutionary
search. As a consequence, the period of time for evo-
lutionary search was extended. These features of the
digital design process enhanced the function of the
interactive user interface for exploring options of de-
sign space geometry. In addition, Online Classifica-
tion established computational capabilities to learn
from user selection of design solutions. In periods
of user interaction the data for classification of aes-
thetic preferences increased and the classifier was re-
trained using the broader set of user data. In sum-
mary, the capacities for review and analysis of de-
sign space geometry in design of custom-optimized
structural nodes was extended by integration of an
intelligent control system for aesthetic guidance in
evolutionary design.

LITERATURE
Generative design was widely used in architectural
research and practice to generate shapes by appli-
cation of simple rules. A compilation of generative
design methods was conducted by Thomas Fischer
and Christiane Herr (Fischer 2001). In fact, results
of generative design processes often exhibit a high
level of visual elaboration and structural complexity.
Application of Bi-Directional Evolutionary Structural
Optimisation (BESO) (Huang 2010) led to novel aes-
thetic expressions of structural nodes (Crolla 2014,
Prohasky 2015, Williams 2015, Seifi 2016). Con-
sequently, exploration of mechanisms for interfac-
ing with other generative algorithms was identified
as opportunity to further enhance aesthetic varia-
tion. The Smart Nodes Project revealed the applica-
tion potential of organic geometry generated using
BESOalgorithm. Another application case of custom-
optimisation of structural nodes was documented in
research on “design optimization and additivemanu-
facturingof nodes in gridshell structures” (Seifi 2018).
We argue that reducing the structural complexity to
the level of structural nodes allowed to rethink the
design process on a smaller scale. Therefore, quali-
ties andmechanisms found in design of global struc-
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tural systems could be applied on the local structural
system of the structural node and vice versa.

Similarly, on the level of theory, the adapta-
tion of the term generative design in engineering
context for a coherent simulation and optimisation
methodology was contrasting the algorithmic focus
of compiling a set of generative design methodolo-
gies based on their form generating capabilities in
architectural design. Application of BESO in node-
design merged both streams of investigation, rais-
ing interest from either engineering and architec-
tural design community. However, both research tra-
jectories were expression of a broader shift in the-
oretical development from “typology to topology”
(Schumacher 2017). On one hand, generative de-
sign viewed as application of a set of generative algo-
rithms shifted the perspective fromdesign of a single
object to exploration of a variety of design solutions
in a design space. On the other hand, generative de-
sign as a process that interpolates digital shape vari-
ation by optimisation opened the process of design-
ing structure to human exploration and automated
evaluation of structural systemsgeneratedusingdig-
ital design tools.

Previous research in interactive evolutionary
computation built on interactive computer graphics,
historically reviewed by van Dam (van Dam 1983).
The interactive evolutionary computation method
was investigated by Hideyuki Takagi (Takagi 1991)
and explored in an architectural context by Jonathan
Byrne (Byrne 2011b). Subsequently, interactive struc-
tural optimization combined human and automated
evaluation capabilities in semi-automated design
systems (Byrne 2011, Brown 2015). This approach
extendedmulti-criteria structural optimisation (Shea
2005, Danhaive 2015) to integrate human-in-the-
loop capabilities. “Capturing aesthetic intention”
during evolutionary search was investigated in the
context of artificial neural networks by Ning Gu (Gu
2006). The presented research extended this line of
investigation by application of machine learning ca-
pabilities to improve designer interaction in design-
ing structural nodes.

METHODOLOGY
The methodology used in this research was a com-
bination of evolutionary design, human-computer
interaction and advanced interfaces using machine
learning. This intelligent control approach based on
an initial reference input facilitated guidance during
evolutionary search, while allowing the designer to
reframe of aesthetic preferences. Consequently aes-
thetic guidance by Online Classification of user pref-
erences based on image features adjusted the direc-
tion during generation of design space geometries.
Furthermore, the amount of solutions close in solu-
tion space were reduced by using similarity measure.
The technical details of thesemechanismswere pub-
lished at another conference (Muehlbauer 2020).

Typogenetic Design (see figure 1 on following
page) extended themorphogeneticdesignapproach
described by John Frazer (Frazer 2016) with an in-
telligent control system for aesthetic guidance. An
important methodological reference is the aesthetic
systems research conducted by George Gips and
James Stiny (Gips and Stiny 1973). In fact, John Frazer
stated the necessity for “a generative engine, selec-
tion procedure, learning algorithm and a complete
design system from inception to development, op-
timisation and resolution” (Frazer 2016) to integrate
morphogenetic capabilities into CAD systems.

Essentially Typogenetic Design combined shape
grammar as generative engine with genetic pro-
gramming as evolutionary search to define the gen-
erative design process. This process was enhanced
by introducing the intelligent control system as aes-
thetic guidance by means of computer vision and
machine learning. In figure 1 the generative en-
gine was described as a shape representation, which
created geometric instances based on variables and
constraints. The performance values of a solution
were defined by a fitness function in response to
design criteria like aesthetic measure and compact
shape. Least material criteria was evaluated sepa-
rately at a lower level of multi-scalar optimisation
in this case. Whereas the used shape representa-
tion was shape grammar, combining simple shapes
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to complex shapes by moving, rotating, scaling or
mirroring them. The constraints limiting the variable
spacewere the spatial limitations of the extendof the
generated design space geometries.

First, the guidance process allowed the designer
to direct evolutionary search using initial reference
input . Next, constant visual comparison of the gen-
erated shapes with the reference input by computer
vision contributed as part of the fitness function.
In fact Shape Comparison as aesthetic-based fitness
measure was constituted by using a combined sim-
ilarity measure (Euclidean Distance, Manhattan Dis-
tance, Chebyshev Distance) computed from normal-
ized histogram.

Another contributor to the fitness function,
which evaluated the design criteria during evolution-
ary search, was Online Classification based on user
selection. After each stage of artificial evaluation of
a set of shapes by the user, a decision tree classifier
was trained based on the increasing data about user
preferences. In brief, Online Classification was ap-
plied to narrow down solution space in reference to
the choices taken by the designer.

The computational design process benefits from

this interactive methodology for early design stages.
Focusing the investigation on creativity and creative
freedom led to an extended application potential of
optimisation in early stages of designing structural
nodes. Genetic programming (Koza 1990) provided
the necessary computational flexibility in represen-
tation of design spaces for structural node design.
Furthermore, grammar translationwas introduced to
structure the shape grammar application for gener-
ation of design spaces in structural optimisation. In
short, the process of design space generation en-
abled the integration of user interfaces and interac-
tive evaluation procedures for meta-design of spa-
tial constraints for the algorithm generating the mi-
cro structure.

LABORATORY
Design space exploration for structural nodes pro-
vided the designer with the capability to review a
subset of the solutions space instead of catalogu-
ing and reviewing a larger set of solutions. Hereby,
the intelligent control system informed the semi-
automated process by adapting the evolutionary

Figure 1
An intelligent
control system as
aesthetic guidance
using Typogenetic
Design framework
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search towards the explicit choices of the designer.
The scenario map in figure 2 shows the different
stages of the workflow using Typogenetic Design
framework. In the first interface, the designer ad-
justed the optimisation parameters (population size,
crossover rate, mutation rate, number of genera-
tions) for initialisation of the evolutionary search.

Figure 2
Stages of
Typogenetic Design
to define the design
space for custom-
optimisation of
micro-structure

After choosing an initial reference image for Shape
Comparison, the evolutionary search was run over
25 generations with an initial population of 20 dif-
ferent designs. At the time, different organic de-
sign spaces were generated by shape grammar and
explored interactively by the designer. This broad
interactive approach allowed the design system to
run for 10 generations between selection of design
space geometries. Usually the designer chose from
six or less shapes. This artificial selection provided
input for the further guidance of the design process
in periods of automated evaluation. The machine
learning algorithm compared the representation of
the programming trees with the representation of
new shape solutions as part of the human-in-the-
loop system, establishing the higher-level represen-
tation of the resulting classifier. In addition, the simi-
larity measure was used to reduce the solution space
by removing similar solutions. For documentation
of the design process, choices of the designer were
highlighted with pink in the screen captures of the
selection interface in figure 2. Adding preference of
compact shapes as another criterion by minimizing

surface area of the design space and maximizing de-
sign space volume reducedoverhangsdetrimental to
additive manufacturing process.

After finishing the initial design space explo-
ration, the node-geometry was refined for additive
manufacturing using multi-stage structural optimi-
sation. During the design process of the micro-
structure the fixed typology was inscribed into the
generated design space. The method for generat-
ing themicro-structurewas the introduction of a reg-
ular set of vertices and connecting them using the
topology generated by a convex hull algorihm. In
the next step, the created line topology was trans-
lated into a polygon mesh by marching cube algo-
rithmwithweighting. Finally, the designed nodewas
merged with the brackets as non-design elements.
The connecting non-design parts of the structural
nodes were fixed as design context. The reason for
not taking the brackets into consideration during the
optimisation process was that the load bearing ca-
pacity of connectingplates needed tobeproven sep-
arately. In summary, the different stages of the struc-
tural optimisation are visualized in figure 3.

Figure 3
Design stages of
structural
optimisation for
custom-optimized
structural node

Smart Structures used a hybrid optimisation em-
ploying structural optimisation for the adaptation of
the global structural configuration and Typogenetic
Design for the shape design of structural nodes (see
figure 4). For reduction of design time, the design
proces was separated into distinct stages, allowing
the designer to focus computational capabilities and
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Figure 4
Multi-stage
optimisation during
Smart Structures
Project

resources. In particular the separate calculation of
the micro structure was beneficial to reduce the cal-
culation time during the design space generation in-
tegrating user interaction.

RESULTS
The generative design framework for aesthetic guid-
ance in structural node design extended the poten-
tial of intuitive exploration for the designer and led
to increased design freedom while generating struc-
tural nodes of organic shape. Additionally, refining
the structural node design for 3D-printing led to an
increased understanding of the design model. The
division of the optimisation process in discrete steps
allowed the designer to apply different generative
processes in a multi-staged design process.

Aesthetic guidance of design space generation
allowed the designer to actively explore the effect
of different design space geometries on the genera-
tive design of themicro-structure, defining the struc-
tural node. Thereby, the evolutionary design pro-
cess incorporated fitness criteria as part of the inter-
active optimisation. Combining both performance-
and perception-based modes of evaluation ensured
a feasible design outcome in reference to the aes-

thetic decision path explored by the designer.
In brief, the two stages of Smart Structures

Project reported in this paper are:

• interactive node design using Typogenetic De-
sign

• micro structure generation for material reduc-
tion

As a result of this stage of the Smart Structures
Project, a physical prototype displayed in figure 5
was generated and fabricated using additive manu-
facturing. From a tectonic perspective, the structural
node showed different levels of expression defined
by design space, design elements and non-design el-
ements. In particular the structure of the lattice grid
on the micro-level introduced an aesthetic feature,
whichworkedon a smaller scale thanprevious explo-
rations in custom-optimisation of structural nodes.

Dividing the decision-making process for design
of structural components into stages reduced com-
putational cost during generation of design space
geometry. Different levels of scale have specific
computational needs and computational costs, in-
creasing towards higher resolution of geometry. Ex-
tending grammar evolution as computational design
method utilizing aesthetic evaluation introduced
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Figure 5
3D-printed physical
prototype of
interactively
designed
custom-optimized
structural node

qualitative criteria to the fitness function. Therefore,
the designer was able to use tacit knowledge about
artistic expressivity, procedural knowledge about de-
signing and sense of form. Due to the subjective na-
ture of aesthetics, the intelligent control system was
estabilshed as an adaptive process for design space
exploration, which incorporated the two aesthetics-
based fitness measures Shape Comparison and On-
line Classification as guidance procedure.

The investigated design system introduced intel-
ligent control to generative design, reclaiming some
of the delayed authorship in generative design by
providing the designer with additional agency. Ad-
ditional, the reduction of the design effort during
the process by minimizing the number of design
space geometries provided a stream-lined process
for exploring a set of solutions. Augmentation of
the human-in-the-loop in interactive optimisation by

a machine-learning system facilitating intuitive de-
sign space exploration provided additional creative
freedom. Therefore, designer engagement was en-
hanced by enabling the designer to use the own cre-
ative approach inherent in her or his tacit knowledge.

DISCUSSION
Smart Structures was a step on the path to control
increasing complexity enabled by current technolo-
gies of additive manufacturing and generative de-
sign. Interactive evolution of design spaces super-
seded the use of shape catalogues for review of dif-
ferentdesign solutions. Applicationof interactiveop-
timisation allowed the designer to review design so-
lutions in respect to qualitative criteria drawing from
the designer’s implicit and explicit knowledge. Em-
bedding further steps of geometric synthesis in the

D1.T4.S2. MAKING THROUGH CODE –BUILT BY DATA AND THE ARCHITECTURAL ILLUSTRATION - Volume 1 - eCAADe 38 | 629



explorative process would allow the designer to re-
view the full virtual prototype of the structural node
with optional overlay of structural optimisation re-
sults. At this stage the virtual protoype was used to
review aesthetic properties with the support of the
intelligent control system.

Figure 6
Mass-customisation
using Typogenetic
Design

The definition of customer requirements for mass-
customisation was basis for creative decision sup-
port using machine learning techniques (see fig-
ure 6). Product components were introduced to
shape grammar representation as shapes and fea-
tures to define the design space of the structural
node. Specifically the use of grammar evolution
methodology allowed the evolutionary search to be
conducted in a pre-defined solution space. Rules for
combination were applied using strongly-typed ge-
netic programming (Montana 1995) to restrict shape
grammar expression. Additional rules for satisfaction
of customer requirements were introduced as opti-
misation criteria like compact shape criterion. Aes-
thetic requirements were considered by using refer-
ence input and interactive evaluation for user input.
Result of the process was an individually customized

product as a custom-optimized node for structural
application.

The chosen design strategy incorporated inter-
active capabilities andmulti-stagedmodeling in ahy-
brid system for structural optimisation. This strategy
focused on continuous differentiation of the struc-
tural system to minimise material use and increase
delicacy of the resulting custom-optimized nodes.
Using semi-automated design for multi-stage struc-
tural optimisation could increase efficiency of addi-
tive manufacturing by further reduction of raw ma-
terial use. The generation of 3D-printable node ge-
ometries by using the design system investigated
during Smart Structures Project might also reduce
the amount of shop drawings necessary to fabricate
structural nodes, because the 3D-models could be
handed over to the fabricator as basis for automated
generation of construction drawings.

Combination of complex structural systems us-
ing structural optimisation with intricate node de-
tailing in a staged procedure allowed the designer
to interactivelymass-customise structural nodeswith
novel aesthetic attributes. In general, structural per-
formance is often the single decision variable in
structural optimisation, despite the existence of a va-
riety of other factors influencing the design of build-
ing structures. Integration of aesthetic criteria al-
lowed the designer to explore solutions for custom-
optimized structural nodes in a novel mode of de-
sign. The investigated design system offered capa-
bilities to support creative decision-making.

CONCLUSIONS
Integrating aesthetic criteria into interactive explo-
ration of design spaces added more flexibility to
design of custom-structural nodes. This adaptive
methodology allowed the designer to navigate the
evolutionary design process by selecting preferred
design space geometries. During the design process
an intelligent control system provided direction by
ShapeComparison, guided the searchbyOnlineClas-
sification and controlled population size using sim-
ilarity metrics. The aesthetic preferences of the de-
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signer were tracked by the intelligent control system
and applied in periods of automated evaluation of
the evolutionary search.

Above all, the intelligent control system reduced
the user effort during evolutionary design of struc-
tural nodes by:

• Giving the designer an elevated starting posi-
tion by directing initial generations using refer-
ence input

• Recommendation of aesthetically preferred so-
lutions using Shape Comparison and Online
Classification

• Removing similar solutions from the population
using similarity metrics

The presented enquiry contributed to the explo-
ration of geometric solutions for defining design
spaces. Clearly, the adaptive process added flexibil-
ity and variation to custom-optimisation of structural
nodes. As a result, a fully digital process from de-
sign to production was showcased and used as test
bed for aesthetic guidance in interactive node de-
sign. Most significantly, the investigated design sys-
tem provided capabilities for enhancing smart pro-
duction systems. A translation of the investigated
process for industrial scale fabrication could use the
same technology for prototyping and production. In
this context, findings from designing and testing the
physical prototype could be translated to the smart
production system and integrated into the grammar
definition.

FUTUREWORK
The Smart Structures Project introduced a research
trajectory for interactive exploration of design space
geometries. In the next step, Bi-Directional Struc-
tural Optimisation (BESO) will be applied as gener-
ative algorithm to define design space geometry.
In this context, the stochastic features of the BESO-
algorithm will be explored.

Futhermore, the application of neural networks
will be used to predict the structural performance of
the load-bearing systemondifferent scales. This step

will allow the design system to display simulation re-
sults formembers and nodes of the structural system
with reduced computational costs. Introducing dif-
ferent levels of abstraction in the representation of
the structural systemwill allow the designer to effec-
tively adapt computational resources to the current
review task.

Finally, the design and production of a building-
scale prototype using the interactive design process
will be a way to showcase the application of adap-
tive virtual prototypes for designing structural sys-
tem and structural nodes in an integrated workflow.
During this process, additional research on the chal-
lenges and limitations of additivemanufacturing will
feed back into the representation of the structural
system.

Applying selective laser sintering will need to in-
tegrate evaluation criteria in respect to thermal prop-
erties of the material. Essentially, a simulation of the
thermal flow inside thematerial using computer fluid
dynamics will provide the insights necessary to de-
sign those criteria. However, the material reduction
in selective laser sinteringwill create significant value
compared to fused deposition modeling, especially
when structural nodes will be fabricated inhouse. In
this case, saving material will be proportional to re-
ducing costs.

However, if a consequent research of material
reduction of custom-optimized structural nodes is
achieved during design, different geometries, fabri-
cation techniques and material parameter will need
to be taken into account. The geometric represen-
tation will be explored in the stages of design space
generation, shape generation and micro structure to
track efficiency ofmaterial distributions. Those inves-
tigations will be accompanied by physical testing of
prototypes. Continually workingwith a specific addi-
tive manufacturing technology over a longer period
of time will reveal additional rules for designing for
this fabrication process.
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As the architecture industry engages computational methods to automate and
optimise design processes, decision-making becomes embedded and hidden
within complex code. Even where employees understand the procedure and logic
of architectural scripts they may struggle to understand those developed by others
and used on different projects. Accordingly, this paper outlines the research and
development of a workflow to trace and document the decision-making history
(DMH) of architectural scripts. This develops the relational database Huginn to
test the feasibility of tracing decision-making history in scripting through a
Python Web framework that sends data in a JavaScript Object Notation (JSON)
format from Grasshopper. The research outcomes successfully demonstrate a
system that can link a series of objects to their `decision' origins. This contributes
to informing the development of theoretically-grounded coding protocols and
simultaneously demystifying the complexity of architectural scripting and
communicating the significance of data-augmented decision making within
contemporary architectural design processes.

Keywords: Automation in Architecture, Design Optimisation, Architectural
Scripting, Decision Making History, Database, Visual Programming

1. INTRODUCTION
“Any sufficiently advanced technology is indistin-
guishable from magic” (Clarke 1973, p.236). Despite
scripting becoming a design practice tool significant
to developing operational workflows in the architec-
ture, engineering and construction (AEC) industry,
Clarke’s quote remains relevant. Particularly, those
workingwithin architecture often do not fully under-
stand the procedure and logic of scripts that they ap-

ply as theymay have been developed by others. This
matters as computational tool adoption becomes in-
creasingly entangled with project decision-making
processes. Enabling a wider range of non-scripting
literate architectural employees tounderstand script-
ing proceduresmay contribute to improving produc-
tivity in architecture. If the logic chain of scripts can
be identified and represented it may be easier to
recognise opportunities for script re-use and adapta-
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tion and could avoid unnecessary re-do work. Fur-
thermore, this may contribute to increasing scripting
literacy in architecture. Often a reluctance to partici-
pate in developing new skills relates to a fundamen-
tal issue of unfamiliarity and a lack of trust in an un-
known system (Heumann & Davis 2020).

An architectural script can be defined as code-
typically written in a visual programming language
such as Grasshopper or Dynamo-that intends to “au-
tomate repetitive activities...extend design experi-
mentation...[and] improve file-to-factory protocols”
(Burry 2011, p.8-9). As this type of work is not yet
typically undertaken by all employees in architec-
tural practices (Gardner 2018, 2019) it is often not
well understood or valued. Additionally, there is lim-
ited evidence of established workplace procedures
for documenting the decision-making history (DMH)
of architectural code (Peng et al. 2000). Chachere
and Haymaker (2011), adopt the term Design Deci-
sion Rationale (DDR) to define of “a set of assertions
that...support design decisions” (2011, p.86). Here,
we define DMH as the series of decisions and logi-
cal rules that are connected in a computational sys-
tem that culminate in an outcome, where the out-
come might refer to an architectural model or a ge-
ometry or value within. As demand increases for
built environment project outcomes to demonstrate
evidence-based design principles and be ‘measur-
able’, the routine documentation of DDR or DMH be-
comes ever-necessary to substantiate and quantify
design reasoning (Criado-Perez, et al. 2020).

Accordingly, this paper outlines a research
project that explores the development of a DMH
workflow method for documenting architectural
scripting procedures and their DDR. By increasing
the transparency of architectural scripts or code,
this research aims to develop a tool that improves
scripting comprehension and builds familiarity with
computational processes. In so doing this research
aims to improve the accessibility, uptake, and suc-
cess of computational workflow automation in ar-
chitectural practice. To do this, the research has de-
veloped a Grasshopper and Web database workflow

that reveals scripting decisions. While it is already
achievable to transfer geometric data into a Web en-
vironment (Leung, et al. 2018), this research more
specifically explores how this data could integrate
DDR information.

2. METHODOLOGY
Exploring the problems and opportunities associ-
ated with emerging digital technologies in an in-
dustry context towards informing positive workflow
changes, is well-suited to an immersive and partic-
ipatory approach that engages users as well as re-
searchers. As such, Action Research (AR) is the over-
arching methodological framework for this research
project. Consequently, the research has followed
the spiral of steps typical to the AR process of ‘plan’,
‘action’, ‘observe’ and ‘reflect’ (Kemmis 2009). The
research problem of revealing DMH in architectural
scripts has been defined through collaboration with
the research industry partner REMOVED FOR PEER
REVIEW. The DMH workflow method for document-
ing architectural scripting procedures has been itera-
tively developed, deployed and assessed through cy-
cles of action and reflection.

3. BACKGROUND RESEARCH
In industry sectors such as finance and manufactur-
ing, data is routinely used to inform decisions and
improve efficiency. These industries have devel-
oped on a framework of “technological change cap-
tured under the rubric of automation” (Pardo-Guerra
2012, p.568). In architecture, as Carpo (2018) reflects
“Twenty years ago we thought computers were ma-
chines for making things; today we find out they
are even more indispensable as machines for think-
ing” (Carpo 2018, p.135). Certainly, cheaper software
and hardware costs, coupled with growing comput-
ing processing capacity has influenced a growth in
the exploration of data applications and computa-
tional methods in architecture. And while numer-
ous research projects have explored generative data
systems for optimising spatial layout planning (An-
derson et al. 2018; Das et al 2016; Hua & Jia 2010;
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Nagy, et al. 2017) data use in architectural practice
is more typically associated with Building Informa-
tion Modelling (BIM). A 2017 research survey (Gard-
ner 2018) highlighted that 87% of architectural em-
ployees used Revit (a singular BIM software) in their
workplace suggesting it’s near ubiquitous integra-
tion within the industry. BIM is viewed as essential to
contemporary AEC projects to “improve productivity
andquality [and] curtail the project delivery time and
cost” (Kushwawa 2016, p.100).

Scriptingor codingpractices in architecturehave
also become synonymous with workflow automa-
tion, optimisation and productivity goals. See and
Lee (2004) describe automation as a form of tech-
nology that “actively selects data, transforms infor-
mation, makes decisions, or controls processes” (p.
50). In architecture processes include the use of vi-
sual scripting languages such as Grasshopper and
Dynamo as well as coding platforms like Python and
VBScript (Leitão & Santos 2011; Cichocka, et al. 2017).
Now, optimisation and automation scripts span a
wide scope of architectural applications from solar
access to regulatory compliance checking (Balaban
2012; Patlakas, et. al. 2017; Guedes & Andrade
2019). But while architectural scripts are often task-
oriented they are also entangled with architectural
design thinking and decision-making.

Architecture is a culmination of often complex
and messy decision-making. Designing engages
”many interdependent decisions” (Lewis et al. 2007).
The processes of decision-making in design creativ-
ity has been the focus of much design studies schol-
arships (Cross 2011). Decision Theory (DT) more
generally seeks to explain the process of making
choices and the rational of the best course of action
to maximise expected utility. In the context of com-
putational workflows in design, Chachere and Hay-
maker’s rationale clarity framework (2011) and Peng
et al.’s (2000) object-oriented information manage-
ment framework both explore structures of formal
design decision documentation that provide a jus-
tification and DT grounded rationale of choices and
the opportunity to retrieve a DMH record. Peng et

al. (2000) argue that linking decision history to ra-
tionalised CAD items can be achieved through the
object-oriented programming language C++. More
specifically, Arroyo et al (2012) have explored the var-
ious mathematical models of multiple-criteria deci-
sion making and their relevance to the AEC indus-
try. Thesemethods are characterised by their depen-
dency on a decision matrix to inform choices, coinci-
dent with the data type a computer requires to com-
plete decision making processes. So, while existing
research highlights the significance of documenting
decision making history and develops processes for
embedding DT into code, the combination of these
two areas remains underexplored. While linking his-
tory to an object is not a new concept, and is already
a feature of modelling software like Maya, there are
no standardised systems of tracing scripted DMH.

A key challenge in documenting the DMH em-
bedded in architectural scripts is the quantification
of design qualities. Architecture is often described
through a qualitative language of style with terms
such as “organic” or “kitsch”, but a computer de-
mands a finite taxonomy for processing calculations.
Durmisevic et al. (2001) address this by creating
‘aspects’ of design traits using the categories of at-
tractiveness, wayfinding, daylight and physiology to
quantitatively measure qualitative design elements.
An alternative method by Berry & Park (2017) used
sensory equipment to produce numerical data such
as temperature and thermal comfort to rationalise
the experience of architectural space. Some architec-
tural contexts naturally lend themselves to rational-
ising qualitative experience such as sports architec-
ture, where the success of geometric decisions in the
design process is intrinsically linked with profit and
therefore a machine-legible value of success (Joseph
et al. 2015).

A further significant challenge for documenting
DMH in architectural scripts is translating the data to
enable human comprehension. Because architecture
is inherently a visual discipline in its procedures as
well as products “it is no surprise that many students,
architects and academics consider themselves ‘visual
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thinkers”’ (Austin & Wajdy 2016, p.831). But equally,
architecture’s relianceonpractices of design intuition
has limited its experience with collecting, utilising,
managing and leveraging data (Davis 2019). And
even architects who are familiar with scripting and
the individual functions of scripts may struggle to
comprehend the function of unfamiliar visual scripts
(Davis, Burry and Burry 2011). This points to the need
for an ‘inclusive’ tool that can reveal DMH in clear and
accessible manner for architectural employees who
may have a spectrum of digital skills.

4. CASE STUDY
To explore how to integrate DDR as DMH informa-
tion linked to web-hosted geometric data the re-
search project used an existing case-study script de-
veloped by REMOVED FOR PEER REVIEW for stadium
bowl generation as well as the web-based database
Huginn. While the research project uses a Grasshop-
per workflow, the principles of the research are soft-
ware agnostic and could be theoretically be applied
to other scripting platforms such as Dynamo. The
stadium bowl script was selected as it embeds a
vast amount of design decisions. Sports architecture
more generally involves many logical and geomet-
ric dependencies meaning decisions have direct in-
fluences on the form and therefore future decisions
(Joseph, et al. 2015).

4.1 CHOOSING A CASE STUDY SCRIPT TO
OPERATEON: THE STADIUMBOWL
4.1.1 Features of the existing Stadium Bowl
Script.Tobegin the research aportionof the stadium
script was isolated and divided intomultiple clusters.
Each cluster performs a primary function in creating
the output geometry and data. These clusters are ti-
tled as follows and their geometric outputs listed in
Table 1.

4.2 DEVELOPING HUGINN, A WEB-BASED
RELATIONAL DATABASE FOR STORING
JSONOBJECTS
4.2.1 Using Django REST framework to build the
Web API. To achieve a system in which DMH could
be traced, a method was established for linking de-
cisions to comprehend the ‘history’. To do this, a se-
ries of Python code modules were created using the
DjangoRESTFramework. Django is a tool for building
Web application programming interfaces (API). The
Python code was written in a way that utilises mod-
els, where a model is a set of instructions for creating
objects that have assigned properties. One possible
feature of models is the ability to link two objects to-
gether which will be referred to as mapping, effec-
tively creating a child and parent object. This struc-
ture of mapped objects stored together is known as
a relational database, meaning that any decision in-
fluenced by a previous decision will have it linked as
a parent in the database structure.

Two models were created, one called param-
eterObject for storing objects with decisions at-
tached to them (Figure 1) and one called para-
materMapThroughObject for storing themapping of
two objects (Figure 2).

Figure 1
parameterObject
Django class

Figure 2
parameterMapThroughObject
Django class

4.2.2 Hosting the code on a Pythonanywhere
server.On its own, Django provides a local API to in-
teract with, so a server was set up with Pythonany-
where which allows Python code to be hosted on-
line. This allows anyone with the URL to send infor-
mation to the Huginn database as well as view what
is currently being stored. Hosting Huginn online al-
lowed for the creation of a collaborative platform po-
tentially accessible by multiple stakeholders.
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Table 1
Clusters within the
stadium script

4.2.3 Posting andmapping objects on Huginn. To
get information onto the database, a ‘post’ request
must be made in which the database checks if the
information is the correct type for it to accept. Ini-
tially, to test if the database was working, objects
were posted directly from the Django API. The re-
quired input variables are documented in Figure 3.
The variable ‘Data text’ iswhere theDDR linked to the
object is stored. Once the localised posting method
hadbeen resolved, a service calledPostmanwasused
to test sending a post request from an external com-
puter.

4.3 DEVELOPING THE HUGINN SUITE FOR
GRASSHOPPER AND A WORKFLOW FOR
BRIDIGNG DATA BETWEEN THE TWO PLAT-
FORMS

Figure 3
The input to post
directly from
Huginn

4.3.1 Posting text fromGrasshopper.Once Huginnwas
capable of receiving data inputs, work commenced
simultaneously on thedevelopmentof theGrasshop-

per suite. This began by manually typing a JSON
formatted text box and feeding it into a GHPython
component that allows the writing of Python code in
Grasshopper. The Python code allowed the data to
be posted to Huginn from Grasshopper.

Table 2
List of data types
the ArchiJSON
component can
process

4.3.2 Converting geometry to a text format. To
send geometry objects with assigned decisions to
the Huginn database, they first had to be converted
into a text format that could be stored within the
JSON that gets posted. Building on the existing work
of REMOVED FOR PEER REVIEW, a component was
employed that uses GHPython to convert geometry
into ArchiJSON files. These JSON format files con-
tain specific instructions on how to construct a ge-
ometry including its data type and the coordinates
of the points used to construct it. Research project
time limitations meant that the component was only
capable of processing certain geometry types (Table
2), simply reproducing the name of the data type if it
couldn’t deconstruct it into core elements.
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Figure 4
Example DMH tree
of ‘Suite stairs’
object

4.3.3 Creating the components for a ‘plug-and--
play’ workflow including the documentation of
DMH. In order to make the workflow intuitive and
practical to use, it was essential to simplify the
amount of manual inputs required. By using an as-
sortment of native Grasshopper components, most
of the information required by the Huginn database
could be automatically extracted from the input ge-
ometry. This was packaged into a cluster called ob-
ject_to_Huginn that had only three inputs as follows:

1. The geometry or data
2. The name of the object
3. Thedecisionmakingprocess associatedwith the

object

The inputs were collated and packaged into a JSON
format that is posted to Huginn. A second cluster
called map_to_Huginn was developed for creating
the mapping between objects and their histories,
only requiring two inputs as follows:

1. Parent object
2. Child object

4.3.4 Deploying the Huginn Suite for Grasshop-
per into the stadium script. After verifying the suc-
cess of the Grasshopper clusters and refining them
through a series of iterations to improve simplicity
of use, the workflow was retroactively inserted into

the stadium script. Every decision that affected a
choice of outcome was documented and linked to-
gether within the Huginn database and mapped as
a DMH tree for a given object (Figure 4). Deploying
the DMH workflow highlighted several issues with
its state, including poor syntax for naming conven-
tions and slow posting when handling large quan-
tities of objects. Following this, several iterations of
code were written.

4.4 PROCESSING, UNDERSTANDING AND
COMMUNICATING THEDATA
Once the database had been compiled, it was then
possible to identify anyobject andobserve the linked
prerequisites. This was achieved by calling a function
which was only searchable via the localised Huginn
ID, which is randomly assigned, making it an imprac-
tical method of returning data. Furthermore, when
an object was searched it provided all the variables
for each of the prerequisite objects, which although
useful for the preservation of data, could easily reach
a surplus of 1000 lines making it difficult to process
as a human reader.

Given this result, additional Python code was
written to iterate over the DMH map to produce the
name of the objects and their associated history in a
comma separated values (CSV) file. Post-production
work rendered this information into an easily read-
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Table 3
CSV table of full
DMH of the ‘Suite
stairs’ in the
stadium script

able, formatted table (Table 3). This proved that it
was possible to extract DMH embedded in a script
and make it readable for a potentially wide range of
stakeholders.

5. DISCUSSION
Through an iterative exploration, this research has
developed a workflow that can reveal embedded
decision-making of an architectural script. This
demonstrates the viability of hosting geometry in a
JSON text format in an online database along with
the ability to assign decisions to specific objects. Per-
haps themost critical discovery of this research is the
workflow’s potential to draw links between various
project decisions and numerous project stakehold-
ers. This workflow has manifold benefits and uses,
from tracing accountability, education and training,
to informing the development of industry scripting
protocols. The limitations of the research in its cur-
rent state aremainly related to its 10-week timeframe
and inability to user-test the workflow. Future re-
search could be directed towards assessing the per-
formance of the developed workflow in terms of its
user experience and user interface design, including
user testing, surveys and comparisons. In addition,

there was an initial intent to incorporate the output
data within a Rhino interface where the data could
be viewed attached to the relevant geometry (Figure
6). Given data can be pulled back from the Web, this
kind of system would be easily implemented given
addition time and some skill in User Interface design.

Additionally, the development of this workflow
highlighted the challenge of distinguishing between
human-made and logic-based decisions. In this re-
search, decisions were categorised as human-made
or logic based. An example of a human-made deci-
sion is “Thiswill be a soccer field as opposed to anAFL
field”, whereas a logic-based decision relates to pre-
scribed building regulations. For example, while still
instructed by a human, the criteria assessed by the
script such as “According to regulations, maximum
step height is , therefore this stair should be broken
in two”. In the current workflow, the need to docu-
ment thismanually is impractical and confusing, sug-
gesting this needs further investigation. Finally, from
the perspective of accountability, the workflow tool
could be further developed with the integration of
blockchain or other data protection methods to en-
sure the legitimacy of a DMH tracing system.
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Figure 5
Overview of the
complete Huginn
workflow

6. CONCLUSION
Decision-making is “argued to be the principle ac-
tivity” of architecture and engineering (Lewis, et al.
2007). As the architecture industry increasingly en-
gages computational methods to automate and op-
timise design processes, decision making becomes
embedded and hidden within complex code. If the
logic chain of scripts can be identified and repre-
sented it may be easier to recognise opportunities
for script re-use and adaptation and avoid unneces-
sary re-do work. A workflow to reveal DMH in ar-
chitectural scripts could further assist to address is-
sues of trust and accountability, be used in educa-
tion and training and inform the development of in-
dustry scripting protocols. This paper has outlined
a research project to develop a workflow to capture
the DDR and communicate the DMH in architectural
scripts to future users as well as those who are not
necessarily script-literate. Using the Web-hosted re-
lational database Huginn, this research project suc-
cessfully demonstrates a workflow to send object-
linked DDR from Grasshopper and return relevant
entity-selectedDMH. This represents a definitive step
towards simultaneously demystifying the complexity

of architectural scripting while also communicating
the significance of data-augmented decisionmaking
within contemporary architectural design processes.
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Every time an object is built, it creates a relationship with the ground. Architects
have a full responsibility to design the building by taking the ground into
consideration. In the field of architecture, using data mining to identify any
unusual patterns or emergent architectural trends is a nascent area that has yet to
be fully explored. Clustering techniques are an essential tool in this process for
organising large datasets. In this paper, we propose a novel proof-of-concept
workflow that enables a machine learning computer system to cluster aspects of
an architect's building design style with respect to how the buildings in question
relate to the ground. The experimental workflow in this paper consists of two
stages. In the first stage, we use a database system to collect, organise and store
several significant architectural precedents. The second stage examines the most
well-known unsupervised learning algorithm clustering techniques which are:
K-Means, K-Modes and Gaussian Mixture Models. Our experiments
demonstrated that the K-means clustering algorithm method achieves a level of
accuracy that is higher than other clustering methods. This research points to the
potential of AI in helping designers identify the typological and topological
characteristics of architectural solutions and place them within the most relevant
architectural canons

Keywords: Machine Learning, Building and Ground Relationship, Clustering
Algorithms, K-means cluster Algorithms

INTRODUCTION
There are different clear approaches to the way ar-
chitects connect their buildings to the ground. For
example, in 1942, Rudolph Schindler established his
Harris House on an existing rock which he used as
a foundation. However, King Road House (1922), by

the same architect, rests on the earth without adapt-
ing to the ground beneath it (Berlanda 2014). In
La Tourette church 1956, Le Corbusier implements a
strong Integrative relationship with the ground. The
church rests on the ground in one part and its slope
on the other. By lifting the church off the ground, Le
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Corbusier allows the basement to intermediate the
different levels (Arnold and Cling 2002). Luigi Snozzi,
inmost of his hillside houses, generates one solid vol-
ume embedded in the ground, while other Sonzzi
work looks to rest upon a carpet (Snozzi et al. 1995).

Clustering an architect’s style through their ap-
proach to the relationship between building and
ground allows the categorisation of an extensive
database into semantic groups belonging to specific
historical periods, building types, and regions. These
databasegroups enable aneffective and fast retrieval
of this data. Moreover, grouping the architecture and
the architect’s style has receivedmuch attention over
thepast decade. Thefirst studyof clustering and clas-
sifying architectural styles attempted to build a ma-
chine vision system for classifying windows accord-
ing to architectural styles (Shalunts, Gayane, Yll Hax-
himusa, 2011). A year later, (Shalunts, Haxhimusa and
Sablatnig, 2012) and (Shalunts, 2012) offered a simi-
lar digital approach based on clustering and utilising
local features to classify building facades according
to Gothic and Baroque styles. According to (Xu et al.,
2014) most of the current architectural style classi-
fication algorithms focus on the effective extraction
of distinctive local patches or patterns (Berg, Grabler
and Malik, 2007) and, (Philbin et al., 2007). The last
five years have seen a new development in archi-
tectural style classification using deep convolutional
neural networks (DCNN). (Obeso et al., 2016) aimed
to use DCNN to classify Mexican historical buildings,
while (Yoshimura et al., 2019) proposed to apply it
during the classification of architectural design.

Previous work has been limited to using an im-
age database to classify and cluster architectural
styles. Although these approaches are interesting,
they do not allow the machine to cluster the data
without supervisionor taggingof images. To thebest
knowledge of the authors, no work has been carried
out using unlabelled data (unsupervised) to cluster
architectural styles.

The primary purpose of this paper is to estab-
lish an architectural description framework of the
figure-ground relationship within various architec-

tural styles. The main concern is to clarify the differ-
ent architects’ building styles and their relationship
with the ground. The significance of this research is
to help both academic and practising architects un-
derstand and identify the typological and topologi-
cal characteristics of their architectural figure-ground
syntax and place it within themost relevant architec-
tural canons. This, in turn, will supply a large amount
of knowledge of the various building-ground rela-
tionships. This study attempts to use a computa-
tional machine learning algorithm to develop a pre-
diction model which helps analyse and understand
the building-ground relationship. Cluster machine
learning techniques will be employed to create a
taxonomy based on discovered similarities between
building and ground relationships.

This paper is organised as follows: Firstly, there
will be an overview of the building-ground relation-
ships and the taxonomy of these links. Secondly, the
related work carried out using the clustering algo-
rithm will be highlighted. Thirdly, there will be an
overviewof thealgorithmthatuses anddescribes the
methodology of the K-Means, K-Modes andGaussian
Mixture algorithms. Fourthly, there will be an analy-
sis of the results experiment. Fifthly, the results and
limitations will be discussed. The final section will
conclude the research and make suggestions for fu-
ture study.

BUILDING ANDGROUND RELATIONSHIP
The building and ground problem has long been dis-
cussed in the architecture discipline. Historically, ar-
chitects have observed the ground as reliable phys-
ical and conceptual support for their work. How-
ever, recent technological, philosophical and geopo-
litical changes have improved the notion of connec-
tions with the ground (Porter, 2018). Modern archi-
tects respond to these conditions by inventing for-
mal topologies, while some modern architects de-
sired steel frameworks. Reinforced concrete is con-
sistently used in providing a physical disengagement
with the building form and the ground. For instance,
the Convent of La Tourette by Le Corbusier facilitated
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Figure 1
Building and
Ground
Relationship
Taxonomy

a surprisingly diverse range of approaches relative to
the ground (Samuel, 2013). Other architects decon-
structed the architectural objects by connecting and
permeating the interior space into surrounding land-
scapes (Leatherbarrow, 2004). Contemporary archi-
tects used similar methods with the ground; some
adopted the idea of disregarding it through the use
of autonomous objects while others made an effort
to the case of the division between landscape and
building with megastructures, field conditions, land-
formbuilding and landscapeurbanism (Porter, 2018).
However, building and ground problems have long
been discussed in our discipline, yet, there is an ap-
parent lack of assessment criteria of how a building
touches the ground.

Building and Ground Taxonomy
According to the (Toma Berlanda 2014) lexicon, the
current building -ground relationship taxonomy is di-
vided into three main categories: separation; adher-
ence; and interlock. Moreover, the building touches
the ground via different categories; grounded; un-
grounded; foundation; plinth; artificial ground; and
absence of level. Additionally, the building’s rela-
tionship with the terrain is defined through, topog-
raphy; landing and grounding; strata and earthwork-
landform. Finally, the metaphorical relationship in-
volves feet on the ground, anchoring, roots and
clouds. (See Figure1).

RELATED WORK OF MACHINE LEARNING
CLUSTERING ALGORITHMMETHODS
Clustering plays an essential role in data analysis.
Clustering algorithms have been implemented in
many problem domains and have continued to de-

velop in a variety of areas for different types of appli-
cation. This is because not all of these are suitable for
all types of applications (Dharmarajan and Velmuru-
gan, 2016). This section describes the related cluster-
ing algorithm work carried out by the researcher in
a different discipline. However, focusing on this sec-
tion will be in the clustering algorithm applied to the
field of architecture.

(Glaser and Peng, 2003) examined the LiQuID
tool, which was used to cluster lighting simulation
data. They aimed to reduce large complex sets of
photographs by classifying them into representative
prototypes. LiQuID and Light Sketch tools help archi-
tects create a quick design and decide on the build-
ing light quality. However, thesemethods suffer from
several pitfalls. Firstly, the illuminance data is not
considered in the classification. Secondly, the visu-
alisation of clusters needs to develop further. Finally,
the similarities between larger temporal units need
to be addressed.

Experiments examining the resulting population
of alternate designs and providing insight into the
relationship between architectural features and de-
sign performancewere conducted by (Chen, Janssen
and Schlueter, 2015). The experiments show that it
is possible to gain general knowledge by linking ar-
chitectural features to design performance. There is
still considerable ambiguity about this information
because it is not easy to rely on the specific groups
being compared. Moreover, it does not seem to
have any architectural features, which in turn makes
it complicated, concluding anything in terms of per-
formance.

(Lee and Lee, 2016) investigated the colour pat-
tern difference between Eastern and Western cul-
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tures using a case study of Disneyland Paris and
Tokyo Disneyland. The result indicated that the for-
merwas using green and bluish colours while the lat-
ter featuredmore red and yellowish colours based on
CIELAB colour space values. This paper had some dif-
ficulty in obtaining building images due to trees or
visitors in the park. Therefore, the result will be im-
proved with higher resolution images.

CLUSTERING ANALYSIS
Generally, cluster analysis is grouping objects, as ob-
servations or events, based on the datum found in
the data describing the objects or their relationships
(Sharma, Bajpai and Litoriya, 2012). Clustering is the
task of grouping a set of similar objects into the same
group called a cluster. Cluster analysis is a ML task
which can be performed using a ML algorithm. The
clustering task can be achieved by implementing di-
verse algorithms that differ widely in their concept
and the process of deciding the output.

UNSUPERVISED MACHINE LEARNING
(CLUSTERING ALGORITHM)
Machine learning is a fieldof research andpractice re-
lated to developing computer programmes that are
configured to improve their performance in a given
task through the acquisition and processing of incre-
mental data (Mitchell, 1997). The simplest machine
learning definition is “learning from data” (Geron,
2019). Using machine learning has high potential.
It is excellent for simplifying code to perform better
than hand training or writing an extended code of
rules. Machine learning is useful for finding a solu-
tion when using a traditional approach is unsuccess-
ful. According to the volume and type of supervi-
sion, the machine learning algorithm can be classi-

fied into different categories: supervised; unsuper-
vised; semi-supervised; and reinforcement learning
(Géron, 2017). In unsupervised machine learning al-
gorithms, training data is unlabelled, so the algo-
rithm learns without requiring a teacher.

Centroid ClusteringModels
In the centroid model, the concept of similarity is
derived from the closest point to the centre of the
clusters. Many algorithms use this approach of clus-
terings, such as k-means, k-medoids and k-modes.
These models require the user to input the desired
number of clusters, which makes it essential to have
prior knowledge of the dataset. Centroid clustering
models need to be run iteratively to find the optimal
solution. (See Figure 2)

K-Means Cluster Algorithm
K-means is a prevalent machine learning approach
for clustering (Hartigan.J.A and Wong M.A., 2001).
K-means is an unsupervised machine learning algo-
rithm that is distance-based and uses an intrinsic re-
lationship between data points (Stasiuk and Thom-
sen, 2014). The initialisation steps of k-means algo-
rithm can be explained as follows: (1) selecting the
first division with K clusters; (2) generating a new di-
vision by assigning each point to its closest cluster
centre; and (3) calculating new cluster centres (Jain
and Dubes, 1988). Step (4) reiterates steps (2) and
(3) repeatedly until reaching a stable state, in which
the data points no longer change between clusters,
meaning centroids do not require any recalculation
(Stasiuk and Thomsen, 2014).

K-Modes Cluster Algorithm
A similar alternative to k-means is the k-modes clus-
tering algorithm which replaces the “means” of clus-

Figure 2
The centroid
clustering
Algorithm
processes
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ters with “modes”. K-modes is an unsupervised learn-
ing option because there are no assumptions about
the data. An important k-modes feature is explicitly
optimising a “matching” metric, which corresponds
to the loss function (Chaturvedi, Fooda and Green,
2001).

Gaussianmixturemodels (GMM)
Gaussian mixture models (GMM) are an extension of
the k-means algorithm model in which clusters are
modelled with Gaussian distributions. GMM is used
mainly for probability density estimation, which is
also known as soft clustering (He et al., 2017). Fur-
thermore, the concept of using GMM is to find clus-
ters that share similar properties, which means data
is overlapped (Yambem and Nandakumar, 2016). A
GMMconsists of several Gaussians, each identifiedby
k  {1,..., K}, where K is the number of clusters. Each
Gaussian k consists of the following parameters: μ
mean, which defines its centre; Σ probability, which
defines its width; and π, which defines how large the
Gaussian function will be (Carrasco, 2019).

METHODS
To understand the architect’s approach to the build-
ing and ground relationship, several case studies
need to be clustered and analysed. A novel proof-
of-concept workflow was developed to enable a ma-
chine learning computer system to learn how to clus-
ter aspects of an architect’s style when designing a
building and determine how these buildings relate
to the ground. Several clustering algorithm models
were evaluated to find the most suitable algorithm

that works with this kind of problem.
The data was collected and then archived us-

ing Microsoft Access database software. All mod-
els were run in a Jupyter Notebook using the Scikit-
learn library which is a free machine learning soft-
ware library for the Python programming language.
All experiments were executed on a regular laptop
computer runningmacOS Catalina 10.15.2 operating
system with the following configuration: a 2.7 GHz
Quad-Core Intel Core i7 with 16 GB memory.

The k-means and k-modes models were chosen
for three reasons: (1) a general-purpose form of the
problem is required; (2) similar cluster sizes; and (3)
a moderate number of clusters. The reason for using
Scikit learn library to implement the clustering algo-
rithm is because it provides an easyway to use the in-
terface with the Python language (Pedregosa Fabian
et al., 2011). Moreover, GMM was used to see if there
is any uncertainty in clustering methods. K-means
can provide information about which data point be-
longs to which cluster, while GMM offers details of
the possible groups. K-means can be seen as a case
of GMM with equal expectations per component.

Data Collection and Pre-Processing
A total of 139 architectural precedentswere recruited
for this study. The architectural examples were col-
lected during the initial step. All of the collected
building data focused on residential buildings from
three specific periods in history: modernism, post-
modernism and contemporary.

After the data has been collected, the clustering
model was constructed. The first step after reading
the excel data file is to translate the non-numerical

Figure 3
Methods Workflow
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data to numerical data to enable themachine to read
it (see Table 1). Machine learning algorithms cannot
work on label data directly. They require all input and
output variables to be numerical data. This means
that categorical data must be converted to a numer-
ical data form. There are two steps for converting
categorical data to numerical data: integer encoding
and one-hot encoding. In this experiment, a one-hot
encoding array was used as a way of changing the
input data. One-hot encoding is a process of con-
verting a categorical variable into a form that enables
the ML algorithm to learn more clearly. In one-hot
encoding form, a0 indicates a non-existing category,
while 1 means an existing category (see Table 2).

The purpose of using one-hot encoding is that it
will allow themodel to assume a natural ordering be-
tween categories (Brownlee, 2017).

Table 1
Noun-numerical
Data to Numerical
Data

Table 2
One Hot Encoding
array

Performance Evaluation
Generally, two types of performance evaluation can
be used to evaluate the algorithm model. The first,
external evaluation, utilises information about the
data sets such as normalised mutual information,
Rand index and F-measure. Meanwhile, the second,
internal evaluation, assesses the data set itself using
silhouette score, Davies-Bouldin index, Partition co-
efficient and others. The silhouette index score was
used to measure the separation distance between
the resulting clusters. The silhouette score displays
how close each data point in one group is to the
neighbouring groups. It has a range of [-1, 0, 1],

which means the +1 rating indicates this data is far
from the adjacent clusters while the score close to -
1 implies that the data might have been allocated to
the wrong group. In this paper, the coefficient score
was used as a parameter to discover the best clus-
tering. Furthermore, the squared Euclidean distance
was used to measure the dissimilarity between ob-
jects for k-means and k-modes clustering as well as
computing the silhouette score.

EXPERIMENTAL RESULTS
Three different unsupervised algorithms were
adapted: k-means; k-modes; and Gaussian mixture
models (GMM). An attempt was made to cluster the
architectural precedent into different groups called
“Architect’s styles”. In the experiment, the training
and testing ratio was set to 70 percent training data
and 30 percent of the testing data. The only changed
hyperparameterswere the k number and fitting time.

In this experiment, we used t-SNE methods to
demonstrate the clustering results. t-Distributed
Stochastic Neighbor Embedding (t-SNE) is used to vi-
sualize unsupervised high-dimensional data by pro-
jecting each datapoint to a spot in a 2D or 3D-
dimensionalmap (VanDerMaatenandHinton, 2008).
The t-SNE algorithm computes a measure of similar-
ity between pairs of states in high-dimensional space
and in low-dimensional space. Then it tries to im-
prove these two similarities using the cost function.

Moreover, we used Elbowmethods to determine
the optimal number of clusters. Elbow methods is a
method that looks at the contrast ratio shown as a
function of the number of clusters (Bholowalia and
Kumar, 2014). We identified the “elbow criterion”
through following the line chart that resembles an
arm, then the point of inflection on the curve is an
indication to the best model provided at that point
(Yellowbrick, 2016).

K-Means and K-Modes experiment results
The k-means algorithm was run with different num-
bers of clusters (see Figure 4). The best silhouette
score related to the appropriate time was found in
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Figure 4
Silhouette score
Elbow for K-Means
Clustering

Figure 5
Silhouette score
Elbow for K-Modes
Clustring

Figure 6
t-SEN K-Means plot
for 5 clusters (Left)
and 8 clusters
(Right)

Figure 7
t-SEN K-Modes plot
for 5 clusters (Left)
and 8 clusters
(Right)

five clusters with a rating of 0.69 silhouette score
(84.5 percent). In k-means, the time was not affected
by themodel like the other algorithms; therefore, the
best result was found at k=11, which reached 0.87 sil-
houette score (93.5 percent). However, the purpose
of using clustering algorithms is to find a small num-
ber of clustering. Therefore, the acceptable number

of clusters compared with this piratical kind of prob-
lem was found in eight clusters where the silhouette
score reached 0.78 silhouette score (89 percent).

In parallel, the k-modes algorithm was run using
the same number of clusters (see Figure 5). The best
silhouette score was found with five clusters with a
ratingof 0.69 silhouette score (84.5percent). Thiswas
similar to the k-means algorithm. Furthermore, in a
case that was abandoned, the best result was found
at 11k, which reached 0.80 silhouette score (90 per-
cent). This result was worse than k-means. Moreover,
in the k-modes model, there was no improvement of
the score after the 5 k; an increase only appeared in
cluster nine with a rating of 0.76 silhouette score (88
percent).

While both clustering algorithms revealed
strong accuracy, the k-means method yielded a bet-
ter overall silhouette score with less fit time.

To validate the results obtained from k-means, a
plot t-SNE was used to show the clustering distribu-
tion. In the t-SNE graph below, both clusters five and
eight show a clear group separation. Therefore, both
are good in terms of the partitioning concept (Fig-
ure 6). Equally, in the k-modes algorithms, the five-
cluster plot demonstrates clearer separation than the
eight-cluster model (Figure 7). A comparison be-
tween k-means and k-modes shows both models
have a clear plot t-SNE, which means both are suc-
cessful in describing the partitioning idea.

To visualise the results, the testing resultwas split
into groups of images. Architectural precedents and
their designers are shown in (Figure 8). Cluster 0
presented the similar architectural styles which in-
volved interlock approaches to the ground. Taking
cluster 0 as an example, the case studies were (1)
Lovell House for Richard Neutra and (2) Wolfe House
for Rudolph Schindler. Both have a similar approach
to the ground which is interlock. Meanwhile, in clus-
ter one, the case study involved (1) Mirror Point Cot-
tage forMacKay-Lyons Sweetapple Architects and (2)
The 7th Roomby Snohetta. Here, both show a similar
approach to the ground, which is separation. More-
over, in cluster two the precedent (1) Dana Thomas
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Figure 8
Clusters Architects
styles in different
groups of Building
and Ground
Relationship

House for Frank Lloyd Wright has a similar approach
to the case study (2) Fish Creek House by Edition Of-
fice in designing a building with an adherence rela-
tionship to the ground. Finally, in cluster three, all
the examples show a similar approach to the ground,
which is interlock with more anchoring to go under
the ground.

GMMexperiment results
The GMM algorithmwas run in a different number of
clusters (see Figure 9). The purpose of using GMM
was to locate uncertainty in the groups. The t-SNE
of GMM experiment shows that there was no overlap
between the clusterswhichmeans that all thegroups
were certainly partitioning (see Figure 10). Moreover,
it still obtained a good accuracy result such as 0.67
silhouette score (83.5 percent) at cluster five, approx-
imately 0.75 silhouette score (87.5 percent) at cluster
eight and approximately 0.87 silhouette score (93.5
percent) at cluster 11.

Figure 9
Silhouette score
Elbow for GMM
Clustering

Figure 10
t-SEN GMM plot for
8 clusters (Left) and
5 clusters(Right)

650 | eCAADe 38 - D1.T4.S2. MAKING THROUGH CODE –BUILT BY DATA AND THE ARCHITECTURAL ILLUSTRATION - Volume 1



DISCUSSION
Further data collection is required to understand the
architects‘ styles through their approaches to the
ground. Also, the paper results are preliminary and
could have a bigger sample to test in future stud-
ies. According to the results shown in Table 1, all
the models reach a high level of accuracy. To have
high model performance the optimum number of
clusters must be selected. In this case, the ideal k
number was eight clusters. The k-means model of-
fers the most consistent accuracy. The purpose of
using GMM was to locate uncertainty in the groups.
However, in this model GMM does not provide us
with this probability, because the data points arewell
separated into groups. Although the GMM model
does not cluster soft assignments, it clusters hard as-
signments with similarly high accuracy to k-means.
Our findings seem to demonstrate that K-Means, K-
Modes, and GMM achieved high accuracy on cluster-
ing architects’ styles. Therefore, our approach would
lend itself well for use by researchers to create a tax-
onomy based on a similarity between architectural
precedents.

CONCLUSIONS
This paper has suggested a new proof of concept
workflow that enables machine learning to automat-
ically discover how different architects design the re-
lationship between a building and its surrounding
ground. We applied three machine learning algo-
rithmmodels to a collected set of architectural prece-
dents and found that K-meansperformedbest for our
type of data. Our investigation into this area is still
ongoing and seems likely to confirm our hypothe-
sis of using unlabelled data to cluster building and
ground relationships. We have obtained accurate re-
sults proving that all ML algorithms cluster the prob-
lem with high accuracy. The highest accurate results

were found consistently with the K-means algorithm,
which is approximately 0.78 silhouette score (89 per-
cent) for 8 clusters. There are many alternative ap-
proaches to clustering that can be used, such as K-
Medoids, K-Medians, and fuzzy c-means. This paper
is part of an ongoing PhD-research which is devoted
to the exploration of the relationship between the
building and ground. Future work will concentrate
on using different data to generalise this approach.
We are confident that our research will serve as a ba-
sis for future studies on using unsupervised ML algo-
rithms to help the architectural disciplinewith similar
clustering problems.
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The project is a real-world case study where we advised our client in the selection
of a viable and well-performing design from a set of computationally generated
options. This process was undertaken while validating the algorithmic generative
process and user-defined evaluation criteria through scrutinizing the other
alternative options to ensure ample variability was considered. Optimisation
algorithms were not ideal as low performing options were not visible to validate
variability. We established variability by extracting the different groups of
options, proving to the client that various operational behaviours were present
and accounted for. In order to sieve through the noise and derive meaningful
results, we employed methods to filter through thousands of options, including:
k-means clustering, archetypal labelling and analysis, pareto front analysis and
visualisation overlays. We present a sense-making and decision-making process
that utilizes principles of genetic algorithms and analysis of multi-dimensional
user-derived evaluation scores. To enable the client's confidence in the
computational model, we proved the effectiveness of the generative model
through communicating and visualizing the impact of different criterias. This
ensured that operational needs were considered. The visualization methods we
employed, including pareto front extraction and analysis eventually helped our
clients to arrive at a decision.

Keywords: generative design, validation, multi-objective optimisation, k-means,
pareto front, decision-making

INTRODUCTION
One of the main benefits of computational design is
the ability to generate large option sets, the upper
bound only limited by available computing power.

Generating a large amount of information invites a
fair amount of noise in resultant data. Managing this
data and controlling the limits of the algorithm is ex-
tremely important when faced with clients that are
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not design-trained or data-inclined. When dealing
with domain-specific, operational or performance-
driven concerns, helping the client to understand
and validate the logic of a computational model is a
necessary step.

Clients and stakeholders are also very likely to
provide a long list of domain-specific requirements
and criteria, not fully comprehending the impact of
these metrics on a computational model and unable
to confidently establish priorities or weightage. This
eventually translates into a multi-objective criteria,
and its complexity and noise increases with every di-
mension added.

Multi-objective optimization is currently very
popular in computational design (Ashour and Ko-
larevic 2015). As objectives compete with each
other, designers study the tradeoffs through opti-
mizing and visualizing the set of solutions along the
pareto front (Evins 2013). A 2-dimensional pareto
front curve has optimised solutions that move from
high score in one criteria to high score in another to
determine appropriate tradeoffs and compromises
(Gero and Balachandran 1986) In genetic optimisa-
tion, according to the principle of “survival of the
fittest”, the low-performing solutions or options not
in the Pareto front are usuallyweeded out behind the
scenes (Belem and Leitao 2019). Utilization of this
approach usually only visualises a small number of
top performing solutions and is not as effective in a
noisy dataset or a generated dataset still undergo-
ing validation. Furthermore, when the pareto-front
is in more than 2 or 3 dimensions, the visualisation
of trade-offs becomes problematic to analyse. In our

case, the client was keen to establish variability and
make sure that all possible options were evaluated.
Options needed to be visible and optimisation algo-
rithms were not ideal as the whole spectrum of op-
tions were not shown.

At the same time, traditionally, clients rely on
professional consultants to present a handful of de-
sign recommendations and are not used to mak-
ing decisions when presented with large amounts
of data. Urban planners and designers have begun
to use computer simulation and models to influence
decision-making by presenting the impacts of each
recommended option in the form of evaluation met-
rics (Sevtsuk and Mekonnen 2012, Wilson et al 2019,
Hemmersam et al 2015, Al-Douri 2018). When pre-
sented with generative design and the potential of
limitless options (Figure 1), our clients were inter-
ested in understanding the rationale behind the al-
gorithmic generation of options before agreeing on
the appropriate evaluationmetrics and how to apply
them. This became a precarious participatory pro-
cess to define cardinal requirements, variables and
acceptable compromises upfront instead of the typi-
cal iterative design process with pen and paper. Due
to the multi-objective complexity of the project, the
clients were not only interested in the “best” op-
tions, but also the reasons why certain options were
deemed low-performing by the algorithm.

OVERVIEWOF CASE STUDY
Computational design need not revolve around “ar-
chitecture”, but canexpand into realmsof urbanplan-

Figure 1
Examples of
generated options
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ning and design. Our project pushes into uncom-
mon territory in a case of site-planning, focusing on
a small port facility, comprising 60% sea and 40%
land. At this early stage, the clients were less con-
cernedwithwhat the facility looked like, the building
massing, or even area distribution. Instead theywere
more focused on space planning: where critical op-
erations were located and the overall impact on out-
put, connectivity and flexibility. To gather initial de-
sign concepts and possible land configurations, we
engaged the users and maritime experts in partici-
patory design workshops. At later stages, we worked
with a smaller group to provide updates and clarify
queries. The overall computational process was in-
herently performance driven and the contrast with
conventional design process can be exemplified in
the Figure 2. The conventional design process en-
gages in archetype-centred specification, where dif-
ferent concepts (archetypes) are developed and iter-
ated through design reviews (Akin andOzkaya 2002).
Tomanage the client’s comfort level with the compu-
tational process, we re-introduced archetypal analy-
sis on top of generated data to tie in with the initial
design concepts.

GENERATIONOF OPTION SETS
The algorithm for option generation was built in C
sharp programming language for Rhinoceros and
Grasshopper. We approached the problem with a
grid-based approach, taking the perspective of a
basin-centric facility. The general geometrical opera-
tions are as follows:

• Starting with a blank area of “water” within site
boundary

• Inserting a few required spaces as “obstacles”
(areas such as berths and zones)

• Determining a feasible, manoeuvrable path
through the obstacles

• Forming and joining up resultant land pixels
from site boundary and berth areas

We used this grid-based approach because it could
handle fewer constraints, as different types of land

configurations needed to be reflected andgenerated
by themodel (Figure3). This is in contrastwith amore
parametric approachwhere the landorbasin is deter-
mined by setting out dimensions and positions.

Figure 2
Adapted process
from Akin and
Ozkaya, 2002

Figure 3
Examples of
configurations
generated by
grid-based
algorithm

We engaged the users through interviews and work-
ing sessions to derive the different levels of infor-
mation needed and different evaluation metrics at
each level (Figure 4). Many of these criteria were
specific to the client’s operations and could not be
benchmarked against architectural standards, hence
even the logic of calculating these metrics had to
be carefully validated. The users observed that raw
data from the land profile configurations was insuf-
ficient for decision-making thus they proposed addi-
tional information for amore comprehensive evalua-
tion and selection process. Additional levels of infor-
mationwere generated on top of the 1st level (Land):
the 2nd level being Piers, Wharves and Vessels, and
the 3rd level being Land-side Activities. Each level
of information was evaluated by a set of metrics and
compressed into a one-dimensional score through
normalization and weighting.
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Figure 4
Evaluation metrics
for different levels
of information and
corresponding R2
correlation
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SENSE-MAKING
The objective of sense-making was not to arrive at
a single decision from the output but, rather, to
make sure that the eventual solution is not a myopic
one. As the options were completely generated from
scratch and evaluation metrics were all user-defined,
therewas no benchmarking data readily available for
this small scale of port facility to validate the output.
The evaluation criteria were expected to play a big
part in decision-making, therefore the clientswanted
to be sure of the geometry andmeasurements going
into it. It was a challenge to judge options simply by
a reduced one-dimensional fitness score, for the rea-
son that it did not lendmuch confidence in decision-
making despite it being weighted according to user-
defined priorities.

Our key struggle was dissecting the relation-
ship between evaluation metrics. Within all 3 levels
of evaluation criteria, the R2 correlation (Figure 4),
which quantifies the correlation between two pairs
of axes, was found to be relatively low. The different
evaluation criteria did not appear to achieve more
than 0.6 hence we were unable to make confident
statements about the impact of one user-defined cri-
teria on another.

K-means clustering
To further analyse the individual criteria, we ap-
proached the issue from the angle of variability. We
identified methods to study variability at different
stages, usingdata generated frommulti-dimensional
evaluation metrics. The first method at high-level
was simple unsupervised machine learning in the
form of k-means clustering. K-means clustering is
a centroid-based method to group data points into
“k” groups or clusters according to their “distance”
to each other (Everitt and Hothorn 2011, Han et al
2011, Chen et al 2015). The silhouette score, rang-
ing from -1 to +1, is used to measure the data point’s
similarity to its cluster in contrast with other clusters
(Rousseeuw 1987).

We applied k-means clustering for various k val-
ues. To validate, we visualised the data after re-
duction to 2-dimensions using Principal Component
Analysis (PCA) and retrieved the cluster centroids and
their nearest neighbours to try and visually analyse
the similarities (Figure 5). However, as with the cor-
relation data, the overall average silhouette scores
fared poorly and failed to exceed 0.2. Moving for-
ward, we recognized that this k-means was not as ef-
fective due to high noise and imbalance within the
dataset. Simply clustering them with existing unfil-

Figure 5
Visualising k-means
cluster centroids &
neighbours with
2-dimensional PCA

D1.T4.S2. MAKING THROUGH CODE –BUILT BY DATA AND THE ARCHITECTURAL ILLUSTRATION - Volume 1 - eCAADe 38 | 657



tered and unlabelled data may not have been the
best approach.

Given the amount of noise overall and chal-
lenges faced in clustering data numerically, we be-
lieve that there are still a large amount of tacit infor-
mation thatwere not captured in the 1st, 2nd and3rd
levels formeaningful k-means clustering and analysis
to show distinct results and recommendations.

Archetypal analysis
The secondmethodwas tomanually introducemore
information through imposing archetypes and fea-
tures based on visually similar characteristics. This
was derived based on known preferences in discus-
sion with the clients and combined with several ob-
servations of patterns that we made. We manually
tagged a sample set of 1000 options according to 4
characteristics to identify trends in evaluation met-
rics. By comparing and overlaying the similarities
acrossoptionswith the sameunique combinationsof
4 characteristics, we were able to identify the trends
in the location of certain spaces and configuration
of the basin. This effectively compressed 1000 indi-
vidual options into 89 number of unique combina-
tions. Upon further analysis of this additional data,
we found that the Archetypes and “H” visual charac-
teristics were shown to be rather distinct on a PCA
plot from evaluation data (Figure 6). This supports
the idea that the visual characteristicswere in fact, re-
lated to the output from evaluation criteria. Further-
more, plotting the same PCA data labelled with the
unique combinations from 4 characteristics (stylized
in Figure 6 as w | x | y | z, where the letters each corre-
spond toa characteristic) demonstrated that the clus-
teringof visually similar options (derived fromunique
combinations) were also reflected in evaluation data.

This method proved to be more useful in com-
municating the outcome of the generative algorithm
with the clients, as this divided the options into a
categorical grouping and provided a more sensible
yardstick for comparison besides the genetic fitness
score.

Pareto front analysis
At a lower level between individual metrics obtained
from all the three levels of information, we pro-
ceeded to visualize 2-dimensional pareto fronts and
continued to make observations based on perfor-
mance and imposed archetypes. Selection of axes
for each 2-D pareto front were scoped around ques-
tions. For example, for a question such as, “How do
the archetypes fare for flexibility and connectivity?”,
we selected metrics from Level 1 (Land) that corre-
sponded to flexibility and connectivity. For a ques-
tion such as “How do the archetypes fare in provid-
ing tucked in wharfage and compact activities?”, we
selected metrics from Level 2 (Pier) and Level 3 (Ac-
tivities) for analysis. The data points were labeled
with corresponding archetypes, and the visual rep-
resentation of each option was pulled up (Figure 6).
Through this process, we had hoped to persuade the
client that the perfect option did not exist and could
only be a combination of characteristics. The obser-
vations at sense-making stage were later developed
to recommended design principles.

Visualisation of operations
The evaluation criteria at the 3rd level of information
measured the movement between 28 land-side ac-
tivities. However, it also lacked the clients’ in-depth
prioritsation due to lack of time to develop elabo-
rate logic based on the large number of options al-
ready generated. As such, we proposed to group the
movement paths by user groups to try obtaining di-
rect feedback from the users (Figure 7).

While initially to designers the impact was not as
clear, the relevant users involvedwere able to quickly
identify possible trade-offs, such as accepting long
distances between logistics nodes with the possible
investment into autonomous vehicles. As informa-
tion in the 2nd and 3rd levelswere closer to the users’
expertise, they were able to observe comment on re-
lationships between the 2. For example, they swiftly
drew a relationship between having east-west pier
configuration (2nd level: Pier) and the movement of
personnel (3rd level: Activities), where options with
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Figure 6
Archetypal analysis
(top), the
effectiveness of
categorical
grouping (center),
pareto front
visualisation
(bottom)
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Figure 7
Visualisation of
movement
between activities
according to user
groups

east-west piers tended to force the activities to the
east border and west border. Even though noise in
the 3rd level (travel distances) and limitations in cat-
egorical data in the 2nd level (pier configuration) pre-
vented this relationship from becoming apparent in
data analysis, webelieve that feedback is equally use-
ful. Numerical datamay not appear to show patterns
but visualizing them using different angles can result
in new insights.

DECISIONMAKING
Through the various steps of sense-making, the
clients were assured that adequate variation and
“bad options” existed in the back-end of the algo-
rithm. Thuswewere able to proceed to engage them
in the selection of the final design. As we recognize
that visually the clients were unable to process large
number of options, we proposed filters to reduce the
large data set down to a small number of viable op-
tions for selection and analysis.

We ran the grid based algorithm at the 1st level
(Land) through a genetic algorithm. The 300 top per-
forming options from 3 different optimization runs
(with different initial seeds) were selected to con-
tinue with the generation of additional levels of in-
formation After the 2nd level (Pier, Wharves and Ves-
sels), a total of 772 pier configurations were gener-
ated. After encountering many options with inade-
quate berthing space, the clients decided to intro-
duce a cardinal requirement: that the designmust be
able to fit in all the specified vessels. This drastically
reduced the option set by 90% to 72.

Based on these 72 options, we performed a ba-
sic pareto front visualization to understand what op-
tions were determined “best-performing” by the al-
gorithm (Figure 8). The axes were a three-way com-
parison between theweighted score of the three lev-
els (Land, Pier, Wharves and Vessels, and Activities)
This further reduced the number of options to exam-
ine visually to 18 options. Based on these 18 options,
wewereable to recombinedesignconcepts andprin-
ciples identified and make recommendations to the
clients.
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Figure 8
Three-way pareto
front comparison
between scores
from 3 levels

CHALLENGES
Through this project, we acknowledge that obtain-
ing consensus from a multi-user group was indeed a
challenge. Prioritisation scoring was extremely hard
to lock in. Algorithmic logic was also heavy scru-
tinized to ensure all user concerns were accounted
for. At times, due to preconceived notions and ideas,
there was a degree of disbelief in the outcome as ex-
pectations were not reflected in top 10 options gen-
erated via genetic optimization. Hence, we saw the
need for making sense of the options generated.

We also recognized the value of employing vi-
sual options to a non-expert user group. Despite be-
ing output and performance-driven, we found that
the most useful method to obtain useful comments
from the users was to overlay operational informa-
tion (generated from data) on top of design options.

FUTURE DEVELOPMENTS
This paper presented a preliminary approach to en-
gage the clients in computational designprocess and
outlined the challenges and methods used to con-
vince them that the generative algorithm encom-
passed all their needs and requirements. This pro-
cess will continue to be refined in later parts of this
project, where we will explore other means of com-

municating with user groups.
For the analysis of data, a future development is

the possible use of pre-trained convolutional neural
networks as a feature extraction tool, to make up for
tacit information that existed in the visual represen-
tation but was not apparent in numerical data. This
process may also validate the visual patterns we ob-
served. As generated datasets only get larger, we
must explore more complex ways to analyse data.
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The concept of ``voxel'' refers to a volumetric element or volumetric pixel and
corresponds to the smallest piece that can be computed in solid and complex
model analysis. The voxel-based solid modeling commonly used by
geometry-based CAD (Computer-Aided Design) applications. Whilst other
geometry-based modeling methods, it uses pixels as the smallest unit instead of
dots or vectors. However, the size of the data contained in the smallest unit
causes problems such as computing load and representation inaccuracies. This
study fundamentally aims to find a fast and effective method for voxel-based solid
modeling. While doing that it presents a new visualization algorithm. During the
research, the transformation of a geometric model into voxels, then the
reproduction of these voxels, and finally, the representation method were
practiced and compared. In this process, three complex models were developed
and compared by their complexity, their voxelization time, and the amount of time
that spend during the formation. As a result, the study proposes new
representation methods for voxel-based solid modeling.

Keywords: Voxel-based Modeling, Solid Models, Representation Methods,
Computing Load

INTRODUCTION
Nowadays, computers are not justmachines that col-
lect, distribute, and visualize data but they are in
a completely different position. Meanwhile, it has
been used as a production planning, control, and dis-
tribution center in fields such as industry and busi-
ness, as modeling and representation tools in the
fields of architecture and art, and as a production
and simulation tool in the fields of engineering. Dif-
ferent model representations are used in Computer-

Aided Design (CAD), Computer-Aided Manufactur-
ing (CAM), and Computer-Aided Engineering (CAE)
applications existing and developing in the industry.
Accurate visual representation of geometric models
through computers has become a problem formath-
ematicians, designers, manufacturers, and engineers
as well as software developers.

Geometric modeling represents a collection of
methods that can be used in computer-based appli-
cations to synthesize, representation, and analysis of
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shapeandothergeometric information (Agarwal and
Waggenspack 1992). Modeling systems thatwe used
in CAD, CAM, or CAE applications are usually geo-
metrical model-based. There are three different cat-
egories of geometric modeling methods: wireframe
or line, surface, and solid modeling (Al-Ahmari et al.
2016). These modeling methods have advantages
and disadvantages compared with each other, and
these criteria determine which method will be used
in the representation. While solid modeling is the
most comprehensivemodelingmethod in represent-
ing a shape, it has disadvantages compared to wire-
frame and surface models due to excess of the com-
puting load. However, solid modeling includes vol-
ume information aswell as edges and surfaces to rep-
resent a shape. Solid models can be considered the
best way to represent a shape, but the multiplicity of
operations limits their use.

Solid modeling is widely used in medical model-
ing as well as in the fields of engineering and design.
The number of information contained in the repre-
sentation of the models in these areas increases the
preference of solid models. The increasing complex-
ity of the assembly process and the number of parts
andcomponents increases theneed for efficient solid
modeling methods in production and design. Also,
production-oriented applications in this area are of
great significance. This study aims to find solutions
to reduce the computing loadby analyzing the repre-
sentation methods of solid modeling and proposing
innovative approaches. In addition, the frameof solid
modeling is examined and the voxel-based model-
ing method is explained. Then, analyzes are made
on the computing algorithms created with the new
approaches proposed. For this approach three dif-
ferent models were selected and developed in a vir-
tual field then theywere compared and discussed ac-
cording to their responses to those algorithms. Their
reactions to transformation into voxel models were
shown in the charts. Their transformation speed and
their reaction to execute their model conversion to
another volumetric model were examined in detail.
Finally, in the conclusion section, possible future ap-

plications, findings, outcomes, and evaluations were
discussed.

SOLID MODELS AND VOXEL-BASED MOD-
ELING
SolidModels
A three-dimensionalmodel is a computational repre-
sentation of any object that is intended to be trans-
ferred, by referring volumetric data in x, y, and z coor-
dinates. Modeling is a way of production of a model
by using somemodeling software packages (e.g Pro-
E, CATIA) or three-dimensional scanning tools (CAT,
MRI, etc.) to produce a row model in the three-
dimensional space environment. Constructive Solid
Geometry, Boundary Representation, Feature-based
modeling can be listed as examples of modeling
types. Representation of the solid models usually
represented by the surfaced based modeling soft-
ware.“The surface-based modeling method has the
advantage of being more efficient interns of capac-
ity and (sometimes) productivity on the computation
because an object can be defined easier by the sur-
face than volume elements.” (Toennics and Tronnier,
2010). Therefore, this modeling method is fast and
practical and is considered sufficient for many mod-
els. However, Surface models are lack of volumetric
knowledge and cannot be easily prepared for volu-
metric analysis and imaging. For this reason, it car-
ries great importance to express thedifferentiationof
volumetric density differences, and these occupancy
vacancy rates in complexmodels are transferredwell,
easily, and quickly. There are different schemes to
represent three-dimensional models. These are Sur-
face models, Lattice models - networks and Polygon
(directional models), decomposition-based (Octrees,
BSP), and voxel-based representation schemes.
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Figure 1
A Modular Volume:
The Bemis Cubical
Modular Concept
(Russel, A.L., 2012).

Voxel-BasedModeling
The voxel is the namegiven to the three-dimensional
elements that are the smallest part of an object in the
third dimension. When modeling volumetrically, ev-
ery regular or irregular element in any object can be
considered as an element of the voxel collection. The
simplest and most commonly used notation is cubic
voxels which are aligned with the coordinate axes at
a uniform grid. Volume visualization in complex ge-
ometries and the analysis of large data sets is a very
rapidly evolving field for computer graphics.“Volume
visualization systems are used to create high-quality
displays from scalar and vector datasets defined on
multidimensional grids, usually for the purpose of
gaining insight into a scientific problem.”(Patil and
Ravi, 2005). The term voxel also used by volumet-
ric modeling. However, the Voxels used in CAD im-
plementation are slightly different, as they are usu-
ally based on the volumetric occupancy and space
state of the voxel only in the given object. It is not
true to say that this is new for voxel-based model-
ing methods, and we have been using this model-
ing method for a long time under different head-
ings. We can see modular representation theories in
some architectural representations of Albert Farwell
Bemis in the 1930s (Figure 1). Later on, these repre-
sentation theories were not frequently used as repre-
sentation methods due to the lack of large memory
and processing capacity required for computers to
use voxel models with sufficient resolution. But now
computers, along with improvements in hardware
and software, have high enough processing speed
and cheaper memory that representation methods

of voxel models can also be applied.“It is expected
that voxel-based modeling will be used extensively
in future in areas like CAD/CAM/CAE, medical imag-
ing, scientific simulations and visualizations, anima-
tions, and non-engineering modeling, virtual reality
systems, and teleoperations and controls, etc. Some
manufacturing-related problems can be better ana-
lyzed using voxel-basedmodeling than conventional
surface-based systems. ”(Patil and Ravi, 2005) Re-
lated problems can be analyzed better than conven-
tional surface-based systems by using voxel-based
modeling. The focus of this study on this system,
which also offers a new visualization algorithm, is to
create a new volumetric modeling method for en-
gineering / non-engineering components. A voxel-
based model representation scheme was developed
together for this purpose.

REPRESENTATIONMETHODS
The preparation of the representation of a model is
very important in terms of finding the correct expres-
sion for that model. Volume graphics and volume
models have developed considerably over the past
decade thanks to technological diversity. Represen-
tation methods which were prepared bymaking cer-
tain extraction operations from solid models, analyz-
ing the volumes by breaking them into pieces over
their occupancyandgapsor three-dimensionalmod-
els created by drawing certain boundaries of two-
dimensional shapes help the models to represent
and transfer the true meaning.

Figure 2
Volume
Representation
Methods
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Volume RepresentationMethods
Volume representation can give a lot of information
about the size, density, or material of a model. This
information, make it easy to represent the models
that are difficult and complex to transfer with two-
dimensional lines. These are usually entitled ‘Surface
Models’ because the preparedmodels are often used
in terms of visuality. Representation methods that
can be used for the “surface model” can be exempli-
fied as; Constructive Solid Geometry (CSG), Boundary
Representation (B-Rep), Sweep volume, Binary Space
Partitions (BSP) (Figure 2).

Figure 3
Quadtree and
Octree
Representation
(Patil and Ravi,
2005)

Voxel Model Representations
Since voxel models are considered to be the smallest
parts that cover in a given volume, volumetric occu-
pancy rates should be counted in models prepared
with these voxels. In voxel-based models, space is
considered as a regular sequence of cells (generally
cubes) 3D object is represented as a list of objects
filled with voxels. The representation methods, com-
monly used for the representation of these models
canbe listedas, discrete cell enumeration, octree rep-
resentation, and array representation (Figure 3).

ANALYSIS
Voxelization
“Voxelization is the process of transforming geomet-
ric objects from their continuous geometric repre-
sentations into a group of voxels approaching the
continuous object” (Kaufman, 1993). Since the small-
est pieces, we reach as a result of two-dimensional
scanning operations are pixels, we can call the pro-
cess we reach voxels as a result of three-dimensional
scanning.“Modeling a geometric scene in voxel space
requires algorithms generated from a geometric

representation of the scene of the equivalent dis-
crete voxel-based expression for algorithms gener-
ated from a geometric representation of the scene.
All of these algorithms are called voxelization algo-
rithms” (Cohen-or and Kaufmen, 1995).

Basic Voxelization Algorithms
In this section, the process of the voxelization of geo-
metric models was examined. These models are the
crankshaft, which is a complex engine part, a free-
form sculpturemade by hand and produced without
the use of any computer-aided system, and a med-
ical model, the Pelvis bone, which is convenient for
reaching and examining (Figure 4). The separation
of a geometric model into voxels, then the reproduc-
tion of these voxels, and finally the representation
method used in the computer memory with space
and processing facilities were examined by compar-
ison. The computer used during the process is the
Lenovo Legion Y520 laptop with 1050 ti processor
power. Algorithms were studied on Grasshopper
which is an interface of Rhinoceros. All algorithms
tested and the results are shown in the tables.

Figure 4
Studied Models
(Crankshaft,
Sculpture, Pelvis
Bone)

Algorithm 1. The first algorithm simply places ran-
dom points in externally introduced geometry and
then assigns random cubes to each of these points.
This condition, in which each cube is considered a
voxel, proceeds by increasing the number of voxels
exponentially within the same model. The simplic-
ity of the algorithm demonstrates the importance of
distribution and voxelization from accurate control
points in model analysis and resolution. Results and
transformation were shown via charts (Table 1).
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Table 1
Model
transformation
according to
change of voxel size
and graphical
representation of
first algorithm
results
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Table 2
Model
transformation
according to
change of voxel size
and graphical
representation of
the second
algorithm result
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Table 3
Model
transformation
according to
change of voxel size
and graphical
representation of
the third algorithm
result

D1.T4.S2. MAKING THROUGH CODE –BUILT BY DATA AND THE ARCHITECTURAL ILLUSTRATION - Volume 1 - eCAADe 38 | 669



Algorithm 2.Unlike the first, this algorithm does the
voxelization process by calculating several basic frag-
mentations. For this system, which is constructed us-
ing the octree representation method, the geometry
boundaries defined from the outside identified, then
they put into a box, and this box is divided into cubes
within the defined grids. Cube sizes are in the hands
of the user who uses the algorithm. After the cubes
are partitioned, the geometric shape transferred and
the intersection between these cubes are separated
from each other. The remaining part is the geometric
model, which is voxelized. The data that considered
to be the prime voxel of this model and the forma-
tion rates of themodel renewedas voxel size changes
were given in the following chart and table (Table 2).
The results havebeen followed through thewhole re-
search.

Algorithm 3. Finally, algorithm three maintains the
foundations of the secondalgorithm, and themodels
are constructed in the form of array representation.
With this algorithm, the targeted algorithm is to get
results faster than the results we get in the second
one. Besides, the color codes in the sequence repre-
sentation flow from one color to another, making it
easier for the user to understand the occupancy va-
cancy rates. The transformation results were shown
for eachmodelwith the following chart and table (Ta-
ble 3).

Figure 5
Comparison of the
Transformation
Time for EachModel

Voxel Data Analysis and Results
The results of the analysis of this study, the reactions
of different geometric models with different expec-
tations are examined and explained through tables.
These tables include an engineering model which
is a crankshaft, an abstract sculpture, and a medi-
cal model, a pelvic bone. These models were exam-
ined in three different algorithms. All of these mod-
els run with the algorithms, the values of the for-
mation rate, resolution value and representation for-
mat differences were examined in this section. The
numerical values were obtained with the Grasshop-
per plugin which runs on the Rhinoceros interface
and the differences were discussed with the follow-
ing charts.(Figure 5, 6) Outcomes and areas to devel-
oped have been discussed in the conclusion part.

Figure 6
Comparison of
vocalization rates
between algorithm
1 and 2

670 | eCAADe 38 - D1.T4.S2. MAKING THROUGH CODE –BUILT BY DATA AND THE ARCHITECTURAL ILLUSTRATION - Volume 1



CONCLUSION
To sum up, this study proposes three different algo-
rithms that translate the models which are prepared
by using the geometry-based modeling method
into voxel-based models. These models are the
crankshaft, which is a complex engine part, a free-
form sculpturemade by hand and produced without
the use of any computer-aided system, and a med-
ical model, the Pelvis bone, which is convenient for
reaching and examining. The algorithms were pre-
pared with the Grasshopper plug-in that running on
the Rhinoceros interface. These algorithms work on
the basis of different representation methods used
in volumetric modeling techniques, and their dif-
ferences for each model are examined. The results
were shown in the tables. Depending on the num-
ber of surfaces between the models, if the assigned
voxel numbers and voxel sizes are changed for each
model, how long this process takes was taken from
Grasshopper data. The procedure provides informa-
tion about how themodels are developed and repre-
sented by computer-based modeling. The best ap-
proach to perceive a model’s volume density and
most appropriate solution procedures are discussed
in the results obtained. Even though it is presumed
that every computer has a different CPU capacity
and/or lack of storage capacity; it is clear to under-
stand from this study that, the more model com-
plexity increases, the longer it will take to transform
a surface-based model to a volume-based model.
However, we can easily see those different represen-
tation methods can be used to abridge this time by
examining the differences between Algorithm 2 and
Algorithm 3. In a study based on the same algo-
rithm, the conversion period in a model obtained
by using the octree representation format is almost
twice the rate of formation of a model created by
performing array representation. This study showed
us that solid models that were used in almost every
field can be achieved much more quickly and effec-
tively when using voxel-based modeling methods,
where volumetric occupancy and vacancy rates are
better understood. The studyprovides inspiration for

how voxel-based modeling methods could be used
more efficiently in the future. With this inspiration,
new representationmethods can be obtained, which
increase resolution and occupancy-vacancy rates to
optimal levels for models obtained using the afore-
mentioned voxel-based modeling methods.
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As part of an ongoing research on the study of digital tools envisioning
innovation in the design process, this article intends to demonstrate how
analogical and digital design thinking techniques can improve and expand the
range of creative methodologies in the context of an undergraduate architectural
design studio. The approach presented builds on the improvement of a
theoretical-didactic model during three strategies, each aiming at different steps
of the design process. The first one explores analog design thinking techniques on
the initial concept decisions, the following demonstrates the joint use of
parametric and BIM tools as an alternative resource for generating complex
forms, and the last one presents BIM technology as a pedagogical instrument for
learning a constructive system. Thus, besides presenting the methods,
instruments, products, and results generated, this paper will also discuss the
gains and difficulties faced, appointing a new approach to undergo in the future.

Keywords: Digital Design process, Architectural design teaching, Design
thinking, Parametricism

INTRODUCTION
From the 1960s on, the field of architecture began to
face gradual changes as a result of the rising of new
digital technologies applied to the design process,
changing procedures which were, until then, com-
pletely analogical. Initially focused on the graphic ca-
pabilities of Computer-Aided Design (CAD) systems,
these technologies started to have amore direct role
in the design process during the 1990s, which can
be observed in the experiments of Peter Eisenman,
MarcosNovak, Greg Lynn, amongothers (Natividade,

2011). More recently, new design approaches have
emerged through parametric design software such
as the Building Information Modeling (BIM) system,
and through visual programming software such as
Grasshopper and Dynamo. In addition to these, digi-
tal visualization techniques such as virtual reality and
augmented reality (VR and AR) and digital manufac-
turing through3Dprinters andCNCmillingmachines
(computer numeric control), have become increas-
ingly accessible to designers. Encouraged by such
factors, authors like Rivka Oxman (2006, 2008, 2012,
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2017), Gabriela Celani (2002, 2007, 2013), Neil Spiller
(2014), and others, started to dedicate themselves to
the study of new cognitive models of digital design
within the broader field of architecture.

Although the concept of digital design is already
present in the research of European andNorth Amer-
ican educational institutions, in Latin America, more
precisely in Brazil, such technologies are still being
implemented. Authors such as Neliza Romcy (2017),
Fernanda Machado, et al. (2017), point out the nov-
elty of such content in the architectural curricula in
the country and the importance of this approach.
Celani (2006, 2008 and 2017) corroborateswith those
assertions, reinforcing that this is still a field only par-
tially explored and developed in Brazil. The author,
together with Maycon Sedrez (Sedrez and Celani,
2014), highlights the importance of adopting new
technologies in the design process in contemporary
architecture, a factor that has, in turn, “instigated
teachers to seek new cognitive processes involved in
design learning.” Sedrez and Celani (2014) also re-
inforce that the analysis and comparison of the dif-
ferent didactic procedures of digital design allow the
identification of new ways of thinking architecture.
In this sense, they cite the work of Oxman (2008)
by pointing out three main elements that must act
integrated into digital design: “the conceptual con-
tent, the experimental methodologies, and the digi-
tal skills” (Sedrez and Celani, 2014).

In this context, and as the object of a research
focused on architectural design process innovation
[1], a theoretical-didactic model applied within the
scope of an undergraduate design studio in a Brazil-
ian Architecture School has been improved. Depart-
ing from a strategy initially focused on analog cre-
ative design thinking techniques (Design Thinking
Strategy), the model demonstrated a potential for
improvement both on formal design developments
and on the technical-constructive understandings
through the exploration of digital knowledge. As a
result, so far, two other research strategies have been
explored, whether through the adoption of BIM tools
(BIM Strategy) and/or parametric design (Parametric

Design Thinking Strategy), in different phases of the
design process.

This article, therefore, aims to report and dis-
cuss how analogical and digital design thinking tech-
niques can be incorporated envisioning innovation
in the design process of an undergraduate archi-
tectural design studio. This will be demonstrated
through a brief description of the design studio
program followed by the presentation of the three
strategies already applied, their qualitative results
and a possible new approach to undergo in the fu-
ture.

METHODOLOGY
The Architectural Design Studio II (PA-II) belongs to
the 2nd year (4th semester) of the undergraduate
curriculum at a Brazilian Architecture School. With
an average number of 15 students per teacher, since
2012 the studio program regards the development
of a landscape design hotel. Encouraging the use of
different design tools, the studio aims to engage the
students in all aspects of the design process through
studies carried out on two different scales. On the
macro scale, groupsof four to five students define the
hotel concept and overall landscape design. After-
ward, on the micro-scale, each student in the group
designs an individual small hosting unit of 60m². Be-
sides relating to the overall concept, the unit must
respond to four basic core functionalities: to rest,
to bathe, to eat, and to amuse. The low program-
matic complexity of the units plays in favor of dedi-
catingmore time to the formal and constructive exer-
cises. Implemented on three stages of development,
the design process gradually increases the complex-
ity and level of detailing. These are the “conceptual-
environmental” stage, the “programmatic-formal”
stage, and the “material-constructive” stage. Regard-
ing the material-constructive phase, from 2015/2
on, the discipline has been adopting exclusively
the woodframe construction system for the hosting
units, closely associating thedesignprocesswith that
of the construction technique.
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DESIGN THINKING STRATEGY
The design thinking strategy was implemented in
2012 (Ponzio, Machado, 2015) and was character-
ized by the use of analog design thinking tools em-
ployed as instigators of the creative process during
the “conceptual-environmental” and “programmatic-
formal” stages. Departing from the site visit and
embracing an “experience design” approach (Benz,
2015), on the “conceptual-environmental” stageeach
group focused on elaborating the Hotel concept.
That was achieved through the construction of a nar-
rative based on cultural, local, and environmental ob-
servations. This stage also comprehended the def-
inition of the target audience, the hotel amenities,
and experiences. Among the design thinking tech-
niques employed were: brainstorming, mind map-
ping, polarity mapping, thinking hats, scenario anal-
ysis, and conceptual moodboards. The next stage,
the “programmatic-formal”, defined - at the macro
scale -, the site plan with its zonings and connections
systems and, - at the micro-scale-, the hosting units´
parti. This was the moment of the unit´s formal gen-
eration studies, having as a departure the general ho-
tel concept defined previously by the group and the
programmatic core functions of each unit. The stu-
dents were encouraged to exercise with referential
moodboards and architectural analogy techniques
(Andrea Ponsi, 2013) in order to relate the unit’s parti

to the abstract hotel concept. Until 2017/1, a combi-
nation of analog and digital techniques such as pa-
per models, hand sketches, Sketchup models and
two-dimensional CAD schematic drawings were em-
ployed. Finally, at the “material-constructive” stage, a
greater definition of the hosting units was expected.
In order to do so, the woodframe technique was ini-
tially presented to the students through theoretical
classes accompanied by explanatory reference ma-
terials (Rob Thallon, 2009; Francis Ching, 2010) [2].
During this stage, CAD tools were used almost ex-
clusively: Sketchup for the three-dimensional mod-
els - one architectural and another structural, and
AutoCAD for the two-dimensional technical docu-
ments. Therefore, at the end of the design process,
the dissociation of three-dimensional models and
two-dimensional representations often complicated
the student’s understanding of the construction sys-
tem, sometimes resulting in a lack of accuracy on the
technical documents.

Although this strategy enhanced the creative
formulation of the design concept with the de-
sign thinking techniques, the material-constructive
stage used digital tools mostly as a representational
medium and within the boundaries of the Euclidean
geometry, limiting the student’s choices on explor-
ing formal solutions of a certain complexity. Figure
1 represents the development stages of the design

Figure 1
Design Thinking
Strategy Author:
Victor M. Schulz
(2020)
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process adopted until 2017/1, demonstrating the re-
spective teachingmethodsemployedand their prod-
ucts.

Taking advantage of the implementation of
parametric tools on the school’s digital instrumental-
ization disciplines starting from 2017 on, and aiming
to solutions to the appointed problems, two digital
strategies were planned and tested at different mo-
ments in the following years in a complementaryway
to the analogic design thinking exercises [3]. First, in
order to explore formal solutions further and investi-
gate the joint use of parametric design and BIM tech-
nology, a parametric strategywas applied and tested
in 2017/2 [4]; secondly, a strategy dedicated to ex-
plore the use of the BIM system in order to explain
thewoodframeconstruction technologywas applied
in 2019 [5].

PARAMETRIC DESIGN THINKING STRAT-
EGY
According to Oxman (2017), there are several mod-
els of design thinking, among which, “emerging
as a unique distinctive model of design”, the para-
metric design thinking (PDT). For Oxman, that is a
new category of design thinking capable of being
explored within parameterized digital technologies.
The possibility of developing a creative design pro-
cess is here supported by computer programs de-
scribing geometric relationships in a parameterized
way, among which visual programming software
such as Grasshopper andDynamo. Oxman continues
explaining that the use of such technologies can lead
to the development of innovative creative processes
involving skills such as computer programming, al-
gorithmic logic development, and scripting.

In order to implement a parametric (algorithmic)
approach in architectural education, Romcy (2017),
in turn, establishes four steps: 1. The understand-
ing of computational language concepts through
the use of practical examples; 2. The understand-
ing of the object x algorithm relationship; 3. The
development of the algorithm of an existing object
from the deduction of its compositional logic and

possible parameters; 4.The development of a design
through the algorithmic approach. Among the di-
dactic techniques suggested by the author to imple-
ment those steps, stands out the use of a paramet-
ric referencemodel. Besides demonstrating the algo-
rithmic logic and computational language concepts,
the model has the potential to display certain con-
tent that is intended to be addressed, such as, for ex-
ample, the compositional design logic and/or a con-
struction process.

Thus, in 2017/2, the parametric design thinking
(PDT) strategy focused its efforts especially on some
of the student’s difficulties in developing, represent-
ing, and detailing complex non-coplanar shapes dur-
ing the development of the individual hosting unit
designs. Taking advantage of the recent introduction
to Rhino/Grasshopper algorithmic visual program-
ming lessons in the school’s curriculum, thePDT strat-
egymade use of these teachings, making them avail-
able to the PA-II students. These included the devel-
opment of a parametric model - “the parametric ref-
erence unit”, with low geometric complexity follow-
ing an algorithmic modeling logic within the reason-
ing of the woodframe system [6]. Divided into four
stages (figure2), themodelingprocessdescribed two
“lofted” profiles forming a volume that was later sec-
tioned according to the construction system mod-
ule, generating lines towhichwood studswere incor-
porated. Once the proposed parametric description
was completed, the integration between the algo-
rithmic modeling and the BIM platform was demon-
strated, thereby creating a link between geometric
modeling, the attribution of constructive data, and
the graphical representation in an A-BIM approach
(Feist, 2016) [7]. At the end of the process, students
were introduced to some of the potentials of algo-
rithmic logic, such as to obtain formal variations in
a given project in a controlled manner without the
need to restart the modeling process. Therefore, by
means of a “parametric reference unit”, the students
were not only presented with the basics of algorithm
thinking and the main concepts of computational
languagebut also, for thosedesiring todevelopmore
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complex geometries, a referential methodology ca-
pable of being used in the development of their de-
sign studio projects. Nonetheless, the referential
model strategy did not enable PAII students to au-
tonomously develop their individual algorithms. This
was partly due to an elevated formal complexity pre-
sented in the individual designs, extrapolating the
simplicity of the reference model. Therefore, extra
pedagogical assessments were necessary, such as
online video classes and specific tutoring on individ-
ual student´s designs.

Figure 2
Modeling process
of parametric
reference unit
Author: Leonardo V.
P. Souza (2018)

In the design studio, only four students out of a
group of fourteen opted to follow the PDT strat-
egy, especially due to the formal complexity of their
parties. For those, the steps of the design process
occurred as follows: first, at the “conceptual envi-
ronmental” stage, the analog design thinking strat-
egy continued being employed in each group in or-
der to develop the hotel´s general concept; at the
group “programmatic-formal” stage, the site plan
was defined (Autocad/sketchup); and, at the indi-
vidual “programmatic-formal” stage, an introduction
to shape grammar was presented to guide the ini-
tial hosting unit’s form explorations, in an attempt
to connect with the hotel abstract concepts; here
analogic sketches and models were employed and,
optionally, it was offered guidance for those in-
terested in exploring parametric tools; at the fol-
lowing “material-constructive” stage, each of the
four students, based on the previous formal defini-
tions, transposed the project´s study volume into the

Rhinoceros platform as initial lines, proceeding then
to the Grasshopper plug-in connection, transform-
ing the lines into surfaces; after that, they started
to develop the parametric individual units guided
by the “parametric reference unit” methodology,
elaborating the projects´ structural guidelines to fi-
nally identify the specific construction components
through the Grasshopper/ArchiCAD connection (fig-
ure 3). Later on, the project documents were elab-
orated and the two-dimensional details were pro-
duced. At the end of the semester, semi-structured
interviews were applied to all of the fourteen de-
sign studio students who exercised with the “para-
metric reference unit” (PA-II and/or RG-III). In the
replies, the four students that chose to continue
with the PDT strategy on the PA-II discipline demon-
strated that, despite the difficulties, the experience
was considered positive. However, all of the students
that worked with the “parametric reference unit” (in
RG-III) concluded that the advantages of parametric
modeling represented a potential tool in order to ex-
pand the design possibilities, such as design variabil-
ity, automation of repetitive processes, and geomet-
ric control of complex shapes. Figure 4 represents
the development stages performed by those imple-
menting parametric/BIM tools at the “programmatic-
formal” and “material-constructive” stages.

Figure 3
Modeling process
of individual
students designs
Author: Leonardo V.
P. Souza (2018)
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Figure 4
Parametric Design
Thinking Strategy
Author: Victor M.
Schulz (2020)

BIM STRATEGY
Assuming that a BIM process involves the construc-
tion of a parametric virtual model that simulates the
characteristics of a real building, it can be said that
it has the potential to contribute to the understand-
ing of a constructive technique and its composi-
tional logic. Moreover, a BIM design process reduces
the level of abstraction inducing academics to think
about the construction process. In such amanner, af-
ter the inclusionof theBIM/ArchiCADplatform teach-
ing in the school´s curriculum in 2017/2 (RG-II, 3rd
semester), this research turned its efforts to the im-

provement of the understanding of the woodframe
construction technique in the PA-II design studio by
means of digital knowledge. In this context, Romcy
(2017), Leal (2018), and Medeiros (2015) corroborate
with the use of parametric BIMmodels in order to ex-
plain didactic contents. That said, in 2019, the BIM
Strategy was developed based on a BIM reference
model - the “BIM reference unit” (Figure 5), starting to
function as an integral part of the revised “material-
constructive” stage of the PA-II discipline design pro-
cess [8].

Figure 5
Modeling/construction
process of BIM
reference unit
Author: Victor M.
Schulz (2019)
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The design process sequence employed during
2019 followed the originally proposed (Figure 6),
where the “conceptual-environmental” stage was re-
sponsible for analogical design thinking techniques
used in groups to define the general hotel con-
cept and, on the “programmatic-formal” stage, be-
sides the employment of a predefined general ho-
tel site plan (BIM and/or sketchup), individual form
generation studies were explored through analogi-
cal and digital exercises (CAD - Sketchup) in order
to reach the unit´s parti. Afterward, a “technical
constructive” stage was created separately from the
“material-constructive” one, in order to present an in-
class exercise in which the BIM reference unit acted
as a pedagogical instrument informing the students
of the woodframe system. According to Delattore
(2014), the teaching of tools and processes BIM must
be implemented gradually, therefore, the BIM ref-
erence unit presented low formal complexity, aim-
ing to exemplify regular technical woodframe solu-
tions. The proposed methodology involved the vir-
tual construction step by step of the unit following a
logic similar to in loco construction, from the foun-
dations to the roof. The exercise was divided into
three stages: structure, wall enclosures, and open-
ings (doors and windows). Between each stage, it
was expected that the students could adapt the se-
quence into the assembly of their individual project
in ArchiCAD. This methodology aimed to bring the
students closer to the construction site, inducing

whatsoever the understanding of the construction of
a real woodframe house. Integrating the strategy, a
template in ArchiCAD, and a guidance-text was pro-
vided. During the transposition of the knowledge
apprehended on the BIM reference unit to the indi-
vidual units, an initial difficulty faced was that the
model’s reference grids functionedmainly for the un-
derstanding of its internal logic and not that of the
individual projects, corroborating, in some cases, to-
wards a literal transposition of some of the technical
solutions.These situations, however, were possible to
be solved in the individual corrections and on a pos-
terior revision of the reference model for later con-
sultations. After the BIM exercise, the students pro-
ceeded with the detailing of the individual units and
the production of the construction documents. Im-
portant to realize that this strategy was employed on
two occasions during 2019, one of which included
a bigger sample, on a total of thirty-nine students.
At the end of the semesters, semi-structured inter-
views were applied, asking if the in-class exercise as-
sociated with a software/process BIM improved the
students´ technical-constructive understanding. The
analysis of the answers concluded that the BIM strat-
egy contributed positively to the woodframe system
understanding, reaching its main objective. In ad-
dition, previous incompatibility problems between
three-dimensionalmodels and two-dimensional rep-
resentations have been solved, since in BIM software
these are linked products. The proposed template,

Figure 6
BIM Strategy
Author: Victor M.
Schulz (2020)
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Figure 7
Comparison of the
formal results of the
three estrategies
Authors: Ulisses
Romano (2014);
Pedro Groch (2017);
Vitoria da Rosa
Silveira (2019)

in turn, contributed to the standardization and qual-
ity of the graphic aspects of the overall student’s
projects. Also of greater concern was that, due to
the insertion of the BIM reference unit in-class ex-
ercise only after the “programmatic formal” stage,
many projects suffered from significant adjustments
and redesigns, taking precious time at the end of the
process dedicated to construction details.

CONCLUSIONS
In Brazil, as explained earlier, there is still a lack of
comprehensive cognitive strategies of architectural
design associated with digital knowledge, especially
at the undergraduate level. Most experiments take
place in short workshops or independent technical
and/or instrumental disciplines, focusing only on cer-
tain aspects. Therefore, to better understand the po-
tential of design thinking tools - digital and analogic,
on all aspects of the design process, this research has
been carrying out experiments on a specific theme
and program at an intermediate undergraduate de-
sign studio over the years. In order to better ex-
plore the technologies and techniques employed, al-
though the experiments concentrated on different
aspects of the design process, they were conducted
cumulatively, adding knowledge progressively. If
the Design Thinking strategy has brought to the fur-
ther experiments the use of conceptual analog tech-
niques, the BIM and PDT strategies applied at differ-
ent moments of the design process, resulted in two
referencemodels that aimed to improve throughdig-
ital knowledge, the formal and constructive aspects
of the design process. However, and in spite of the

positive outcomes here demonstrated, there are still
improvement aspects to consider.

When comparing a sample of the individual re-
sults of the three different strategies (figure 7), it
is possible to observe a similarity on the overall
formal solutions of the first (DTS) and last models
(BIMS); what differs the strategies is an improve-
ment on the construction understanding and accu-
racy, drawing coordination and visualization on the
BIM model. The PDT unit, on the other hand, opens
up the possibility of breaking with the formal regu-
larity still within a woodframe system, although re-
quiring more time to solve the details and a better
knowledge of the Grasshopper-Archicad connection
for this level of study. However, taking into consid-
eration that the project also regards a group devel-
opment of a Hotel composed of four to five hosting
units´ types, it is important to consider the need of
creating a certain group identity. Thus, after taking
into consideration all the issues raised individually
on the Design Thinking, PDT, and BIM strategies, this
research is presented with this question: how can a
digitally informed design process help create a strat-
egy that attends successfully a group concept within
a referential formal identity, material language and
constructive constraints?

To better address that question, this research is
willing to propose a new strategy within an unified
theoretical model to be implemented in 2020 - the
Parametric Morphological Matrix Strategy [9] (Figure
8). Structured in four different stages, this strategy
foresees addressing the following issues:
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Figure 8
Parametric
Morphological
Matrix Strategy
Author: Victor M.
Schulz (2020)

In order to characterize the BIM reference unit as
essentially informative, therefore increasing the tec-
tonic knowledge into the student’s following formal
decisions, it is proposed to advance the the BIM ref-
erencemodel exercise before the “programmatic for-
mal” stage;

In order to help assess the relationship of the
concept x form and create a common group lan-
guage related to the overall hotel concept, at the
“programmatic-formal” stage, it will be implemented
in groups another analogical design thinking tool - a
“morphological matrix” - an analytical-combinatorial
technique (Zwicky,1969). This tool aims to allow a se-
ries of combinations of conceptual, geometric and
structural principles arranged in a matrix diagram,
in which possible associations will inform the next
stage of the process (Guilford, 1967);

Finally, the matrix will inform an algorithmic
reference model common to each group, defining
the possibility of individual parametric variations
(parametric units). On the correspondent “material-
constructive” stage, the connection Grasshop-
per/ArchiCAD is envisioned to follow, allowing the
students to connect all design aspects to construc-
tive models and documents sharing a limited num-
ber of variations.

Therefore, this article was intended to demon-
strate former and future design process strategies
aiming to create a methodology that, making use
of analog and parametric design thinking tools,
can contribute to a continuous improvement of the

teachingand learningof the architectural designpro-
cess.

NOTES
[1] The research: “Use of creative methods aiming in-
novation in the Architectural Design process”, is cur-
rently coordinated by Dr. Angelica Ponzio. Former
co-coordinator: Andrea Soler Machado. Current col-
laborators: Dr. Underléa M. Bruscato, Prof. Leonardo
Prazeres V. de Souza, Victor M. Schulz, Cindy del R.
Lasso Estupinan, Marina P.C.A. Vale, Mário G. Gon-
zaga, Rafael J. F. Puig, Prof. William Mog.

[2] In Brazil the woodframe technique, although
recent, is gaining force in the AEC industry, having its
first woodframe apartment buildings constructed in
2019.

[3] From2017/1 on, students started to be instru-
mentalized in BIM/ArchiCAD technology in the disci-
pline of Graphic Representation II (RG-II) in the 3rd
semester and, and in Rhino/Grasshopper in the dis-
cipline of Graphic Representation III (RG-III) in the 4th
semester.

[4] Strategy associated with the Master´s thesis
research: “Design Paths on Digital Platforms: A Ped-
agogical Investigation of the Design Process in the
Parametric Environment” - Leonardo Prazeres Veloso
de Souza - 2018

[5] Strategy associated with the Master´s thesis
research: “Contributions of BIM Technology in the
Teaching-Learning of Architectural Design,” Master
Thesis, Victor M. Schulz, 2020.
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[6] The parametric model was elaborated in
the discipline of Graphic Representation III (RG-III),
4th semester, associated with the activities of the
Leornardo Prazeres Veloso de Souza Master’s thesis.

[7] To start exploring the integration between
the algorithmic platform and the BIM platform, a
Grasshopper plugin called “Grasshopper Archicad
Live Connection” was used.

[8] This strategy was associated with Victor M.
Schulz Master’s Thesis.

[9] This strategy intends to be associated with
the developments of Cindy Lasso EstupinanMaster´s
thesis.
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This paper explores and reflects on an integrative computational design thinking
approach, which requires the melding of computation, design and theory as a
conceptual framework, to be implemented in architectural education. Until now,
digital design education is typically based on the introduction of digital tools and
plugins at university courses and the subsequent application of these tools to
design tasks of limited architectural complexity. At this time, technological
advancement has not been matched by a comparable advancement in
computational design thinking. The paper describes in detail a novel conceptual
framework for course setup that illustrates the using of computational design as a
manner of thinking in patterns of interaction across various scales, reaching from
building design to regional planning. This approach was subsequently tested in a
series of master-level studios, the results of which will be presented as case
studies in this paper.

Keywords: Computational Design Thinking, Architectural Pedagogy and
Education, Dynamic Patterns, System Thinking

INTRODUCTION
In recent years, the ongoing transition fromanalogue
to digital architecture has materialized through the
increasing availability of novel software and new
methods in architecture on all levels of production
resulting in an unprecedented tooling of the design
process (Angelil 2003). In the wake of this revolution,
digitalization became one of themain subjects in ed-
ucation research and a focal point in curriculum de-
velopment in architecture schools around the world
(Zhu et al. 2016). Until now, however, there exists
neither a framework nor a fundamental structure for
the integration of digital technologies into architec-
tural education (Soliman 2019). In other words, tech-
nological advancement has not been parallelized by
comparable advancements indigital design thinking,

whichmeans that the full potential of these technolo-
gies has yet to be established (Oxman and Oxman
2013, Lorenzo-Eiroa and Sprecher 2013, Goodhouse
2017).

This shortcoming is grounded in the observa-
tion that the teaching of digital design thinking at
many universities around theworld typically is based
on the basic introduction of digital tools and plugins
at university courses or conference workshops; sub-
sequently these tools are used in simplified design
tasks of limited architectural complexity. Such a tool-
based approach enables students to expand their set
of architectural design tools relatively quickly. But
the black-box character of such education does not
activate any metacognition and, thus, is lacking the
facilitation of higher-order thinking required to ad-
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vance design thinking as a whole (Schneider 2001).
As a consequence, the current tool-based ap-

proach to digital design can be perceived as a form
of automizing or mechanizing the design process for
which Terzidis coined the notion of computerization
in Algorithmic Architecture (Terzidis 2006). In this
study he pointed out that, in contrast to comput-
erization, the development of digital design think-
ing is dependent on an understanding of computa-
tion which is “about the exploration of indetermi-
nate, vague, unclear, and often ill-defined processes;
because of its exploratory nature, computation aims
at emulating or extending the human intellect. It
is about rationalization, reasoning, logic, algorithm,
deduction, induction, extrapolation, exploration, and
estimation. In its manifold implications, it involves
problem solving, mental structures, cognition, sim-
ulation, and rule-based intelligence, to name a few.”
(Terzidis 2006). A critique shared also bymore recent
exploration of computational thinking by Denning &
Tedre (2019).

CURRICULAR IMPLICATIONS
In order to initiate such computational design think-
ing, courses in digital architecture have to go beyond
typical tooling and offer a more holistic perspective
that activates different levels of cognitive engage-
ment with the topic. The ubiquity of digitalization
within the discipline requires a melding of compu-
tation thinking with design thinking and theoreti-
cal considerations as an answer to the complex chal-
lenges facing the profession of architecture an all lev-
els of design, from building to urban and even land-
scapedesign. Oneuniversity courseor oneworkshop
is not able to offer such a multitude of inputs due to
limited resources and time.

As a consequence, in the course of three years,
an introductory course into computational design
has been developed and implemented at Aalto Uni-
versity as a close collaboration between two re-
search groups: the Professorship for Computational
Methodologies in Landscape Architecture and Ur-
banism, headed by Prof. Pia Fricker and the Profes-

sorship of Design of Structures, headed by Prof. Dr.
Toni Kotnik. This collaboration not only enables the
merging of teaching offers but, more importantly,
the establishing of computational thinking asmedia-
tor across architectural scales and common platform
for interdisciplinary research (Deutsch 2017, Bern-
stein 2018). That is, computation is not introduced as
technological topic but primarily as away of thinking
and cross-disciplinary link, as unifying common de-
nominator of discourse, as locus of production and
systematisationof knowledgewithin thedisciplineof
architecture across various scales of application.

NOVEL COURSE ORGANISATION
This course is aimed at students without prior knowl-
edge of digital tool or computation methods but, in-
stead, requires a solid background in architecture or
landscape architecture. Titled Pattern of Interaction,
the course is offered as a collaborative design studio
as part of the Master´s Programme in Architecture at
xyz University. Organized by the two professorships,
the studio is formally comprised of four courses: two
10-credit studio courses merged together into one
week-long studio course and two 5-credit intensive
courses, one seminar in computational theory and
one skill-building course in scripting (Figure 1). In
sum, Pattern of Interaction is a package of 30 credits
that covers the full teaching load of one semester for
all participants of the studio. This means all students
have the opportunity to fully focus their attention on
the topic of computation for the entire semester.
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Figure 1
Phasing of course
with short exercises
in parallel streams
within the first
phase, followed by
design exploration
on various scales
and continual
interweaving of
activities by
common themes
and discussions in
the second phase All courses are maintained in constant dialogue

through common exercises and discussions. The
course on computational theory is a sequence of key
readings on the digital turn in the 1990s, early pre-
decessors of machines and intelligent behaviour as
well as cybernetic cognition in the 1970s, and the
resulting move towards systemic thinking and pat-
terns up to current ideas of material systems and
performance-oriented design. Discussions on these
topics and their implication for architecture form a
theoretical backdrop for exercises in formalization
and rule-based thinking that are main driver in the
skill-building course.

The skill-building course introduces students to
formal languages and set-ups to aid in the use of ob-
served patterns and relationships to explore and re-
solve design problems (Figure 2). Scripting exercises
on topics like agent behaviour, automata, graphic
statics, discrete systems, L-systems, fields, rule-based
design or simplified flow/erosion/deposition simu-
lations are used to reinforce the skillset and com-
putational thinking required to be creative with the
medium of visual or scripted coding (Kelleher and
Tierney 2018). The systems explored in these exer-
cises are used to highlight the perks and caveats of
computational design enabled workflows. As an in-
tended by-product, students gain increased aware-
ness of a rich vocabulary of computational design ap-
proaches with which to address a design problem.

The exercises, linked more closely to the de-
sign studio, are used to reinforce the need for for-

malization and rule-based thinking by means of ge-
ometry and connect them with architectural space-
making strategies of mixing (Figure 3), the transla-
tion of spatial experience into formal relationships
between shapes, distances and hierarchies, and the
transformation of these relationships into properties
of material systems and the articulation of ground
conditions (Das 2016).

The sequence of exercises supports the students
to achieve a multitude of important learning out-
comes. They enable students to transform certain
parts of their design problems into a solution space,
permitting the possibility to navigate this space us-
ing solvers, optimization strategies and machine
learning algorithms. By integrating build-in feed-
back, their variations are compared and the design
goals adjusted. Students learn to learn to correlate
between the depth of understanding formalized re-
lationships or phenomena, and the building up of
the ability to explore and exploit these correlations.
The exercises are designed for creating a controlled
awareness of complexity and concepts, enabling stu-
dents to build upon formalized logic compiled by
peers. Finally, students become keenly aware of the
limitations in bending a computational model to re-
flect their will, fostering a wish to understand under-
lying principles in more depth in order to better for-
malize and control their outcomes.

D1.T5.S2. EDUCATION AND DIGITAL THEORY – ETHICS, CYBERNETICS, FEEDBACK, THEORY - Volume 1 - eCAADe 38 | 687



Figure 2
Examples in
scripting exercises:
Discrete system
explorations (top
left), Optimization
Strategies for
discrete system
(bottom left) & Field
behavior (right).

Figure 3
Rule based design
using Lego; A point
system was devised
around a set of
proximity and
proportionality of a
fixed number of
discrete elements
to award “good
performing”
designs, the
students were then
given the challenge
to devise a
structure that
would maximise
this metric.

SYSTEMS THINKING AND PATTERNS
Observing natural phenomena within architecture
and landscape architecture in terms of their inner
logic reveals the multilayered and complex struc-
ture of their patterns. This inherent logic can be
connected to theoretical basic principles of com-

puter science and represents a theoretical super-
structure of computational design methods (Picon
2010). M’Closkey and VanDerSys show the poten-
tial of generative patterns with respect to landscape
architecture and urban design and refer to the po-
tential gained in the analysis of structures in or-
der to generate a new understanding for relation-
ships and forms (M’Closkey und VanDerSys 2017).
James Corner describes patterns in this context as
“relational frameworks that simultaneously describe
and project; they reveal structures, processes and
relationships, as well as structure physical frame-
works that give shape and form to our world.” The
logic of these connections and networks can be
shown through patterns of behaviour, which mani-
fest themselves in dynamic, active, binding, connect-
ing, and distributing attributes (Andersen and Sa-
lomon 2010). Corner refers to the importance to re-
late this theoretical framework on the dynamic pro-
cesses inherent to landscape architecture, in order
to “form new patterns and forms that structure new
ecologies, new program, and new modes of recep-
tion” (M’Closkey and VanDerSys 2017).

Spurred on by these theoretical discussions and
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by experts at conferences like eCAADe, ACADIA, DLA,
the past several years, one can recognize a positive
trend to integrative computational design teaching
concepts. With our course we are aiming at an un-
derstanding of computational design that does not
place a focus on predefined workflows and strict
methods, but rather along the lines of embedding
the potential of thinking in complex systems (Fricker,
Kotnik and Piskorec 2019).

DESIGN STUDIO BACKGROUND
The design questions continue with the exploration
into the city as a performative landscape (Cantrell
and Mekies 2018), focusing on the relation and in-
teraction between the building and its neighbour-
hood and the problem of verticality versus horizon-
tality. Computational design thinking is drivenby the
idea of articulated ground (Schumacher 2013) that
is the active use of urban and landscape strategies
on a conceptual as well as operative level of design
development throughout all scales of intervention.
Students from the field of creative sustainability, ar-
chitecture and landscape architecture were asked to
rethink fundamentals of contemporary architecture,
urbanism and landscape architecture on an existing
site in Helsinki, Hernesaari.

Project Area: Hernesaari, an artificial peninsula
of 0,49 km2 is located in the southernmost part of
the downtown area of Helsinki, Finland. Hernesaari
served as a dockyard and industrial area for sev-
eral decades. After a series of master plan develop-
ments by the City of Helsinki, the ongoingHernesaari
development is part of a sea-oriented change pro-
cess in Helsinki and sets its focus on the new water-
front development (City of Helsinki 2020). The cur-
rently developed urban plan follows a classical mod-
ernistic approach, represented by a conventional
zoning strategy, which divides the island into three
separate functional zones. This plan acts as a start-
ing point for the studio to rethink the future of Her-
nesaari.

Figure 4
Rule based design
using Lego; A point
system was devised
around a set of
proximity and
proportionality of a
fixed number of
discrete elements
to award “good
performing”
designs, the
students were then
given the challenge
to devise a
structure that
would maximise
this metric.

Within the studio, the spatial context of Hernesaari
was used as a testing ground for speculative compu-
tational design methods. Each student team was as-
signed a “slice” of Hernesaari as their zoom-in field of
intervention. The aimwas to define experimental ex-
plorations in various scales, developing a general ur-
ban design vision and local design articulations, and
formulating new approaches for future-oriented wa-
terfront developments in growing cities. The interac-
tion within the assigned slices allows both exploring
and formulating small- or large-scale design specula-
tions in the area of urbanistic answers to specific site
conditions. Within the student project “Intercellular:
Conceptual Design of Hernesaari” by xyz, a new com-
putatoinal design strategy is developed to address
the complex settings of the site. Figure 4 showcases
the following steps of interaction: 1: General pattern
generation and distribution of the cells. 2: Creating
logic to automatically organize the cell size accord-
ing to functions and connectivity. 3: Cells are eval-
uated and adjusted according to the functional pa-
rameters, merging of cells and performance check. 4:
Articulationof thegroundconditionaccording towa-
ter andwindflowsimulation. 5: Generationof border
conditions, taking into consideration the seasonal cli-
matic aspects. 6: Extension into the 3rd dimension
andgeneration of an overall public space concept ac-
cording to the concept of “articulatedground” (figure
4).
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NEW DESIGN STUDIO FORMAT AS INCU-
BATOR

Figure 5
Urban Design
Vision: The
computational
model allows the
students to
generate a highly
complex design
proposal with full
control on all scales.
The implemented
formal actions are
carefully chosen in
order to express the
student‘s
motivation to
create a new form
of urban interaction
space for people
and nature.

The central task of the studio is to rethink the tra-
ditional approach of separated functions by apply-
ing computational design methods for mixing form
and functions into a new spatial configuration. The
design thinking is driven by the idea of articulated
ground (ZHA 2017) or the active use of urban and
landscape strategies on a conceptual as well as op-
erative level of design development throughout all
scales of intervention (figure 5). As described within
the discourse on the topic of systems thinking and
thepotential of dynamicpatterns, a discussionon the
topic of future-oriented computational design think-
ing for the education of architects can only be led in
combination with a theoretical excurse.

The evolutionary didactical backbone of the de-
sign task is based upon a carefully orchestrated the-
matic combination of abstract, theoretical computa-
tional explorations and computational design exer-
ciseswhich are design-oriented, hands-on andbased
upon coding (figure 6).

CONCLUSIONS ANDDISCUSSION
As discussed in this paper, the reflection on com-
putational design methods opens up much needed
reflection on learning theories. Entering the do-
main of computer science adds an additional chal-
lenge, which requires new didactic and pedagogic
approaches to be developed in consequence of the
increasing domination of e-learning applications.
Siemens (2004) formulated the need for an explicit
theory for the digital age - “Connectivism” - to de-

fine the development of teaching concepts for the
digitally networked world. In a university setting, the
principles of andragogy support the development of
the individual experiments and tasks and lead to a
steep self-motivated learning curve, as the students
see the immediate increase of quality in their design
(Peltz 2019).

One of the main findings of the students has
been the positive evaluation of the development of
a combined learning theory, catered to the special
needs of teaching computational design thinking in
our domain. Our studio set-up embeds several ele-
ments of the abovementioned theories, adjusted to
the particular application areas linking to phenom-
ena of the area of natural sciences and computer sci-
ence.

In nature, mixing processes and patterns of in-
teraction are common. They enable the configur-
ing of heterogeneous physical elements into a co-
herent, homogenous system and the emergence of
new qualities out of the recombination of existing
ones. This motivates our interest in systematic mix-
ing strategies and their potential for application in
thedesignof thebuilt environment on various scales.
In this context, rule-based mixing strategies are of
special interest as they allow the designer to actively
control the process and, thus, enable the guiding of
themixing according to deliberate design intentions.
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Hwang, Elina Inkiläinen, Chiuki Lai, Loviisa Luoma,
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Figure 6
The generated
design creates a
responsive
ecosystem, blurring
the boundaries
between the built
and the unbuilt.
The constant
change of the
environmental
conditions creates a
process of hybrid
transformations
and allows the
users to interact as
an active part in a
newly articulates
eco-system.
Student work:
“Intercellular:
Conceptual Design
of Hernesaari” by
xyz

Piirita Meskanen, Anniina Norpila, Egle Pilipaviciute,
Faezeh Sadeghi, Koichi Tamura, Amirhossein Tey-
mourtash, Joel Tiitinen, Jiaqi Wang and Chengfan
Yang.
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ShapeGrammars as aMethod to Introduce Computational
Thinking in Design

The case of tiles
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For architects and other artists, shape grammars, that are part of the
computational thinking concept, have been an effective initial tool of transition
between the realm of design and the classic computer. The dissemination of
computer science and its mindset is only possible when it is supported by
adequate pedagogical processes. The presented paper demonstrates an adequate
transposition of art solutions (part of tile panels by Athos Bulcão and Maria Keil)
into a computational structure where innovative notations are defined in some
aspects. To that end, it allows their implementation in the computer through a
suitable programming language and uses those same notations to generate other
solutions within the same universe of interest and research. Furthermore, an
intellectual process is exposed allowing to structure the information, particularly
regarding to form, to different frameworks, placing itself as an opportune
methodological structure that can guide other similar experiences.

Keywords: Art and Design, CAAD Education and Teaching, Design Concepts
and Strategies, Hybrid Shape Grammar

INTRODUCTION
Shapegrammars havebeen, since their development
in the 1970s, an important tool for description, analy-
sis, anddesignproduction. Their capacity for abstrac-
tion and their logical structure enable them as an op-
portune path in transposing the realm of design to
classical computation. This paper aims, in general,
to present to architects and artists a methodologi-
cal procedure basedon the formalismof shapegram-
mars in away that supports and leads to the develop-

ment of specific computational tools for specific de-
sign problems.

We also aspire that such an approach can, in
someway, reflect both inprofessional practice aswell
as in teaching. Especially concerning teaching, we
believe that the experiences of this nature can be
replicated, and start to assume a different attitude
facing commercial software, that most of the time
treats architectonic issues as a commodity (Martens
et al. 2007). And, before that, we perceive shape
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grammars as an opportune gateway able to link de-
sign and computational thinking. Such bias is not al-
ways adequately explored in academia (and in other
cases, nor is it included in university curricula).

In the paper A Perspective on Computer Aided De-
sign after Four Decades, Earl Mark, Mark Gross and
Goldschmidt (2008) point out shape grammars as
one of the eight development approaches on Com-
puter Aided Architecture Design. It is also worth
mentioning that shape grammars, since their initial
development, derive from the work of mathemati-
cian Emil Post, who produced systems that formed
the basis of modern computer language (Earl Mark
et al. 2008).

Themodusoperandi of shapegrammars is based
on lines that generate shapes, within a Cartesian
plane, where algebraic relations (Boolean algebra)
can be developed. This abstraction of shapes in
mathematical values, and rule-based behavior, high-
lights the computational nature of shape grammars
(even if not always related to the computermachine).
According to Stiny (1990, p. 100), ’To replace shapes
in this way exploits the full resources ofU · [the alge-
bra of shapes] and thereby provides the basis for ev-
ery computation with shapes. These computations
are of all sorts. In fact, every set defined in a Turing
machine can be given equivalently by following rules
inU ·.’

In this paper, not only the formalist descrip-
tion but also the possible derivations, new design
conceptions, and the idea of computation take as
reference the foundations and practices developed
mainly by Stiny (1977, 1990, 2006), Stiny andMitchell
(1978, 1980) and, Knight (1983, 1989). Furthermore,
they are supported by relevant experiences and de-
velopments found in Carson, McKelvey, and Wood-
bury’s works (1991), Chau (2004), Duarte (2005) and,
Garcia and Romão (2016). The mentioned authors
compound the base for a brief theoretical contextu-
alization exposed in this text, as well as other refer-
ences about methods of work, basing the proposed
workon specific grammarsdevelopedbyStiny (1977)
and Carson, McKelvey, and Woodbury (1991).

The main goal of this paper is to present a
methodological path of research in design subsi-
dized by shape grammars in a way that allows de-
scribing, deriving and ascending to computational
implementations. Consequently, we hope, even in-
directly, to promote their teaching and diversifying
their application. For this, we establish, as a corpus
of analysis and investigation, two frames in signifi-
cant works of the artists - Athos Bulcão (1918-2008)
andMaria Keil (1914-2012), both workedmainly with
tile panels during the second half of the 20th century
until the early 2000s, he in Brazil and she in Portugal,
and were strongly related to Modern Architecture.

The methodological proposal starts with a pro-
cedure that is well-known and already tested in sev-
eral works of a similar nature, the formal description.
This stage identifies the sets of elements that struc-
ture the designs in question, as well as the genera-
tive rules necessary for their achievements; and, in
parallel, provides a rich analytical view of both de-
signs. The next step is to create a hybrid paramet-
ric shape grammar. Thus, elements and characteris-
tics of both languages are intersected and create a
new set of types. Subsequently, this set of informa-
tion subsidizes and guides the development of com-
puter language programming that allows new possi-
bilities for the application of these design solutions,
together with a host software.

In general, we hope to contribute to other works
of a similar nature, which seek to sensitize both
academia and professional practice to understand
shape grammars as a facilitating agent between gen-
eral design issues and computation. And by analogy,
to foment the professional debate and the develop-
ment of new applications, so that we can realize that
there are more active and personalized ways to take
advantage of the Computer Aided Architectural De-
sign tools (Earl Mark et al. 2008). Besides, it is also
intended to avoid that architects and artists (and ed-
ucators) are just passive consumers, often limited by
restrictive and standardized solutions offeredby soft-
ware in vogue (Martens et al. 2007).
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SHAPE GRAMMARS AS AMETHOD
According to Stiny and Mitchell (1980), shape gram-
mars are a type of algorithm defined by labeled
shapes consisted of lines and/or symbols. Shape
grammars depart from an initial shape (IS) where
shape rules (R) (or a set of rules) are applied recur-
sively (or not) and can result in new design possibil-
ities, and in the definition of a language of shapes
generated by its individual parts (Stiny and Mitchell
1980). Shape rules are the usual way for the initial
shape to relate to the produced shapes and, thus, to
have generative skills of design (Knight, 1989), also
stated by Duarte (2005).

Parametric shape grammars are basically an
extension of shape grammars, where shape rules
are defined within general parameters or schemata
(Stiny and Mitchell 1980). According to Chau (2004),
the parametric shape grammars are more versatile,
once that from each shape rule can derive families of
shape rules, depending on the necessity. In this way,
parametric shape grammars are understood as a tool
with extended possibilities that can be an important
mechanism for the creation of designs.

Therefore, we can summarize shape grammars
as a formalism composed of based-rules that can de-
scribe, rewrite, prescribe design in a language. In
its turn, language can be defined as a collection of
designs that share some recognizable compositional
principles that have formal coherence (Garcia and
Romão 2016). According to Knight (1983, p. 125),
‘A language could be transformed into a new one by
altering basic elements (shapes and spatial relations
between them) of the compositional structure of de-
signs in the language.’ These conceptual principles
are the base for this work, which begins with the for-
malist description of the corpus, to generate a new
design approach.

These theoretical bases, aligned with other pre-
vious experiences, allow us to define a methodologi-
cal framework (see Figure 1). We believe this schema
can be helpful to further investigative or professional
works with the same ambition, or as a general guide-
line to exercises or practices in teaching, once teach-

ers could use this framework and instigate students
to apply it in different design contexts.

Figure 1
Methodological
framework

The methodology of this work, in general, is divided
into three large steps: First step - descriptive gram-
mars; Second step - Hybrid shape grammar; and,
Third step - programming. The First step is, basically,
divided into three phases: 1a - corpus selection; 1b -
shape interpretation of the elements, and initial ab-
straction; 1c - elaboration of the shape grammars in
an analytical descriptiveway on both selectedworks.
The Second step consists of four phases: 2a - select-
ing elements and features from both artists; 2b - se-
lection and adaption of the rules (fromFirst step) that
will form the new shape grammar in a hybrid way;
2c - the choice of an application place (initial shape);
and 2d - derivation. And finally, the Third step has
another four phases: 3a - data analysis on hybrid
shape grammar; 3b - general programming frame-
work (What questions must be answered? In what
way? Etc.); 3c - syntactic composition of computa-
tional language; and, 3d - macro implementation.
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First step: descriptive grammars (AB and
MK)
The selection of the corpus takes place through the
general analysis of both artists’ works; observing,
among other features, geometric characteristics, for-
mal abilities, and levels of abstraction, which are
complementary to the proposed exercise. The cor-
pus, in this specific case, is about tiles, but in other
contexts could be about hospital plants solutions, for
example, orwindows types, houses of a specific style,
the work of a singular architect, among a lot of other
potential investigations in architecture. What, once
more, appoint shape grammars as an important tool
of design investigation.

Our corpus (1a) is composed by part of the tile
panel at the Center for Formation and Improvement
of the Chamber of Deputies - CEFOR, Brasilia, Brazil
[1], 2003, by Athos Bulcão (AB), and part of the Panel
of tiles of the Pícoas Metro Station, Lisbon, Portugal,
between 1955 and 1959 (Mantas 2012, p. 293), by
Maria Keil (MK). Both framed in the same size, with
the same number of tiles, but each one with its own
draw, and specific strategy of design (see Figure 2).
In the case of the tiles, we have a modulation by rea-
son of the regular format and dimension of the tiles,
a square with fifteen centimeters of side.

In this stage, we need to observe the corpus, and
start analysis about specific features (1b), a kind of
syntax of the visual language (Dondis 1973) of both
works, and, once defined the elements, the design
strategies, we need to categorize them. In this case,
we have in AB’s tiles, just two kinds of elements, tiles
with an arc (1/4 of circumference), and empty tiles;
both seem to have a random disposition, or an ap-
pearance of randomness, at least. The arcs disposi-
tion varies among 0°, 90°, 180° and 270°. In MK’s we
have a special draw, composed by arcs and the limits
of the tile, like two opposite “waves”, forming a sym-
metric lens at the center. This draw is used in three
different dimensions: a small one, whichmatches the
size of a single tile; a large one, which corresponds to
the size of four tiles (with a scale that corresponds to
twice the smaller piece); and the last, a distortion of

the smallest one, which is double in height, and with
same length. The colors, in both tiles, were ignored.
At this point, it is not mandatory but recommended
to abstract the corpus in draws (here originally based
on images), that can help to approximate the corpus
and the investigator and be useful for planning the
first strategies of descriptive grammar.

The development of descriptive shape gram-
mars (1c) of the corpus allows us to decompose and
recompose a design to demonstrate its description.
This process also can be a helpful kind of formalist in-
terpretation. The descriptive grammar of MK’s work
results in 12 generative rules and takes, as a refer-
ence, some rule by Stiny (1977). While the grammar
of AB’s work contains 16 generative rules and mixes,
as a reference, some rule by Stiny (1977) and another
by Carson, McKelvey, and Woodbury (1991). In both
cases, we work with relations among labeled shapes,
schemata, Euclidean transformations and shape rules
(see Figure 2). The rules sometimes are applied exclu-
sively, other times recursively. Thereby, is possible
to understand the transformations applied, like the
change in scaleordistortionusedbyMK; andas away
to get the apparent randomness in AB’s panel. These
elements, parameterized shape, relations and, espe-
cially, rules, are the base of the hybrid shape gram-
mar, developed as follows.

Second step: Hybrid shape grammar
(ABMK)
Since we already carried out the interpretation and
analysis process (1b), we can choose what features
(2a) from each artist we want to introduce in the hy-
brid shape grammar (ABMK). We select the empty
space, arc draw and randomness from AB’s tiles, and
the different scales and scale distortion present in
MK’s tiles. This selection was based on artistic and
subjective values, that is, other choices could be
made, possibly rendering different results, but the
methodology would remain the same, and this is the
most relevant aspect.

As a result of our previous decisions, and based
on the rules that structure both shape grammars, we
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Figure 2
Corpus and
descriptive shape
grammars
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need to select and adapt the rules to the new hy-
brid shape grammar (2b). Thus, we keep with the
initial rules based on Stiny (1977), which allowed or-
derly occupation of the initial shape. In order to have
empty spaces and randomness, we picked out a set
of rules developed in AB shape grammar (based on
Carson, McKelvey, and Woodbury 1991). And lastly,
we perceived the need to adjust some parametric
rules to introducedifferent scales and scale distortion
usedbyMK (Euclidean transformations), but now, ap-
plied to arc shape; because it was not possible to use
the rules already created due to incompatibility with
empty space, by the logic inwhich the twogrammars
were structured.

The choice of application place (2c) is significant
because it determines the initial shape related to the
parametric rules, bringing a contribution to the fi-
nal result (see Figure 3 and Figure 5). In this case,
we choose an external wall that protects an access
staircase to the Faculty of Architecture of the Univer-
sity of Lisbon. It should be noted that the chosen
place is just an example, as other places could also be
used. However, for each place with different shapes,
the rules should be adapted according to the initial
shape.

Once we have the initial shape and a set of rules,
we can develop the derivation (2d) of the hybrid
shape grammar. The generative parametric gram-
mar has 22 rules (see Figure 3) which occupy the
initial shape, respecting its borders, and being able
to present arc shape in different scales, distortion,
empty spaces and randomness (see Figure 5). Thus,
the result, roughly speaking, has sufficient similarities
with previous works, which enables it to be under-
stood as a possible hybrid language of AB’s and MK’s
works.

Furthermore, it is possible to test the character-
ization of a design, based on this generative shape
grammar. According to Stiny and Mitchell (1978), we
can test if the characterization satisfies three criteria:
(a) the grammar capability to re-create the corpus;
(b) recreate other existing designs within the same
language; and, (c) create new designs of the same

style. Based on the developed grammars (AB, MK,
and ABMK) and the characterization criteria by Stiny
and Mitchell (1978), the set of elaborated grammars
clearly meets criteria “a” and “c” (see Figure 2, Fig-
ure 3 and Figure 5). But regarding the test “b”, we do
not satisfy. We could even create another part of the
same panels, but not other singular works. First, be-
cause our corpus is too limited and specific; and sec-
ond, this work does not have this characterization of
design as a goal, even though, in general, we can per-
ceive similarities between Athos Bulcão’s and Maria
Keil’s works, which couldmotivate another investiga-
tion with this propose.

Third step: programming (TILEABMK.lsp)
At this point, it is not difficult to imagine the imple-
mentation of these conceptual assumptions in com-
puter science through a suitable programming lan-
guage to accelerate the search for possible and con-
venient formal solutions. With this data set or other
with different goals. The initial descriptive shape
grammars (AB and MK), in the First step, were im-
portant elements to get the hybrid shape grammar
(ABMK); and now, this hybrid shape grammar is an
important element to achieve the establishment of
adequate computational programming.

We started analyzing the hybrid shape grammar
data (3a), both the specific elements and their alge-
braic relations, represented by the rules of deriva-
tion. Thus, in this case, wehave four elements: empty
space (the size of a 15 cm square tile), small arc (a
square with an arc corresponding to the size of one
tile), large arc (a square with an arc corresponding to
the size of four tiles), and deformed arc (a rectangle
with an elliptical arc corresponding to the size of two
tiles). Aswehave already selected the four structured
elements (since they already had their rules and Eu-
clidean transformations carried out in the previous
step), the main Euclidean transformation adopted in
this stage was rotation, partially supporting the idea
of randomness (another part is achieved with some
arbitrariness).
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Figure 3
Hybrid shape rules

To be able to relate the elements of design in a
way that this can result in a useful tool for design, we
need, at first, to think: what do we want? And: how
can we do it? That is, we need to organize a gen-
eral programming framework (3b). This framework
(see Figure 4) is shaped by some issues, which can be
mapped by some questions and answers such as:

• What can the user do? The user can apply pat-
terns of tiles, which has as reference the hybrid
shape grammar ABMK;

• What can the user choose? The user can choose
a single pattern or mixed patterns, which pat-
tern(s) they prefer to use, and if the pattern(s)
will have a repetitive or random disposition;

• When can the usermake choices? Some choices
need to be made at the beginning, and others,
after, as a result of these first choices;

• Where can this be used? In an appropriate soft-
ware, the user can apply it in any predesigned
shape, which has its boundary closed;

• What limitations can the user find? The user can
only choose between four different elements,
and, when choosing a mixed pattern, they can-
not control the quantity of each element indi-
vidually, or the angle of rotation (as a way to
preserve the original features of the precedent
works).

Oncewealready know, in general, whatwewant,
andwhat we have, we need to choose a way to insert

the compilation of advanced data with shape gram-
mars into a computational language. And taking ad-
vantage of the fact that the algebraic nature of the
relationships developed in shape grammars are com-
patible with computing (Stiny 1990). Thus, to make
a syntactic composition of computational language
(3c), we have a lot of different ways of programming
language. In this case, we choose to work with a pro-
gramming language in list, specifically, LISP (List Pro-
cessing). What allowed us to order the elements, the
possible (and limited) relations, and the controlled in-
puts of the users.

The macro implementation (3d) is conditioned
by the necessity to load into the appropriate soft-
ware. Once it is done, the user can call the applica-
tion, and start making choices for later applying the
tiles into a specific context (e.g. an internal wall in
the draw of a section, or in an external wall in the
draw of a façade...). This macro (TILEABMK.lsp) can
be freely accessed and downloaded [2] to be used by
other persons, as away to help to evaluate themacro,
spread works of this nature, and as a means of giv-
ing visibility to the works by Athos Bulcão and Maria
Keil. Figure 4 shows us part of the framework of this
macro, and examples of the different results that can
be obtained.

Some interesting differences between the way
as Hybrid shape grammar ABMK and this macro op-
erate can be related. In hybrid grammar the initial
shape guides the development of the rules; in the
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Figure 4
Programming
framework, possible
interactions and
results
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macro, there is no initial shape, as understood in
shape grammars. But only is it possible to apply the
tiles with the macro once we have a predetermined
closed shape, and it allows us to apply the tiles in a
lot of different contexts. Even if the applicability of
this depends on the specifics of the host software.
Figure 5 shows us a visual comparison between the
panel given by the Second step - Hybrid shape gram-
mar (ABMK), and what we design with this macro.

Figure 5
Derivation of
Hybrid shape
grammar ABMK,
example of
utilization of macro
TILEABMK.lsp, and
an illustrative
simulation at
Faculty of
Architecture of the
University of Lisbon

In relation to the idea of randomness, in hybrid gram-
mar, it is achieved because the rules had a premedi-
tated disposition (from First step), based on the orig-
inal panel, which gives us a different and varied re-
sult according to the different initial shapes. In the
macro, this randomness is partially obtained through

themathematical powerof computation, through ro-
tation, which is guided for specific functions into pro-
gramming what defines some angle between 0°, 90°
(π/2), 180° (π) and 270° (3π/2) randomly, which in-
crease substantially the design solutions generated.

DISCUSSION
Inside the simplicity and limited universe covered by
this work, we aim to share the idea of coming up
with experiences that explore the convergence of re-
search, teaching, and practice (Burry 2005), even in
different proportions. And we also want to collabo-
ratewith the intention to foment a scenariowhere ar-
chitects are able to be tool builders as well (Earl Mark
et al. 2008). Thus, we keep our belief in shape gram-
mars as a very opportune way to get this introduc-
tion to computational thinking, especially in teach-
ing. Once we have demonstrated here that with the
adequate methodological apparatus, shape gram-
mars can guide an approach that allows us to have
many design options, starting from relatively few el-
ements.

Sometimes,weprefer to run the riskof appearing
dated, resorting to yet another descriptive formal-
ist shape grammar (as part of the process), in an at-
tempt to show how this descriptive shape grammar,
and the many others that have already been made
since the 1970s, can be understood as a vast reposi-
tory of methods and examples that help us to bring
elements from the realm of architecture to the realm
of computation, through shape grammars. In this pa-
per, we mentioned specifically Stiny (1977) and Car-
son, McKelvey, and Woodbury (1991) as important
references to compose the grammars developed in
First and Second steps, but new experiences can look
for support in other previous works (fortunately, op-
tions abound); as well as to prefer to use other ways
to compose a computational language, different to
LISP. It is worth mentioning our future work should
include an evaluation of this application (at least, a
larger evaluation).

Into this approach, we hope to have provided a
schematic methodology of how to use shape gram-
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mars as an introductory tool to understand design
as a mathematical set (algebraical relations, Boolean
operations, Cartesian transformations), that is, in el-
ements suitable to compose a programming lan-
guage. Once we believe that ‘CAAD research should
not descend into a situation that simply takes current
tools and technologies and sees what can be done
with them’ (Martens et al. 2007, p. 530); we tried, in a
general perspective, to help teachers, students, and
architects to be more proactive and collaborative in
relation to Computer Aided Architecture Design.
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The study focuses on early attempts to deal with complex physical environments
through a comparative analysis of two canonic projects that combine
architectural design with cybernetic theories: (1) ``The Fun Palace'', by British
architect Cedric Price, 1962; and (2) ``A Pattern Language'', by architectural
theorist Christopher Alexander, 1979. This study suggests that both projects
dared to advance the relationship between architecture and cybernetics in order
to create active reciprocity between architectural design and cybernetic system
theories. Drawing on ideas and terms from systems theory, we suggest using a
cybernetic system diagram to compare the two projects. We compare the work of
Alexander and Price through the terminology of current technologies in order to
better understand the reciprocity between the two fields. Such terms include
feedback loop, optimization and translation processes, input and output,
influence on the environment, automation and user interaction.

Keywords: Cybernetic, Architecture, System, Feedback

ARCHITECTURAL RELEVANCE OF TECH-
NOLOGY
At a time of accelerated efforts to update architec-
tural tools andmethodologies with technological in-
novations, this historical research identifies a reverse
process: architectural thinking that has helped gen-
erating technological concepts. Such a process was
evident in the late 50s and early 60s when the tech-
nology was envisioned rather than available. Nu-
merous types of collaborations between the fields of
systems, architecture, and engineering developed a
rangeof systemic approaches for urban and local sys-

tems and conceived of an architecture that would be
able to design a flexible process instead of a single
plan (D. Lea, 1993) (R. Bhatt, 2010) (L.CWerner, 2019).

From the beginning, architects asked how new
cybernetic technologies, such as the computer,
would be able to benefit architecture. As the British
architect, Cedric Price, puts it in one of his lectures:
“Technology is the answer but what was the ques-
tion?”. Reciprocally, it is no less important to under-
stand what architecture can contribute to new tech-
nologies. This question was already asked by the cy-
bernetician Gordon Pask in his 1969 essay, “Architec-
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tural relevance to cybernetics”. Pask believed that ar-
chitecture contributes to computational thinking by
framing design processes that may calculate, deter-
mine and predict environmental, social and cultural
systems. Evidently, some of the first cybernetic sys-
tems were designed by architects (L.C Werner, 2019,
pp:71).

Today,many researchgroups areusingadvanced
data technologies and develop different urban vi-
sualization tools, but these tools are designed pri-
marily by computer scientists for, and not by, archi-
tects. Perhaps it is time to ask once again how ar-
chitectural methodologies can design a flexible pro-
cess in a complex environment, and how it remains
architectural rather than turning into a computer sci-
ence project. This paper suggests a platform for a
new architectural projective methodology using a
retrospective analysis of twopioneeringprojects that
aimed at designing an architectural process more
than a finite architectural object. The projects cho-
sen for this task are as follows:

1. Cedric Price’s ‘Fun Palace’ - 1962, England.
2. Christopher Alexander’s ‘Pattern Language’ -

1979, United States.

Fun palace - The project began in 1962 as a casual
collaboration between the architect Cedric Price and
the avant-garde theatre director Joan Littlewood. As
the planning progressed, Price and Littlewood un-
derstood that cybernetic expertise was needed in
order to realize their visions for the project. They
invited the cybernetician Gordon Pask to join their
team. Instead of relying on familiar mechanical or
architectural methodologies, Pask, Littlewood, and
Price created a new architectural methodology that
corresponded to the cybernetics and systems theory.

Price wanted to provide an environment that
would anticipate and adapt to change. According to
Mary Lou Lobsinger, the Fun Palace is considered a
huge learning machine capable of allowing humans
to physically andmentally adapt to the intangible ex-
periences and accelerated pace of technological cul-
ture (M.L. Lobsinger, 2000, p. 126). Price realized that

for the building to be flexible and able to change in-
stantly, its structure had to be flexible as well. Frank
Newby, the structural engineer of the Fun Palace, de-
signed an efficient structural system. Stanley Math-
ews described it as “a pattern of interlocking squares
that provided both structural stability and program-
matic flexibility” (S. Mathews, 2005, p: 77-78).

A Pattern Language - This project was not even
conceived as an actual building or plan, but was ex-
ecuted as a book full of patterns and instructions,
entitled “A Pattern Language”, and was followed by
the explanatory book “TimelessWay of Building”. The
project begins with Christopher Alexander’s philo-
sophical critiqueof the alienated reality generatedby
modernist planning. The patterns were invented un-
der the roof of the Centre for Space Structures (CES)
founded by Alexander in Berkeley, University of Cali-
fornia, in 1967.

AlthoughAlexander did not try to create techno-
logical buildings that are capable of physical change,
he believed that to create quality architecture that
would feel “alive”, architecture should be able to
adapt to the environment, and the planning pro-
cess itself should be flexible enough to achieve these
adaptive qualities. He claimed that his system could
produce infinite architectural possibilities. Similar
to Fun Palace, the Language also had a clear struc-
ture with clear rules of construction for each pat-
tern. Core architectural ideas and solutions were em-
bedded into the patterns, according to Alexander, as
long as a designer used patterns withwhich he could
create an infinitenumberof designs andmaintain the
design’s most important elements.

The reason we chose to analyze both Fun Palace
and Pattern Language projects is mainly because
both Alexander and Price believed that there is more
to cybernetics and technology than the commonuse
of computer in the discipline of architecture. While
these two projects seemed to address different as-
pects of the architectural discipline, both projects
started from a similar criticism of the modern move-
ment and the inflexible environments it produces.
Despite the fact that the first was inspired by pop-art,
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avant-garde and theater, and the second by the ver-
nacular and social sciences, the two projects found
their answers in the active reciprocity between archi-
tectural design and cybernetics, both trying to ad-
vance this relationship to create new technologies.
Wepropose to focuson this aspectbyanalyzing them
retrospectively from the vantagepoint of early cyber-
netic theory.

Figure 1
a comparative
diagram between
the two projects

The motivation to go back to early cybernetic theo-
ries rather than to current computer sciencemethod-
ologies is similar, in a way, to the reason architects
use sketches and diagrams. While contemporary
software codes, even the simplest, would take time
to understand, cybernetics shares those core tech-
nological ideas, but in a diagrammatic form, before
it was translated into hundreds lines of a code. This
abstraction of ideas can be reinstated as a common
language between architects and program develop-
ers. Such analysis can lead to anew typeof communi-
cation between the digital systems that surround us
and architecture. This dialog is crucial in construct-
ing new architectural methodologies that are con-
nected to environmental complexity and its evolu-
tionary condition.

REFRAMING THE PROJECTS INTO A SYS-
TEMDIAGRAM
Both projects sought to influence the environment
through systematic and generative processes rather
than a single act of design. The generative qualities
in eachproject are the platform for that change in the
environment. In the Fun Palace, the components are
the building elements, the rules are the algorithms
of change, the feedback is the patterns of use and
the system as a whole is the different possibilities of
space. In the Pattern Language, the patterns are the
components, the language is the rules, the feedback
is the compatibilitywith the environment, and the ar-
chitecture it produces is the whole.

Drawing on ideas and terms from system think-
ing theory, we suggest using a provisional system di-
agram to compare the two projects, using terminol-
ogy combining current technologies with those of
Alexander andPask. Through this diagram,wewould
be able to examine the similarities and differences
between the two projects using seven main system
components such as:

1. “Environment”- the filed of the system
2. “Data-Base”- the informationexists in the system
3. “Input” - the information entering the system
4. “Goal”- the aim of the system
5. “Process” - the action of the system
6. “Output”- the result of the system
7. “Feedback” - evaluation of the system’s results

In the context of understanding the particular
channels they pioneered for the interface between
architecture and digital technologywewill first high-
light some of the similar qualities that might be con-
stant and crucial for designing such systems. We will
then point out the differences between the two sys-
tems using examples from current architectural is-
sues. These differences are the variables from which
we can choose and create diverse systems.

Constants
Clear structure as a means to achieve flexibility
within design. In both projects, flexibility is one of
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Figure 2
Suggested system
diagram for Fun
Palace and Pattern
Language, from
right to left

themain qualities Alexander andPricewant to add to
architecture. Although the Fun Palace is a real build-
ing andPattern Language is amethodology, bothuse
a stable structure within which flexibility is achieved;
in Pattern Language, the clear rules of the language
and the patterns create the strict structure, while the
flexibility of the Fun palace had to be embedded in
the actual structure of the building. The different
possibilities of connections inside those structures
create the flexibility in both projects.

Reactions to different conditions external to the
architectural system. Both projects are influenced
by external inputs that are translated into architec-
ture and influence the system’s output. In Fun Palace,
the input of the system mainly consists of informa-
tion about the visitors’ behavior. This behavior is
an external unknown that cannot be controlled or
anticipated. The same is true about Pattern Lan-
guage, where different aspects of the planning prob-
lem are translated into smaller problems and then
into architectural patterns. This link between non-
architectural elements and an architectural environ-
ment, which is embedded into each system algo-
rithm, makes the systems capable of assimilating in-
terdisciplinary knowledge into architecture.

Translation of architectural knowledge into cy-
bernetic concepts.Bothprojects stem fromanarchi-
tectural knowledge that shapes their respective sys-
tems, and subsequently their spatial definition and
structural condition. In Pattern Language the archi-

tectural knowledge is present from the very begin-
ning of the process, it is the patterns themselves
which are later translated into cybernetic connection
diagrams. In Fun Palace, the architectural knowledge
is situated deeper within the system process. It cre-
ates the algorithms that connect between the build-
ing structure and the visitors’ behavior information.

Generativity as a means for evolvement. Each
project has a feedbackprocess that takes information
about the output back into the system for evaluation.
The results of this process are structured to influence
the decisions and algorithms of the system, in order
to bring it closer to its goals. This generative learn-
ing allows the system to evolve over time and create
a quality that evolves with it, as well.

Use of a diagram to address complexity. Both
Alexander and Price dealt with complex systems in
their projects. Alexander used patterns as small com-
ponents of a bigger andmuch complex problem and
by simplifying the complexity into patterns, and re-
connecting them again in a new diagram, he could
reactivate the complexity within the design. Price
wanted to create complexity inside the building so it
would stop being just a regular building, but would
become instead a system of change and adaptation
that would evolve in space and time together with
its users. In cybernetic terms, the Fun Palace could
be seen as an overall pattern that organizes com-
plex relations between social context, program and
architectural space production (O. ÖZKOÇ, 2009, 1).
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Whether the complexity was given or planned, both
created a complex system in their projects by using
cybernetic theory and diagrams of connections and
information that would simplify the complexity into
a designable level.

Variables
Input of architectural information versus raw in-
formation. In Pattern Language, as we pointed out
before, the architectural knowledge is present from
the beginning, in the input stage of the system.
Every planning problem is immediately translated
into smaller architectural problems that already have
architectural proven solutions. In Fun Palace, on
the other hand, the input is a translation of human
behavior into non-architectural information that is
then constructed into computer commands using ar-
chitectural knowledge. This process of construct-
ing architectural knowledge from smaller scale non-
architectural information is a previous stage to the
one in Pattern Language. The decision about the
type of information to input into a system should de-
pend on the type of data-bases available to us. Per-
haps a system that creates architectural knowledge
can feed a system that relies on it.

Open-source versus machine-learning feedback
process. Both seek to improve the architectural re-
sult of the system over time. From the compari-
son, we learn that there are two modes of feedback
- system-related and user-related. In Fun Palace, the
feedback process is system-related. This automatic
process of improvement is very similar to the ma-
chine learningprocesswehave today. Such aprocess
has to translate and simplify the quality parameters
of the output into terms that a computer can under-
stand. For this reason, it would probably be easier to
use an automatic process when the output has very
clear evaluation criteria, such as volume, height, uses,
etc., as in Fun Palace, where the feedback addresses
functionalism in architecturewhich is dictated by hu-
man needs and use. On the other hand, an open-
source process is user-related. Such a process is de-
pendent on an active community, like in Pattern Lan-

guage, that can evaluate the results based on a hu-
man hunch or intuition. The improvement relates
to the shared knowledge of architects in a way that
can simulate the digitation of vernacular traditions.
Some of the downsides of this type of feedback are
that it has to have a strong participating community
(similar to computer science), and that the output
can be evaluated only after constructionwhich, in ar-
chitecture, can take a long time. This is why, in a new
architectural system, it would probably be better to
combine both strategies.

Output of architectural result versus cybernetic
diagram. The architectural result is inevitable in ar-
chitectural design; it can be the direct outcome of
the system like in Fun Palace, where we have a physi-
cal change in a building or even architectural plans
or models. But it can also be an indirect outcome
like in Pattern language, where the system outputs
a diagram of connections between architectural pat-
terns. The diagram itself is a cybernetic diagram that
is constructed from architectural parts. In this case,
the architecture itself is a following result external
to the system, when the architect manually designs
the building according to the diagram. For exam-
ple, from a contemporary perspective, it could be a
system that would output planning instruction and
rights can then be translated into endless building
possibilities.

CONCLUSION
The last section of this comparison between two
architectural projects with big architectural differ-
ences and cybernetic similarities, illustrates two dif-
ferent links between architecture and cybernetics.
While the Fun Palace project is a physical architec-
tural structure that accommodates a cybernetic sys-
tem, the Pattern Languageproject is a cybernetic sys-
tem that accommodates patterns that are essentially
small architectural configurations. This notionmakes
it clear that although there are some major concep-
tual and structural differences between the projects;
they canbothbedescribedusing the same systemdi-
agram. By looking at theparts of thediagram,we saw
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that somequalities are crucial in creating an architec-
tural system, such as flexibility and generativity. But
there are also different approaches that can be used
in constructing such a system, depending on factors
such as the type of architectural result, available in-
put, and feedback.

Some of those components have a cybernetic
core and other have architectural nature. This realiza-
tion can be a first step in a renewed conversation be-
tween technology and architecture, a conversation
where both disciplines have an equal contribution,
where architecture generates a new technology and
not just reacts to one. In the light of both projects,
this process is like a repeating spiral, Cedric Price took
primal cybernetic concepts and devolved them into
new architectural technology, Christopher Alexan-
der, started with computerized architecture but had
to go back to primal cybernetic concepts that would
provoke in turn new technologies. Maybe now the
time is ripe for generating, once again, technology
from within the architectural discipline.

We believe that the next step of our research
should be the creation of a projective methodol-
ogy that can be assembled from both constant and
variable features. Perhaps a further investigation of
other architectural projects using a system diagram
can widen this method by revealing additional dif-
ferences and similarities to the ones we found be-
tween the Pattern Language and the Fun Palace.
These would eventually help us create a conversa-
tional starting point between technology and archi-
tecture that is capable of inserting the city into the
technology instead of the technology into the city.

Figure 3
Diagram of spiral
reciprocity between
architecture and
cybernetics
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We introduce direct, versatile and almost tactile techniques for designing
topographies and density distributions in architecture and landscape architecture
through a sequence of digital 2D drawing and 3D modeling tools. We situate
these techniques within the broader context of the growing digital divide between
designers and developers of design tools. We explain, demonstrate and discuss:(i)
the relevance of the techniques in design tasks, (ii) advantages of our tool
sequences, (iii) the functionality of the tools, their hitherto underused connection
and their sequential use. We reason that hitherto, accessibility of design tools (or
simplicity of input and handling) has been much less developed than their
performance (or complexity of output and variability) and call on developers to
remedy this.

Keywords: Landscape Architecture, Topography Design, Design Tools

THE DIGITAL DIVIDE BETWEEN DESIGN-
ERS AND DEVELOPERS, AND ONE POSSI-
BLE REASON
As designers and educators of design students, we
address and propose one possible path towards solv-
ing a two-fold problemwe see in the development of
the power and employment of digital design tools:

• not many designers appear to actually use the
ever-growing power of the tools

• use of advanced digital design tools appears to
be reserved for a fieldof so-called ‘non-standard’
or ‘digitally-driven’ designs that only play an
lesser role in actual building

Put differently: we observe a growing digital divide
between people employing and developing digital
tools and designers not using those tools. Both in
academia and practice “... the profession frequently
relied too heavily on [the] input [of specialist consul-
tants], which might suggest that ... architects fail to
be experts in [their] own right and should be a mas-
ter of our [their] tools and ... must be taught how to
use and manipulate [tools] [to] critique and improve
what is available to.”[1]. In discussing the 2018 Venice
Architecture Biennale,WilliamMenking cites a “apro-
found difference between an architecture grounded in
an expressionof thedigital andone that primarily seeks
to respond to site, program, function, and reception.”
[2]
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In academia, digital tools are commonly taught
in specialized courses, separating them from non-
digital design tools. Thus people focussing on design
(and probably not taking those ‘specialized’ courses)
are separated from people more prepared to deal
with technicalities, opening a divide that is rarely
closed.

Furthermore, a lack of design competency in
those applying advanced design tools not rarely
leads to design proposals where technical mastery
of techniques distances those proposals from ac-
tual design problems (See Alexander Koolhaas Obrist
2008: “It does not suffice to just play with the Com-
puter. Instead, more substantial configurations should
be found.” (Translation by the authors))

We propose that one main reason for this divide
is the lack of immediacy and ease of use of most
tools - not their functionality, but their user inter-
face. While digital design tools perform ever better
in terms of complexity of their output, accessing this
output demands ever more steps, each with its own
difficulties to be overcome and therefore number of
steps removed from simple daily use in design. One
well-known example of the power of an user-friendly
interface is the add-on ‘Grasshopper’ to the 3d mod-
eling software Rhinoceros3Dwhich allows users to in
fact write programswithout having to spell out code,
due to grasshoppers graphical user interface. While
Grasshopper has led to many more people from the
design world using the power of coding than before,
its users often appear to form a group of specialists
separated from designers.

For most designers who tend to concentrate
their efforts in design work tactility and analogue
techniques are mandatory; the interaction of hand
and head is a central aspect for the creative process:
“if the hand can unfold freely, if it does not just work
but play, if it perceives, themindwill unfoldmore freely.”
(Aicher 1991 (Translation by the authors))

The analogue working procedure is charac-
terised by immediacy, tangibility, andwhat the archi-
tect Renzo Piano calls ‘circularity’: iterative feedback
loops between the single design steps so that an in-

tuitive and iterativepractice is emphasized: “Youstart
by sketching, then you do a drawing, then you make a
model, and then you go back to reality -you go to the
site- and then you go back to drawing. You build up
a kind of circularity between drawing and making and
then back again.” (Renzo Piano describing his work-
ing procedure, quoted in Sennett 2009)

The absence of those advantages and a severe
lack in interface quality makes digital design tools
inaccessible for many designers. (In his book ‘The
Craftsman’ Richard Sennett pointed out that despite
of the well-known advantages of CAD the abstract
character of digital tools impede the consideration
of important design aspects.) A more haptic modus
operandi of using digital tool in design processes
seems to be necessary: an analogue (direct, tactile)
approachwithin a digital method, amplifying the de-
sign process through oscillation between analogue
and digital.

We propose that in order to reduce the thresh-
old for a lot of designers for actually using many ad-
vanced tools not the number of functions of the tools
should be increased, but their accessibility and con-
nectivity.

PROCESS CHAINS
To overcome the divide described abovewe propose
not altering the already very complex and power-
ful tools [cf. Cantrell and Meckies 2018, Harmon et
al 2018] but to combine several tools into a process
chain that in effect constitutes a user interface or a
series of levers that allow users to get a handle or
grip on complex functionalities. Our process chain is
build from 3 steps: Vector graphic to bitmap graphic
to 3d structure, with the bitmap graphic serving as
the link between 2 different software packages: Illus-
trator and Rhinoceros3D/Grasshopper. We demon-
strate the application of the chain in 2 different de-
sign contexts:

1. Landscape Topography
2. The density distribution of elements on a

given 2-dimensional surface embedded in a 3-
dimensional space
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RELEVANCE OF DESIGN CONTEXTS
Designing topography is one of the most basic acts
of landscape design (Petschek 2008) and is recently
becoming ever more important in architecture, too
(Allen 2011). Both traditionally in creating semi-
natural scenery and currently for designing scapes
with multiple functionalities and complex border
conditions (Klingmann 1999).

Distributing elements in varying densities on a
given2-dimensional surface (possibly embedded in a
3-dimensional space) is also important both in land-
scape architecture and architecture, i.e. in the posi-
tioning of trees and other space-defining plants, or
furniture.

Relevance of designing topographies
From historical park landscapes to current projects,
topography has been put to ever more uses:

• reactive: amending given site conditions to the
designers’ purposes

• active: employing given site constellations for
specific scenic visual effects

• proactive: modeling of artificial, semi-natural
landscapes

• interactive: modeling of multifunctional pro-
grammed scapes

We further substantiate the relevance of being able
to design topographies via three examples from dif-
ferent periods of architecture and landscape archi-
tecture:

Topography in historical landscape architecture.
The design of complex artificial topographies be-
came significant in the tradition of the landscapegar-
den of the 18th century; Stowe Landscape Gardens
(England) and the Dessau-Wörlitz Garden Realm
(Germany) are prominent and outstanding exam-
ples. Following the concept of idealized nature and
conscious relation between human and nature the
modeling of semi natural landscapes focussing on
sequences of sceneries and the perception of pic-
turesque landscape represented this new paradigm
(Maier-Solgk and Greuter 1997). In terms of scenic

composition, topography - along with design ele-
ments like pathways, water, plantings and build-
ings - is the connecting and constitutive design el-
ement, providing sceneries, spatial sequences, and
spatial qualities. This becomes evident in the stylis-
tic design principle ‘undulating ground’ formulated
by Lancelot ‘Capability’ Brown (1716-1783) which
implies the ideal of a soft and hilly landscape that
provides panoramic views, scenes and unexpected
sudden visual experiences (Maier-Solgk and Greuter
1997) and enables a new perception of and interac-
tion with landscape. (“Capability Brown accentuates
the positives of topography” Historic landscapes con-
sultant Kate Felus. “[His design] is sculpture, like walk-
ing through a Henry Moore.” Juliana Gilling, both in
[3]. See also Figure 1)

Figure 1
Historic example of
a landscape
topography
designed for
picturesque effect:
the deer park at
Petworth,
landscaped by
‘Capability’ Brown.
Photograph by
Andrew Butler /
National Trust
Images [4]

Topography in recent landscape architecture. In
more recent landscape architecture, topography be-
comes more programmatic:

The design proposal ‘A new synthetic landscape’
by Foreign Office Architects for Downsview Park,
Toronto (see Figure 2) shows an extended approach
of topography as a design element in landscape
architecture. The urban park design for a former
military base of 320-acres proposes the modeling
of a manifold landscape considering ecological sys-
tems and processes combined with multiple func-
tionalities and recreation programs based on a spe-
cific, complex and differentiated topography (Czer-
niak 2002).

Topography here is not merely a design element
constitutive for a complex spatial structure but also
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for a specific recreation program and sporting activ-
ities depending on different slopes. The reconfigu-
ration of the site’s topography combined with a dif-
ferentiated system of circuits creates diverse zones
of activity and recreation: from horizontal plateaus
(playing fields, meadows) to slopes of 6-12% (ex-
treme sports) (Czerniak 2002).

Through the interrelationship and coherencebe-
tween varying grades of slopes and activities, topog-
raphy becomes a proactive, operative structural ele-
ment providing a smart coding of multiple uses: to-
pography is also the program.

Figure 2
Modern example of
a landscape
topography
designed for
programmatic
diversity:
Downsview Park
Toronto
Competition Entry
by Foreign Office
Architects, 1999
[Czerniak 2002]

Topography in current architecture. In current
modern architecture, landscape-like topographyalso
becomes the driver for the creation of architectural
spaces:

The Rolex Learning Centre in Lausanne by
SANAA Architects consists primarily of one continu-
ous piece of topography, undulating to create sub-
tly differentiated spatial zones of different function-
alities.

“The topographycreatedby thearchitecturewill in-
duce architectural experiences that have not been felt
in traditional buildings. When standing on top of the
hill, youmight not see the other hill butmight hear faint
voices, or you might not be able to see the other place
but your body can sense there is a connection to an-
other space. Unlike traditional one-room spaces, new
relationships will emerge andwe hope this will create a
new type of architectural experience ... The landscape
created inside of the building is in a continuumwith the
landscape of the campus and the city.” (Kazuyo Sejima
+ Ryue Nishizawa in [5])

Figure 3
Modern example of
a topographical
building designed
for spatial and
programmatic
diversity: Rolex
Learning Centre by
SANAA, 2008 ([5]
and Grohmann
2009)

Relevance of designing density distribu-
tions
The constant need for positioning space-defining el-
ements (like trees or other plants in landscape archi-
tecture, or furniture in architecture) makes this de-
sign topic almost self-evident.

Additional to biological factors and natural pro-
cesses like i.e. plant growth requirements, substance
circulation (air, water) and animal habitats require-
ments factors come into play that follow from hu-
man use and perception, i.e. the size and propor-
tions of the spaces between space-defining plants
and thereby the usability of these spaces.

As a recent example of related current architec-
tural design practice we point to a prize-winning
design proposal for the international school design
competition ‘Unschool Copenhagen’ [6]

The concept of the competition project ‘Garden
Play’ by Berlin-based HMGB Architects Heike Matcha
and Günter Barczik (which won the 2nd prize) in-
cluded the creation of different learning zones inside
a large garden of plants via vegetation of different
sizes in different densities. Furthermore, this distri-
bution was to be reflected in a roof structure match-
ing structural rings filledwith ETFE Cushionswith the
size and positions of the trees below. Additionally,
the roof was not flat or simply slanted or curved, but
shaped as a long wave with concave and convex ar-
eas in order to create gradients of spatial differentia-
tion underneath.
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Figure 4
Contemporary
example of
designing density
distribution
combined with roof
topography: Design
proposal for the
international school
design competition
‘Unschool
Copenhagen’ (2nd
Prize), HMGB
Architects, 2020

Designing such a distribution pattern not only once
but being able to go through several alternatives,
testing and adjusting density and sizes, required a
tool with easy and intuitive controls.

PROCESS CHAIN FUNCTIONALITY
We demonstrate two examples of how to combine
several tools into a process chain that in effect con-
stitutes a user interface or a series of levers that allow
users to get a handle or grip on complex functionali-
ties:

For Landscape topographies, we employ ‘Gradi-
ent Mesh’ in the 2D drawing software ‘Illustrator’ and
‘Height Field’ in the3Dmodeling tool ‘Rhinoceros 3D’.
This underused connection establishes a sequence
which provides the drawing designers with multi-
ple ‘handles’ through which precise adjustments are

possible in 2D and in 3D.
Designers can literally get not just one, butmany

handles on the design of topography (Figure 5).
For density distribution, we employ a custom

Grasshopper definition to use a gradient bitmap im-
age as basis for a packing of circles with diameters
varying in accordance with the image. The circle
packing occurs on a two-dimensional surface em-
bedded in a three-dimensional space.

The gradient bitmap controlling the packing is
generated in Illustrator to control the gradients pre-
cisely (Figure 6).

Again, designers are literally given handles to
control a complex two- and three-dimensional struc-
ture.

OUTLOOK
We aim to develop more chains to simplify access
to the functionality of complex digital tools. We see
much potential in using images not as end products
but as intermediate stepping stones on the paths to
complex yet precisely controlled and intuitively han-
dled structures and configurations.

Figure 5
Designing a
landscape
topography as
sequence of
Illustrator and
Rhinoceros3D
(HMGB Architects,
2019)

To avoid causing a technical separation (unplugged /
non-digital tools vs. plugged-in / digital tools) to be-
come a conceptual one, we works towards integrat-
ing students’ acquirement of digital and non-digital
tools in unified syllabuses addressing design tools
and in general. In our case, this is much facilitated via
interdisciplinary collaboration between the faculties
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Figure 6
Distribution pattern
for plants equalling
roof structure as
voronoi pattern and
circle packing
generated on the
basis of a gradient
image (left to right:
Gradient image in
Illustrator, Voronoi
in
Rhinoceros3D/Grasshopper,
Circle packing in
Rhino/Grasshopper,
HMGB Architects,
2020)

of landscape architecture, urban planning and archi-
tecture (see Barczik Fissabre Hahn KönigsteinMatcha
Roskamm 2018).

CALL
We call on the developers of digital design tools to
not merely focus on making the tools more power-
ful but more accessible to counter the growing di-
vide between ‘non-digital’ (‘non-standard’) and ‘dig-
ital’ (‘standard’) design in practice and education to
work against specialization and ‘Herrschaftswissen’
(‘Specialization is for insects.’ Heinlein 1973).

The conceptual and, in this case, very much also
monetary value of successful interface design with
off-the-shelf technologies can be seen in Apple Com-
puter’s IPod device which, shortly upon introduction
to the mass consumer market, quickly became and
stayed the clearmarket leader: ‘The iPod’s true advan-
tage was that it was just easier to use.’ [7]

Increasing not just the power, but the usability of
digital design tools in similar ways would surely ben-
efit developers and users, therefore the design pro-
fessions and thereby society as a whole.
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The Sound of Spatial Relation

Music as sequential representation ofmultidimensional adjacencies

Matthias Kulcke1
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This article scrutinizes the possible use of musical notations as graphic and
sound as acoustic representations of multidimensional adjacencies. The
commonly used representation of adjacencies as a graph or a bubble diagramm
may only supply limited clarity in certain cases, especially if several layers of
parameters are involved. This research shows the possible use of adjacency
matrices, to produce variations of musical notation, and by this musical sound
events relating to spatial configurations. This musical representation of spatial
design is introduced into the design process as an additional feedback mechanism
between human and material via machine.

Keywords: Adjacency, Music, Space

INTRODUCTION
Music has been used by some architects to add yet
another poetical element to architecture. There have
been several attempts to introduce sound architec-
ture as a term or as a built environment bymusicians
and architects.

Adjacencies play an important role in architec-
tural design and they do so in several different layers,
e.g. in relation to human movement or sensory ap-
paratus. Thus reachability relating to access as well
as sound, vision, smell and other sensory layers may
be identified, described and analyzed in the course of
the development of an architectural design.

Information onnearness, however complex,may
be described, stored and used conveniently in an
information technology system as multidimensional
matrices.

Humans tend to need other forms of representa-
tion e.g. as a graph or a bubble diagram (for a cur-

rent example of digital design using adjacency rep-
resentation see Lorenz and Wurzer 2019). Their use-
fulnessmay be limited by complexity, if several layers
are depicted and/or a certain number of parameters
is exceeded. Therefore the development of further
materializations to represent degrees of nearness as
feedback tools between computational analysis and
the human user evaluating computational output is
bound to be useful in an iterative design process.

The author has been active in the field of elec-
tronic and algorithmicmusic since 1994 as one of the
composers and as guitarist within the industrial mu-
sic group KiEw parallel to his architectural endeav-
ours and is currently lecturer in the field of architec-
ture at the HafenCity University as well as the head-
master of the Glueckstadt School of Music. The no-
tion to connect electronic music with spatial design
stems from this professional background. It is among
other things a reflection on an underlying language
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to handle the diverse materials (in reference to Ma-
chover 1985) of music and architecture.

MUSICAL COMPOSITION AND ADJACEN-
CIES
A sound event may be viewed as a wittgensteinian
object, the configuration of sound events to form
among others melody lines and chords as a wittgen-
steinian Sachverhalt. But although sound events are
in themselves configurations of loudness, duration,
pitch, distortion etc. - micro- and macroconfigura-
tions of sound events are nonetheless definable and
adjustable bymore or less complexmatrices describ-
ing rules of nearness/adjacency and thus chronology
i.e. the timeline of appearance and disappearance of
sound events.

Figure 1
flow chart for the
production of an
adjacency matrix
out of musical
notation

One strategy of discovering a composer’s craft and
artistic unique approach to sound is to deduce his
specific rules and constraints in the assembly of

sound events within his selectionspace of soundma-
terial from given examples (see e.g. Ruschkowski).
This can be done, among other methods, by the
use of adjacency matrices in combination with tech-
niques of statistical analysis.

Musical composition of melody lines consists
of variations of one tone following another, of the
length of a note succeeding the same or another
length of a note resulting in tonal movement and
rhythm. The order of tonal succession, note length,
loudness and other parameters defines not only a
composition but is also revealing in regards to com-
positional rules and constraints.

These rules and constraints can be coded as ad-
jacency matrices (fig. 1). By using these matrices a
possibly vast number of other compositions adher-
ing to the compositional style stored in this multidi-
mensional matrix may be produced (fig. 2).

Thus adjacency description through matrix rep-
resentations may allow for analysis, compositional
fingerprinting and testing of theses regarding com-
positional rules and constraints.

TRANSFORMING ADJACENCIES INTO MU-
SIC
Once the adjacency matrices are formulated and ad-
ditional optional rules and constraints for its use
defined considering the number of appearances of
certain adjacencies, a number of configurations of
sound events can be derived from this material.

Melody Lines and Chords
Nearness and nearness evaluation can be repre-
sented in tonal and harmonic representation, in mu-
sical notation and sound. The choice of the specific
sounds arranged as chords to represent e.g. relations
of indifference, harmony, tension, conflict and clash
(fig. 3) is up to the user and may as described above
be stored in a matrix, producing these sounds upon
triggering, controlled by rules and regulations estab-
lished beforehand.
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Figure 2
relations of sound
event sequence,
bubble diagram
and 2D adjacency
matrix

Figure 3
relations of
soundevents from a
tonal perspective

Thus certain spatial relations in the dynamic pro-
cess of arrangement in the design phase may trigger
sounds according to the compositional matrix and
the rules and regulations in regards to e.g. desirable,
indifferent and conflicting nearness.

Tonal relations in melody lines and chord pro-
gressions according to a compositional strategy can
be stored in multidimensional matrices. Several lay-
ers of refinement, like matrices that are valid only af-
ter a number of iterations of soundproductionorma-
trices that regulate the importance of a specific adja-
cency in comparison to others, may serve a differen-
tiated outcome (fig. 4). The rather simplistic tonal ap-
proach to the expression of e.g. indifference or con-
flict is owed to its descriptive purposes serving the
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method proposed here. Higher degrees of relational
complexity and broader fields of sound expression
are easily introduced e.g. through the idea of music
as a cognitive experiment (as discussed among oth-
ers by Ungeheuer 1991) dating back to the 1950s.

Figure 4
multidimensional
matrix representing
nearness and tonal
relations in
nearness

SPATIAL DESIGN AND SOUND EVENTS
It is important tonote, that theobjectiveof this article
is not to simulate a perception of (seeManning 1988)
or mimic space (Riethmüller 1976) through the use
of sound events. If musical compositional strategies
can be laid down in the form of adjacency matrices
and be connected with descriptive musical expres-
sion (which is never free of a personal element -> see
e.g. Hamlin and Roads 1985) referring to nearness,
then it is possible to supply spacerelevant adjacen-
cies in the process of dynamic changewithmeaning-
ful sound events to aid the human cognition in iden-
tifying complex substructures while manipulating a
given configuration of spatial elements.

Didactic Scenarios
The roles in this musically enhanced design process
can be distributed differently according to time bud-
get as well as experience in variations of didactic sce-
narios:

The instructor defines sound events triggered by
experimental spatial arrangement and also the ac-
companying rules and constraints. The students then
experiment with design variations in the combina-
tion and order of rooms and architectural elements
of a given spatial setting (fig. 5).

The spatial elements and their interrelations are
given. In addition the teacher only defines the com-
positional matrix and leaves the definition of addi-
tional rules and constraints up to the individual stu-
dents or the student group. On this basis the stu-
dents experiment with design variations in the com-
bination and order of rooms of a given spatial setting
(fig. 6). In a more sophisticated setting, they may use
an individually chosen spatial task.

The compositional matrix is defined individually
by the students, the rules and constraints to trigger
sounds according to spatial constellations are pro-
duced as a group effort based on interviews or ques-
tionnaires with future users (fig. 7).

Figure 5
didactic scenario 1

Figure 6
didactic scenario 2

Figure 7
didactic scenario 3

The proposed scenarios are designated for stu-
dents of architecture in experimental courses with
interdisciplinary outlook. The three variations are
sorted according to a rising degree of responsibility
on part of the students. The first scenario is meant
to be used with bachelor, the other two with master
students. A number of further learning scenarios are
conceivable, especially if the cooperation with a de-
partment of music is sought.
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Figure 8
.csv data imported
into SonicPi and
converted into
sound events

SpaceMoved by Sound
A more experimental and musically more sophisti-
cated approach is the musical interaction with the
spatial arrangement. If an undesirable sound is pro-
ducedby a chosen spatial arrangement, students can
insert sound e.g. viamicrophone into the system - by
singing a harmonically more desirable pitch in rela-
tion to the tonic to trigger an automated spatial al-
teration of the system (see Stroud on the simplicity
of soundmanipulationby voicedpitch in comparison
to oscilloscope dials).

TECHNICAL PROTOTYPING
To realize these didactic concepts prototypical soft-
ware has been developed as a first step to produce
sound responses to spatial changes in simplified ar-
chitectural floorplans, both laid down in adjacency
matrices, connected by rules and constraints for the
detection of significant spatial change and triggering
of an auditive response. This software is embedded
in a workflow including the use of SonicPi, a software
that serves as a platform for musical programming
which was chosen out of a generally very diverse va-
riety of existingmusical software (Mazzola 2006) due
to its easy access free of charge and simple data con-
nectivity. In practice the compositional matrices and
the matrices to describe spatial relations are stored

in several .csv-fileswhich are accessed and converted
into sound events by SonicPi (fig. 8).

NEARNESS IN BUILT ARCHITECTURE
Sound andOrientation
In built architecture orientation is a crucial problem
in big complexes, expecially those who are meant to
serve people with impairments of senses and bodily
features vital to pinpoint ones location. A system of
individual nearness detection could be enhanced by
utilizing the auditive layer e.g. to aid the visually im-
paired.

GPS trackersmay serve to individualize these ori-
entational clues (am I northbound, to high up or too
far down in relation to my destination floor?).

Harmonies and pitch may be connected to cer-
tain rooms, gradual alteration of harmony and pitch
could signal the floor level and other spatial param-
eters relating to current and desired location. Used
this way, the music truly becomes an expression of
reflexes as Adorno wrote on the subject of Strawin-
sky (Adorno 1978).

CONCLUSION ANDOUTLOOK
The general question of course arises, how the artis-
tic content can best be read in which phase of the
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creative or receptive process. Should the special-
ist, i.e. the fellow composer rather be drawn to the
compressed representation of the adjacency matrix
or is the quality of the musical work of art solely dis-
cernible from a full exemplary score?

Or is it only the striking instance of how these
symbolically laid down rules and constraints play out
in the real (see Miyazaki 2013), the “wild-life” of its
performative presentation by the virtuos interpreters
who doesn’t know about the secrets of composition
(Harnoncourt 1987)?

Architecture deals in this sense with similar artis-
tic questions as music does. When does building re-
veal itself? Is it the sketches, the drafted plans, the
perfect rendering, the crafted building or the user
and his interaction with the built environment who
unveils the truth and beauty of the art?

Using the outlined method of adjacency repre-
sentation via audio transcription and signals is all the
more interesting to be applied as a means to sig-
nal relative nearness of space and user, e.g. user
destination and user location, bearing these ques-
tions in mind. Especially, when dealing with the el-
derly, crucial practicality and aesthetics may form a
striking overlap of high professional interest. Several
clues as to individual location are desirable, all the
more if certain senses (e.g. the visual apparatus) are
less functional than others. People with a reduced
or impaired eyesight may experience facilitated ori-
entation in vast building complexes like hospitals if
sounds signal information relevant to location - also
they may experience architecture on one more re-
fined aesthetic level.
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Building energy modelling (BEM) results are highly affected by the surrounding
environment, due to the impact of solar radiation on the site. Hence, modelling
the context is a crucial step in the design process. This is challenging when
access to the geometrical data of the built and natural environment is unavailable
as in remote villages. The acquisition of accurate data through conventional
surveying proves to be costly and time consuming, especially in areas with a steep
and complex terrain. Photogrammetry using drone-captured aerial images has
emerged as an innovative solution to facilitate surveying and modeling.
Nevertheless, the workflow of translating the photogrammetry output from data
points to surfaces readable by BEM tools proves to be tedious and unclear. This
paper presents a streamlined and reproducible approach for constructing
accurate building models from photogrammetric data points to use for
architectural design and energy analysis in early design stage projects.

Keywords: Building Energy Modeling, Photogrammetry, 3D Point Clouds,
Low-energy architecture, Multidisciplinary design, Education

INTRODUCTION
Whole building energy modelling (BEM) tools are
used in early design stages to assess the energy and
comfort performances of buildings. Human-made or
natural components of the surroundingenvironment
influence the building’s microclimate, including solar
radiation, air -temperature, and -humidity and wind
speed. Hence, the validity of BEMs is dependent on
representing the surrounding contextwithin the sim-
ulation environment. However, the acquisition of ac-
curate site geometry through conventional survey-

ing can be a costly and time-consuming process, es-
pecially in the cases of remote locations and complex
terrain (Colominaet al. 2014; Arias et al. 2007). There-
fore, surveyors and modelers need to resort to inno-
vative approaches to collect and generate these ge-
ometrical data.

Several innovative solutions emerged in recent
years to facilitate surveying and modelling of the
built environment, one of which is using photogram-
metry of drone-captured images that result in a 3D
model with thousands and perhaps millions of data
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points in point clouds (Arias et al. 2007). Energy
simulation tools, however, require a closed geomet-
rical environment to calculate the embodied physi-
cal equations needed in assessing the building en-
ergy performance. This closed environment accepts
input formats such as closed solids and surfaces or
numerical data translated from the building geome-
try. The workflow to translate these point clouds to
3D closed surfaces readable by BEM tools proves to
be tedious and unclear. Therefore, developing a sys-
tematic approach for this process facilitates the use
of photogrammetry for constructing accurate mod-
els of buildings and their surroundings that can be
directly used in simulation tools.

This paper introduces a streamlined workflow
that translates photogrammetric point clouds to ge-
ometrical models for architectural and energy anal-
ysis. The aim is to create an approach that can be
easily reproduced for academic or professional archi-
tecture studios for early design stage projects. To de-
velop and illustrate the applicability of this approach,
we use a case study of a building project in a remote
village in the Atlas Mountains in Morocco used in a
multidisciplinary design studio.

THEORY
One of the main advantages of using drone footage
instead of conventional- or ground-surveying is in
cases where it is difficult or impossible to access the
site wholly or partially from the ground (Smith 2015).
This is especially the case in topographic mapping,
where Digital Terrain Models (DTMs) of large areas
can be accomplished relatively quickly and at a lower
cost, compared to conventional surveying (Polat and
Uysal 2107).

Numerous photogrammetric software offer so-
lutions to transform aerial images to Point Cloud
Data (PCD) sets (Figure 1), mesh models [1], and fur-
ther into data formats compatible with CAD tools.
Most popular among these photogrammetry tools
are Pix4D [2], Reality Capture [3], and the open-
source Meshroom [4, 5]. The processing of PCD to
formats compatiblewith BEM tools (e.g. closed solids

and surfaces or numerical data translated from the
building geometry) has been dealt with in recent
literature. However, these research works have fo-
cussed on generating Building Information Models
(BIM) using PCD. (Garwood et al. 2018; Ochmann et
al. 2016; Ochmann et a. 2019; Wang et al. 2015;
Xiong et al. 2013) presented frameworks and auto-
mated workflows to convert PCD into BIM compati-
ble high-resolution geometries using laser scanning
techniques. BIM was then used to generate and run
energy simulations ofmulti-zonebuildings. Similarly,
(O’Donnell et al. 2019) presented a semi-automated
framework for processing PCD to BIM and GIS for-
mats, which is limited to reconstructing building fa-
cades and their openings. These studies have pro-
vided solutions and workflows to recreate geome-
tries for late-stage design or retrofitting measures.

Figure 1
Aerial image
sample (left) and
resulting PCD of the
village model
(right).

Similar approaches could be used to generate high-
resolution geometries during the early-design stages
too. However, there is insufficient research on (i) the
use of photogrammetry during early design stages,
and (ii) the impact of representing the context in the
building energy models. This paper provides a sys-
tematic approach for constructing accurate building
models that can be used for energy simulation in
early design stages.

In the scope of this paper, we used aerial
photogrammetry, i.e., extracting measurements
from photographs taken from an aerial platform
(Granshaw 2017; Collier 2020; Jones et al. 1942).
The output of the photogrammetric process is in the
form of PCD. It needs to be transformed into closed
meshes or surface boundaries to be compatible with
BEM or climate analysis software. Here we use Lady-
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bug (LB) and Honeybee (HB) [6]. Both are plugins for
Grasshopper, respectively [7].

METHODOLOGY
The proposed workflow was developed as a solu-
tion for collecting and modelling accurate geomet-
rical data for an early design stage project as part of a
multidisciplinary design course. The project features
the rebuilding of a school and mosque located in a
rural village in the Atlas Mountains in Morocco with
complex terrain and no urban mapping.

Theworkflow is developed to transformPCD into
3D models (Figure 2) and consists of four discrete
steps: (1) mission planning, (2) PCD retrieval, (3) PCD
processing, and finally (4) presentation of the data as
a 3Dmodel compatiblewith energy andarchitectural
analysis.

Mission Planning (1)
Equipment. (Ruzgiene 2012) highlighted the impor-
tance of using ideal technical specifications for dig-
ital cameras if used in aerial photogrammetry. The
recommended camera resolution should be at least
4000×4000 pixels, with an average ground sampling
distance of 10 to 20 cm/pixel. The forward and side
image overlap’s highest threshold recommended is

66%. In this paper, we focused on low-cost and
accessible equipment that would not compromise
the accuracy of the results. Therefore, we used
Small-FormatAerial Photography (SFAP) cameras, i.e.,
lightweight cameras with 35 or 70mm film format or
their equivalent digital cameras, which are designed
for hand-held or tripod use by amateur and profes-
sional photographers. SFAPs fall within the financial
means for many individuals and organizations that
could otherwise not afford to acquire conventional
aerial photography suitable for their needs (Aber et
al. 2010). They usually offer less resolution than
professional aerial mapping cameras. However, this
can be compensated when reducing the scale, i.e., a
small district or village, and using lesser heights of
the drone flight from the ground level. In this case
study, weworkedwith a DJI Phantom4 Pro [8], which
features a 20 MP Camera, with its highest image size
limit of 5472 pixels × 3648 pixels (3:2 Aspect Ratio).

Pre-flight planning. To compensate for the lesser
resolution of SFAP cameras compared to profes-
sional mapping cameras, we flew the drone on lower
heights (i.e., between 70 and 100m), using a Double-
Grid scan (Figure 3), with a high overlapping ratio.
The difference between the double- and simple-grid,
when flying on lower heights, is that it capturesmore

Figure 2
A systemic
workflow for
generating 3D
models from PCD
for the use in
energy simulation
software.
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details of the vertical objects from various angles in
the site (e.g., buildings walls and windows).

Figure 3
Various flight grid
types in the
Pix4Dcapture
mobile app [2].

In this case study, we mapped six grids, each to be
conducted with one drone flight. All mission flights
are using the same drone, DJI Phantom 4.0 Pro. The
camera angle is fixed to 90 degrees, looking down-
ward, with an image overlap of 90%, using a Double-
Grid scan.

PCD retrieval (2)
Weused ‘Pix4D’ software to transform images to PCD
for two reasons: (i) The software provides an end-
to-end solution. The solution includes automated
image capturing using their proprietary mobile soft-
ware (Pix4Dcapture), and a 3DMapping desktop and
cloud solution (Pix4Dmapper); (ii) The automated in-
terface allows non-photogrammetry experts to fol-
low the workflow presented with little prior knowl-
edge on the topic.

Image capture and download. We retrieved a to-
tal number of 1645 images with a resolution of 5472
x 3648 pixels. The accuracy of the captured images
ranged between ˜1.90 cm/pixel to ˜4 cm/pixel. See
Table 1 for a summary of the mission flights con-
ducted on the site:

Extracting Point Cloud Data (PCD). Using
Pix4Dmapper, we transformed the captured images
into a dense PCD (Figure 4). Computing the data
on the cloud - a service provided by the software
provider - allowed for a reduced time of 1 - 2 hours
per take, while the same transformation would take
2-5 hours per case using a laptop or PC.

The accuracy of the resulting PCD models, mea-
sured in Ground Sampling Distance (GSD), ranged
between 1.9 to 4.02 cm/pixel. The chosen model,
which was used in this study, featured a GSD value

of 2.14 cm/pixel, which is a high level of ‘relative ac-
curacy’ when compared to the values specified in
(Ruzgiene 2012). The model has the benefit of sav-
ing time during the mission planning and PCD re-
trieval (steps 1 and 2 in the workflow) and does not
affect the model accuracy that is suitable for our ed-
ucational purposes.

To reach absolute accuracy, the user needs to set
tie points within the targeted mission grid and mea-
sure the coordinates of each point using a GPS de-
vice. Then the user should feed these values into the
Pix4Dmapper software inpreparation for theproduc-
tion of the PCD. This approach would result in addi-
tional resources and is unnecessary for the objective
of this study.

Table 1
Summary of the
case study drone
mission flights.

Figure 4
Mission flight, Take
2 (100 m x 100 m
grid), and resulting
PCD.

PCD Processing (3)
We used CloudCompare software [9] for editing and
processing the PCD due to its wide range of analysis
tools, reliable results, speed, and no cost (i.e., open-
source) (Oniga et al. 2016).

Separating the terrain. It was necessary to differen-
tiate between three different layers, i.e., terrain, trees,

726 | eCAADe 38 - D1.T5.S2. EDUCATION AND DIGITAL THEORY – ETHICS, CYBERNETICS, FEEDBACK, THEORY - Volume 1



and building masses, which in this state are merged
into one Digital Surface Model (DSM). The first step
was to create a Digital Terrain Model (DTM) that dif-
ferentiates the terrain from other protruded objects
(i.e., building blocks and trees). Several automated
classifiers exist in the literature that tackles this topic
using machine learning techniques. However, this
might be a tedious task for a non-expert, especially
when having to train an agent to learn what to clas-
sify (Kim et al. 2013; Teri and Musliman 2019). Other
approaches use much simpler and quicker methods,
such as the cloth filter method proposed by (Zhang
et al. 2016), which is the one we used.

In cases of flat terrain and homogenous sites, the
DSM and DTM would be relatively easy to separate.
However, the large slope and heterogeneity of the
case study add to the complexity of this step. There-
fore, to reduce this complexity, we needed to de-
cide on which objects to keep or discard concerning
our final goal. For example, in Figure 5, the decision
was to discard the garage on the right, as it does not
contribute to the intended energy simulations. We
achieved an adequate level of separation between
DSM and DTM despite reducing the resolution of the
simulated cloth to 0.5 m (Figure 6).

Creating meshes. The data points not detected by
the cloth filter consequently belonged to objects
above ground. For this case study, we did not need
to transform all the objects into accurate 3D mod-
els for use in energy simulation. Therefore, we fo-
cused on the buildings and trees to be further pro-
cessed. Bushes, light posts, and other small objects
were not considered. The point clusters of the build-
ings and trees were manually separated to have con-
vex hulls, which improved the accuracy of the final
models. The computational time of this step took ap-
prox. 1.5 hours.

Computing Normals. The next step was to com-
pute the normals of all the objects in the point cloud
model. Various normal estimation methods exist in
literature. We used a process that calculates the sur-
face normals directly from the point cloud dataset
(Mitra et al. 2004). The success of this computation

dependsmainly on selecting a suitable estimation of
the number of point neighbors considered in the an-
alyzed context. This value, referred to as ‘k,’ reflects
the level of detail required by the analyzed case. A
lesser ‘k’ value results in finer details and vice versa
(Mitra et al. 2004). We tested different ‘k’ values in
CloudCompare [9] that would strike a balance be-
tween a lean model with fewer surfaces and is accu-
rate enough to give plausible energy simulation re-
sults (Figure 7). The final value used was ‘k’ = 6 with
a radius of 1. Computing normals to all the objects
above ground took less than 10 minutes.

Figure 5
Retrieved PCD from
aerial images (left)
and mesh
separation of the
DTM (green) and
DSM (green + blue)
(right).

Figure 6
Separation of
terrain (white) and
objects (green) PCD
when processed
using the cloth filter
for the DSM model.

Figure 7
Normals
computation results
visualized in the
CloudCompare
software [9].
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Reconstructing Meshes. Following the computa-
tion of normals, we converted the PCD clusters into
meshes by using the Poisson Surface Reconstruction
plugin in CloudCompare (Kazhdan and Hoppe 2013).
In most cases, we used the default octree depth 8.
For convex shaped objects, the Dirichlet boundary
option brought better results. We observed that, to-
gether with the computation of the normal from the
previous step, the denser the PCD, themore accurate
the resulting mesh will be. This step took less than 5
minutes to complete.

BuildingBlocks andFurther Steps. For this step, we
used Rhino’s Resurf plugin to simplify and convert
the DTM mesh into a surface. As for building blocks,
we use energy simulation tools that require a Rhino
NURB surface input format. Therefore, final closed
surface building blocks located in the surrounding
area were manually traced. The process took approx.
2 hours to complete.

The total time spent on steps (2) and (3) in the
workflow was about sixteen hours, including the
drone image and video capture flight for all the takes
in Table 1.

Architecture analysis and energy simula-
tion (4)
Finally, to conduct the architecture and energy anal-
ysis using the processed 3D model, we provided the
students of the multidisciplinary design studio with
a:

• .3ds model: Consists of closed surfaces of the
project site, context buildings, and DTM surface
for the terrain.

• 3D sand-printed physical model (60 cm x 60
cm): To use for architectural analysis, e.g., mass-
ing proposals (Figure 8).

RESULTS
We applied the workflow described above in a multi-
disciplinary design course. The course aimed to de-
sign a school and mosque building in a village lo-
cated in the Atlas mountains of Morocco. The loca-

tion is remote, has a complex context of steep terrain
levels, building blocks, a river, and a bed of trees of
different types and sizes (Figure 9).

The workflow applied to the case study is illus-
trated in Figure 10.

Figure 8
Resulting 3D
Sand-printed model
(60x60cm) of the
site and proximate
context.

Figure 9
Resulting PCD of
the terrain and
context of the case
study.

Figure 10
The workflow
applied to the case
study and resulting
PCD, mesh, and
closed surfaces in
the various stages.

Solar radiation study
To test the impact of the modeled context on the so-
lar gain reaching the building site (Area = 305 mˆ2),
we conducted a monthly global horizontal solar ra-
diation simulation comparison, with andwithout the
surveyed context.
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The below study in Table 2 and Table 3 shows:

• Iw (kWh/mˆ2): The solar radiation values on the
project site, including the context surveyed us-
ing drone footage.

• Iwo (kWh/mˆ2): The solar radiation values on
the project site, without accounting for the
surrounding context (except for the proximate
tower and building block).

• Iw/Iwo (%): The ratio between the above solar
radiation values.

The results show that, when the context is modeled,
the monthly solar radiation reaching the site is 7 to
28% less than the values without context modeling.
The lowest and highest difference values correspond
to themonths containing the summer andwinter sol-
stices, i.e., the days of the year, where the sun altitude
angles are the highest or lowest. Extending the anal-
ysis to include those two days, we find that, during
the winter solstice (i.e., December 21), the solar radi-
ation reaching the project site reduces from 3.65 to
2.50 kWh/mˆ2 after including the context model (i.e.,
31.8% less). In the summer solstice (i.e., June 21), this
ratio reduces to 6.5%, where the solar radiation re-
duces from 8.0 to 7.5 kWh/mˆ2.

The analyzed case study features aminimumdry
bulb temperature of -5 Degrees Celsius, and the av-
eragemonthly temperatures in winter are between 5
and 10 Degrees Celsius. Therefore, a more accurate
estimation of the solar radiation values plays an im-
portant role in assessing the passive heating poten-
tial in winter, as well as overheating in summer.

Moreover, we compared the average of the num-
ber of hours of direct sunlight received on the project
site. This study also demonstrates the range of the
shadow projection on the design site with and with-
out context modeling, where:

Table 2
A comparison
between the
monthly solar
radiation simulation
values of the
project site with
and without
context modeling.

• Shw (hours): The average hours of direct sun-
light averaged over the project site, including
the context surveyed using drone footage.

• Shwo (hours): The average hours of direct sun-
light averaged over the project site, without ac-
counting for the surrounding context (except for
the proximate tower and building block).

• Shw/Shwo (%): The ratio between the above
averaged values.

The results presented in Table 4 show that, in thewin-
ter solstice, the number of hours of direct sunlight re-
duces from 9 hours without context modeling, to 4.5
hours when the context is modeled. Similarly, dur-
ing the summer solstice, direct sunlight hours reduce
from 12.2 hours 10.8 hours.
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Table 3
(Continue) A
comparison
between the
monthly solar
radiation simulation
values of the
project site with
and without
context modeling.

Table 4
A comparison
between the hours
of direct sunlight
average of the
project site with
and without
context modeling
during the summer
and winter solstices.

Model use in the case study energy analysis
Student groups of the design studio used the gen-
erated model in their architecture and energy anal-
ysis. Figure 11 presents an example of one proposal.
It shows the number of hours of direct sunlight on
the design proposal’s different surfaces in a represen-
tative summer and winter day. Such an analysis can
inform the design of placing and sizing openings or
shading elements, for example.

DISCUSSION
We designed the proposed workflow to be easily
replicable. Our goal is to facilitate using these tech-
nologies in architectural design studios, especially
ones thatwish to integrate state-of-the-art surveying
or modeling technologies in their courses and stu-
dent projects. We note some of the shortcomings
we encountered during the process of designing this
workflow:

• The Pix4Dmapper software is not open source.
Open-source and free-of-cost alternatives, such
asMeshroom [4, 5], are available. In this case, the
user can still use the mobile app Pix4Dcapture
for the aerial image capture in step (2) of the
methodology to benefit from the automated
grid flights. Afterward, the user can use Mesh-
room to extract the PCD points.

• Parts of step (3) of the workflow, such as
the manual selection of some regions of the
buildings and trees point clouds, could be au-
tomated/optimized. Recent literature shows
that some automated segmentation models ex-
ist that could have been tested (Grilli et al.
2017). Having classification algorithms or al-
ready trained classifierswith open-source access
would undoubtedly help similar low-budget
projects save time and cost.

• The final closed surface building blocks in the
surrounding area were manually traced. It
would be interesting to explore in future work
some of the recent methods presented in (Jung
et al. 2018, Yang et al. 2019; Ochmann et al.
2019; Ochmann et al. 2016, Wang et al. 2015).
However, the case studies included in these re-
searches did not involve building context mod-
eling (e.g., terrain, trees, or surrounding build-
ings) and are focused on BIM applications.

SUMMARY AND CONCLUSION
In this paper, we describe a workflow to acquire 3D
point cloud data of complex/remote site geometry
using aerial photogrammetry, to use in BEM and cli-
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Figure 11
Direct sunlight
hours study in a
representative
winter (left) and
summer day (right)
for one of the
proposed designs
in the design
studio.

mate analysis simulation software. We elaborate on
the various steps, namely (1) mission planning, (2)
PCD retrieval, (3) PCD processing, and (4) conversion
into a 3D model to be used in energy and architec-
tural analysis. To encourage replicability, we have de-
scribed all the steps in as much detail as necessary.
We emphasize on the PCD processing step and pro-
pose processing parameters to achieve a balance be-
tweenmodel accuracy, cost and computational time.

The significance of the research work is two-fold:

• For building projects in remote locations, we
provide a replicableworkflow tomodel the site/-
context with a balance between accuracy and
computational time; we have demonstrated this
workflowusing a case studyof a buildingproject
in a remote village in the Atlasmountains inMo-
rocco. The accuracyof the resultingPCDmodels,
measured in Ground Sampling Distance (GSD),
ranged between 1.9 to 4.02 cm/pixel. The cho-
sen model, which was used in this study, fea-
tured a GSD value of 2.14 cm/pixel. However,
despite the successful executionof theworkflow
and the adequate accuracy of the model, we
note shortcomings and potentials to improve
the workflow.

• Irrespective of the context (urban, rural, etc.),
accurate representation of the site within BEM
tools results in significant changes to the pre-
dicted energy consumption. In the case study,

we generated the site geometry using the afore-
mentioned workflow. Using climate analysis
tools, we note a 7-28% lower monthly solar irra-
diation on the building site modeled using site
geometry, compared to without. Using an ac-
curate context is expected to have a significant
impact on the design, engineering, and overall
cost of the project.

We provided the site model to a joint architectural
design studio. Groups that took part in the studio
were able touse themodel for site planning, architec-
ture massing, and energy simulations for their build-
ing design proposals.
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Humans and technology today form an inseparable link that has profound 
implications for Earth’s ecosystems – leading to the debate for a new era: 
the Anthropologic. In recent years, the transition from analog to digital 
architecture has materialized through increasing availability of novel 
software and new methods in digital architecture fabrication – tooling. 
The cognitive and digital turn implies ubiquitous computing, artificial 
intelligence, augmented reality and material intelligence, but to mention 
a few. The resulting design strategies overwhelm our discipline of 
architecture, encouraging a re-thinking of architecture, the architect’s role 
and responsibility, as well as architectural education. The development of 
digital technologies is compounding the need to develop ethics for this 
new technological state – shifting computer architecture from its focus on 
technology to a focus on humans.

Published by eCAADe (Education and Research in Computer Aided Architectural Design in Europe)




