
 
 

Virtual 3D City Models in Urban Land Management 

Technologies and Applications 

 

vorgelegt von 

Dipl.-Ing. Lutz Ross 

aus Kiel 

 

 

Von der Fakultät VI - Planen Bauen Umwelt 

der Technischen Universität Berlin 

zur Erlangung des akademischen Grades 

Doktor der Ingenieurwissenschaften 

Dr.-Ing. 

 

genehmigte Dissertation 

 

 

 

 

 
 
 
Promotionsausschuss: 
 
Vorsitzender: Prof. Dietrich Henckel 
1. Berichterin: Prof. Birgit Kleinschmit 
2. Berichter:  Prof. Jürgen Döllner 
 
Tag der wissenschaftlichen Aussprache: 8. Dezember 2010 
 

Berlin 2010 

 

D 83 





 

I 

Acknowledgements 
Almost four years have passed since I made my diploma in Landscape Planning. Four 
years during which I worked at several research projects and in several research groups 
and which I finally conclude with this PhD thesis that would not have been written with-
out support and encouragement from my dear friends and colleagues. 

First of all I like to thank my supervisors Prof. Dr. Birgit Kleinschmit and Prof. Dr. 
Jürgen Döllner who both supported me throughout the time. They gave me freedom to 
develop my own ideas and concepts, reviewed and criticized my work, and encouraged 
me to finish this thesis.  

I further want to thank all colleagues who share my research interests and helped 
me through discussions, joint experiments and articles to gain insight into the diverse 
aspects of the research topic. These include foremost the members of the Computer 
Graphic Systems working group at the Hasso-Plattner-Institute in Potsdam, Germany, 
especially Henrik Buchholz, Konstantin Baumann, Haik Lorenz, and Benjamin Hagedorn; 
The working group around Prof. Dr. Stephan Sheppard, especially Stephan himself and 
Dr. Olaf Schroth, at the University of British Columbia, Canada, which I visited in the 
summer of 2009; Prof. Dr. Andrew Lovett and Kathy Appleton from the University of 
East Anglia, United Kingdom, who I visited in 2008; Gurcan Buyuksalih and Sancar Buhur 
from BIMATS, Istanbul, Turkey, who I had the pleasure to work with in 2008/2009; Prof. 
Dr. Thomas Kolbe, one of the fathers of CityGML, as well as Alexandra Lorenz, Claus 
Nagel, and Gerhard König from the Institute of Geodesy and Geo-Information Science at 
the Technical University of Berlin. Moreover, thanks go to Stuart Rich, Paul Cote, Chris 
Andrews, Rob van Lammeren, Peter Zeile, Stephen Ervin, and many other colleagues.  

A special thank you goes to Philip Paar, who introduced me to GIS and 3D land-
scape visualization during a trainee position at the Zentrum für Agrarlandschafts-
forschung (ZALF) in Müncheberg, Germany, in 2003. Philip has ever since been an inspir-
ing colleague and has become a dear friend meanwhile. The same holds true for Dr. Mi-
chael Förster, my colleague and office mate at the Technical University of Berlin. He al-
ways cheered me up, played the "advocatus diaboli", and took excellent care of our cof-
fee supplies. 

Further, I owe many thanks to my mother Ute Ross, my mother-in-law Barbara 
Staats, my sister-in-law Anna Bertermann, and all other family members and friends who 
always supported me and my wife in busy times. Thanks a lot to all of you!  

Finally, I thank my wife Dr. Verena Staats for her patience, support and love. 

   



 

II 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

"Cyberspace. A consensual hallucination experienced daily by billions of legitimate 
operators, in every nation, by children being taught mathematical concepts... A graphic 
representation of data abstracted from banks of every computer in the human system. 
Unthinkable complexity. Lines of light ranged in the nonspace of the mind, clusters and 

constellations of data. Like city lights, receding... " 

 William Gibson, Neuromancer. 

  



 

III 

 

Author’s Declaration 

 

I prepared this dissertation without illegal assistance. This work is original except where 
indicated by special reference in the text and no part of the dissertation has been sub-
mitted for any other degree. This dissertation has not been presented to any other Uni-
versity for examination, neither in Germany nor in another country. 

 

Lutz Ross 

Berlin, June 2010 

 

  



 

IV 

 

  



 

V 

Contents 

Acknowledgements ............................................................................................................... I 

Contents .............................................................................................................................. V 

List of Figures ................................................................................................................... VIII 

List of Tables ....................................................................................................................... IX 

List of Abbreviations ............................................................................................................ X 

Summary .............................................................................................................................. 1 

Zusammenfassung ............................................................................................................... 3 

Chapter A: Introduction ....................................................................................................... 5 

Chapter B: Geovirtual Urban Environments as Media for the Communication of 
Information Related to Managing Urban Land .................................................................. 15 

Abstract .......................................................................................................................... 15 

1 Introduction ............................................................................................................ 15 

2 Background ............................................................................................................. 16 

3 Research concept and methods ............................................................................. 17 

3.1 System design .................................................................................................. 18 
3.2 City model extensions ..................................................................................... 18 
3.3 Tool development ............................................................................................ 19 
3.3.1 Tools for exploration & analysis .............................................................................................. 19 
3.3.2 Editing & configuration ............................................................................................................ 20 
3.3.3 Visualization techniques .......................................................................................................... 20 
3.4 Information systems ........................................................................................ 20 

4 Summary ................................................................................................................. 21 

Chapter C: Enhancing 3D City Models with Heterogeneous Spatial Information: Towards 
3D Land Information Systems ............................................................................................ 23 

Abstract .......................................................................................................................... 23 

1 Introduction ............................................................................................................ 23 

2 Study area and system specifications ..................................................................... 25 

3 Methods .................................................................................................................. 25 

3.1 Integration of geo data .................................................................................... 26 
3.1.1 Integration of data on protected areas ................................................................................... 26 
3.1.2 Integration of water areas ....................................................................................................... 27 



 

VI 

3.2 Integration of plans from urban planning ....................................................... 27 
3.2.1 Integration of master plans ..................................................................................................... 27 
3.2.2 Integration of development plans ........................................................................................... 30 
3.2.3 Integration of construction plans ............................................................................................ 30 
3.3 Integrating further information through attributes, actions, and legends ..... 31 
3.3.1 Information as object attributes .............................................................................................. 31 
3.3.2 Information integration through actions ................................................................................. 31 
3.3.3 Information integration through legends ................................................................................ 31 

4 Results ..................................................................................................................... 32 

4.1 Results from the integration methods applied to geo data ............................ 33 
4.2 Results from the integration methods applied to plans ................................. 33 
4.3 Results from integrating information through attributes, actions, and legends
 36 
4.4 Results from the utilization of the system in planning processes ................... 37 

5 Discussion................................................................................................................ 37 

Acknowledgements ........................................................................................................ 38 

Chapter D: E-collaboration between the private and the civil sector: Support of long-
term utilization and update of official 3D city models ...................................................... 39 

Abstract .......................................................................................................................... 39 

1 Introduction ............................................................................................................ 39 

2 Related work ........................................................................................................... 40 

2.1 Virtual 3D city models ..................................................................................... 40 
2.2 Spatial and environmental planning ............................................................... 41 
2.3 E-Government ................................................................................................. 43 

3 Conceptualizing e-collaboration processes based on official 3D city models ........ 43 

3.1 Stakeholder analysis ........................................................................................ 44 
3.2 Key requirements for collaborative use .......................................................... 45 
3.3 Example e-collaboration use case ................................................................... 46 
3.3.1 Excursus: The role of CityGML ................................................................................................. 50 

4 Discussion................................................................................................................ 50 

5 Conclusions ............................................................................................................. 52 

Acknowledgements ........................................................................................................ 52 

Chapter E: Considering municipal virtual 3D city models as a valuable complement to 
urban planning and environmental management ............................................................. 53 

Abstract .......................................................................................................................... 53 

1 Introduction ............................................................................................................ 53 

2 Virtual 3D city models ............................................................................................. 54 

2.1 Data view ......................................................................................................... 54 



 

VII 

2.2 System view ..................................................................................................... 57 
3 Functions of virtual cities in urban planning and management ............................. 58 

3.1 Presentation & Exploration ............................................................................. 58 
3.2 Analysis & Simulation ...................................................................................... 60 
3.3 E-Collaboration ................................................................................................ 61 
3.4 Infrastructure & Facility Management ............................................................ 63 

4 Conclusions and discussion ..................................................................................... 64 

Chapter F: Synthesis ........................................................................................................... 69 

1 Virtual 3D city models ............................................................................................. 69 

1.1 Data view ......................................................................................................... 70 
1.2 System view ..................................................................................................... 72 
1.3 Media/user view .............................................................................................. 74 
1.4 Conclusions for research question 1 ............................................................... 75 

2 Types of data in urban land management and integration methods..................... 76 

2.1 GIS data ............................................................................................................ 76 
2.2 CAD/CAM data ................................................................................................. 76 
2.3 BIM and comparable data ............................................................................... 77 
2.4 Further data types and information resources ............................................... 78 
2.5 Conclusions for research question 2 ............................................................... 78 

3 Usage concepts ....................................................................................................... 81 

3.1 Conclusion for research question 3 ................................................................. 83 
4 Transition into praxis .............................................................................................. 85 

4.1 Technology related issues ............................................................................... 85 
4.2 User related issues........................................................................................... 86 
4.3 Organizational issues ....................................................................................... 87 
4.4 Conclusions for research question 4 ............................................................... 88 

5 Concluding remarks and future research ............................................................... 90 

References ......................................................................................................................... 92 

Appendix A: List of publications related to the scientific research of this thesis ............... A 

 

  



 

VIII 

List of Figures 
FIGURE 1: OFFICIAL 3D CITY MODEL OF BERLIN, GERMANY, WITH THEMATIC COLORED BUILDINGS. SOURCE: 

(SENATSVERWALTUNG FÜR WIRTSCHAFT TECHNOLOGIE UND FRAUEN BERLIN, ET AL., 2010). ................................. 16 
FIGURE 2: OVERVIEW ON THE RESEARCH PROJECT AND THE MAIN WORK PACKAGES (WP). ............................................... 18 
FIGURE 3: INTEGRATION METHODS FOR GEO-VECTOR DATA (FROM TOP TO BOTTOM): DIRECT INTEGRATION OF GEO-VECTOR 

DATA, INTEGRATION AS RASTER MAPS, AND INTEGRATION AS 3D SYMBOLS POSITIONED INSIDE THE SOURCE POLYGONS. . 26 
FIGURE 4: EXTRUSION-BASED MODELING APPROACH USED FOR THE REPRESENTATION OF MASTER PLANS THROUGH BLOCK 

MODELS AND TERRAIN TEXTURES ................................................................................................................... 28 
FIGURE 5: 3D MODELING APPROACH USED FOR THE CREATION OF DETAILED PLAN REPRESENTATIONS AS 3D MODELS ............. 29 
FIGURE 6: ILLUSTRATION OF THE CITYGML-BASED MODELING APPROACH USING DATA TRANSFORMATION AND EXTRUSION 

FUNCTIONS TO CONVERT PLAN FEATURES TO A CITYGML-BASED PLAN REPRESENTATION. ......................................... 30 
FIGURE 7: SCREENSHOT OF THE PROTOTYPIC 3D LAND INFORMATION SYSTEM WITH INTEGRATED PLANNING DATA (FROM TOP 

LEFT CLOCK-WISE): 1. MASTER PLAN "SPEICHERSTADT" AS EXTRUDED BUILDINGS AND TERRAIN TEXTURE; 2. MASTER PLAN 

"ALTER MARKT" AND DEVELOPMENT PLAN "LANDTAGSNEUBAU"; 3. DEVELOPMENT PLAN "BABELSBERGER STRAßE" AND 

CONSTRUCTION PLANS FOR THE RESIDENTIAL BUILDING PLOTS; AND 4. MASTER PLAN 

"REICHSBAHNAUSBESSERUNGSWERK". ........................................................................................................... 32 
FIGURE 8: SCREENSHOT OF THE PROTOTYPIC 3D LAND INFORMATION SYSTEM WITH INTEGRATED GEODATA INCLUDING NATURE 

PROTECTION AREAS AS RASTER-BASED TERRAIN TEXTURE, WATER PROTECTION AREAS AND POLLUTED LAND CADASTRE AS 

VECTOR-BASED TERRAIN TEXTURES. ............................................................................................................... 33 
FIGURE 9: THE LEFT IMAGE SHOWS THE RESULT FROM USING EXTRUSION FUNCTIONS TO CREATE INTERACTIVE BLOCK BUILDINGS 

AND THE RIGHT IMAGE SHOWS A PLAN REPRESENTATION DERIVED FROM THE 3D MODELLING APPROACH COMBINED WITH 

A WATER SHADER. ...................................................................................................................................... 34 
FIGURE 10: THE IMAGES SHOW THE RESULTS FROM THE CITYGML-BASED MODELLING APPROACH FOR MASTER PLANS; THE LEFT 

IMAGE SHOWS THE PLAN REPRESENTATION AS A CITYGML DATA SET WITHOUT A DEFINED APPEARANCE FOR THE LAND-USE 

OBJECTS, WHILE IN THE RIGHT IMAGE THE PLAN GRAPHICS WAS USED TO TEXTURE THE OBJECTS. ................................ 35 
FIGURE 11: REPRESENTATION OF DEVELOPMENT PLANS AS: A) TERRAIN TEXTURE; AND B) TRANSPARENT 3D BUILDING PLOTS .. 35 
FIGURE 12: REPRESENTATION OF CONSTRUCTION PLANS THROUGH 3D MODELS ............................................................. 36 
FIGURE 13: ACTIONS WERE USED TO RELATE 3D LABELS AND 3D SYMBOLS TO EXTERNAL APPLICATIONS SUCH AS WEB-BASED 

INFORMATION PORTALS AND OVERLAY IMAGES WERE USED TO INTEGRATE LEGEND INFORMATION INTO THE 3D DISPLAY.36 
FIGURE 14: WORKFLOW DIAGRAM FOR THE PROCESSES 1 TO 6 ................................................................................... 46 
FIGURE 15: WORKFLOW DIAGRAM FOR THE PROCESSES 6 TO 9 ................................................................................... 48 
FIGURE 16: THE THREE BASIC COMPONENTS OF VIRTUAL 3D CITY MODELS ..................................................................... 70 
FIGURE 17: SEVEN DIFFERENT WORKFLOWS APPLIED TO THE POTSDAM AND BERLIN CASE STUDIES ..................................... 73 
FIGURE 18: STANDARDS, WORKFLOWS, AND MODELING RULES ARE KEY ELEMENTS TO ENHANCE VIRTUAL 3D CITY MODELS 

TOWARDS 3D INFORMATION SYSTEMS ........................................................................................................... 78 
 

  



 

IX 

List of Tables 
TABLE 1: PUBLICATION INFORMATION CHAPTER B TO E ............................................................................................. 12 
TABLE 2: OBJECT CLASSIFICATION USED FOR THE TRANSFORMATION OF LAND-USE DATA TO A CITYGML-BASED REPRESENTATION

 .............................................................................................................................................................. 29 
TABLE 3: POTENTIAL AND IMPLEMENTED APPLICATIONS ENVISIONED BY DIFFERENT STAKEHOLDER GROUPS .......................... 37 
TABLE 4: IDENTIFIED FUNCTIONS OF USE OF (VIRTUAL) 3D CITY MODELS AND ASSOCIATED PURPOSES, EXAMPLES, DATA 

REQUIREMENTS, SYSTEM REQUIREMENTS AND USER GROUPS .............................................................................. 65 
TABLE 5: EXPLANATIONS OF THE MAIN SYSTEM FUNCTIONALITIES DEFINED IN TABLE 6 ..................................................... 66 
TABLE 6: INTEGRATION METHODS FOR HETEROGENEOUS DATA TYPES ........................................................................... 80 
TABLE 7: ISSUES IN THE TRANSITION INTO URBAN LAND MANAGEMENT PRACTICE ............................................................ 85 
 

  



 

X 

List of Abbreviations 
 

Abbreviation Expression 

2D Two-Dimensional 

3D Three-Dimensional 

3DCM 3D City Model 

ACE Architecture, Construction, and Engineering 

ADE Application Domain Extension 

AJAX Asynchronous JavaScript and XML 

ALK Automatisierte Liegenschaftskarte - cartographic part of the German land ca-
dastre  

BIM Building Information Models 

BREP Boundary Representation 

CAD/CAM Computer Aided Design / Computer Aided Modeling 

cf. confer 

CFD Computational Fluid Dynamics 

CGS Computer Graphic Sciences 

CityGML City Geography Markup Language 

CoML Commentary Markup Language 

Cp. compare 

CSG Constructive Solid Geometry 

  

DIN Deutsche Industrienorm 

e.g. for example 

EC European Council 

ETL Extract-Transform-Load 

GB Gigabyte 

GEE Google Earth Effect 

GeoVE Geovirtual Environments 

GIS Geographic Information Systems 

GML Geography Markup Language 

GPU Graphics Processing Unit 

i.e. id est 

ICT Information and Communication Technology 

IFC Industry Foundation Classes 

ISO Standards of the International Organization for Standardization 

INSPIRE Infrastructure for Spatial Information in the European Community 



 

XI 

KML Keyhole Markup Language 

LiDAR Light Detection and Ranging 

LOD Level-of-Detail  

MIM Municipal Information Model 

NIMB National Building Information Model 

OGC Open Geospatial Consortium 

p./pp. Page/pages 

PDF Portable Document Format 

PSS Planning Support Systems 

RAM Random Access Memory 

REFINA German research program: Research for the reduction of land consumption 
and a sustainable land management 

RSP Remote Sensing and Photogrammetry 

SDI Spatial Data Infrastructure 

SEP Spatial and environmental planning 

SOA Service-Oriented Architecture 

SOAP Simple Object Access Protocol 

SQL Structured Query Language 

UN United Nations 

URI Uniform Resource Identifier 

VGE Virtual Geographic Environment 

VR Virtual Reality 

vs. versus 

VRML Virtual Reality Markup Language 

WFS(-T) (Transactional) Web Feature Service 

WMS Web Map Service 

WP Work Package 

WPVS Web Perspective View Services 

WVS Web View Service 

XML eXtensible Markup Language  

XSLT Extensible Stylesheets Language Transformations 

XPlanGML XML/GML-based standard for German development and zoning planes 

  

 

  



 

XII 

 

 



Summary 

1 

Summary 
Humanity is facing major challenges and transformations such as urbanization, climate 
change, demographic change, globalization, transformation of consumption-oriented 
economies towards energy-efficient and sustainable economies, and so forth. To cope 
with the change and transformation processes and to better integrate citizens as well as 
the aims formulated by the Rio Declaration on Environment and Development there is 
an increasing need for sustainable urban land management and good governance con-
cepts.  

In the context of this background the thesis examines the question which tasks, 
processes, and workflows can be supported through utilizing virtual 3D city models in 
urban land management. The examination focuses as well on technology-related aspects 
of virtual 3D city models as on applications, users, and organizational issues. It shows 
that technologies and methods to acquire, process, and visualize 3D geo data has 
reached a level of maturity that makes it feasible to set-up large and complex virtual 3D 
city models. Even more it has become possible to integrate almost arbitrary (spatial) 
data and integrate such enhanced models into the information layers of the internet. 
These abilities provide the opportunity to create innovative 3D Information Systems that 
can be utilized in urban land management for city promotion and marketing, as intuitive 
interface to urban planning information and to visually communicate future scenarios or 
analyses results. Yet the use of virtual 3D city models as fundament for 3D Information 
Systems that enable the presentation and exploration of spatial information within the 
virtual city, is only one out of four function of use identified in this thesis. Further func-
tions of use are 3D analyses and simulation, e-collaboration applications, and infrastruc-
ture and facility management. In fact, 3D analyses is identified as being an important 
argument and driver for the utilization of 3D city models in environmental planning, be-
cause 3D analyses functionalities support the assessment of three-dimensional process-
es and phenomena such as noise, air quality, or floods. While the use as presentation 
and communication media and for 3D analyses and simulations fosters spatial and func-
tional understanding of space and spatial processes, the third function of use, e-
collaboration, could foster an efficient information flow between governmental bodies 
and citizens as well as the private sector. Indeed it is argued in this thesis that through 
the adoption of digital business processes in the spatial planning domains a continuous 
update and use of virtual 3D city models will be possible. Fundamental building blocks 
for implementing e-collaboration platforms as service-oriented architectures such as 
data standards, portrayal services, processing services, and transaction services are be-
ginning to emerge and have been successfully combined in prototypic e-participation 
and e-collaboration applications. However, their successful transition into practice re-
quires organizational and legal measures that pledge planning professional to submit 
planning information in defined and agreed standards. This would provide the oppor-
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tunity to increase the information value of 3D city models because detailed information 
about buildings and infrastructure elements that are required during the planning and 
construction phases could be directly integrated into 3D city models. This way 3D city 
models that contemporary mainly represent the city as it is observed could be signifi-
cantly enhanced during their lifecycle. This will make it possible to use them for support-
ing infrastructure and facility management.  

The results and observations presented in this thesis cumulate in the conclusions 
that virtual 3D city models provide a valuable complement to existing tools and methods 
in urban land management and that their utilization and adoption within municipalities 
and administrations should be fostered. 
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Zusammenfassung 
Unsere Gesellschaft sieht sich einer Reihe von Herausforderungen und Umwälzungen 
gegenüber zu denen unter anderem Urbanisierung, Klimawandel, demographischer 
Wandel, Globalisierung, die Transformation einer vorwiegend verbrauchsorientierten in 
eine energieeffiziente und nachhaltige Wirtschaft und andere mehr zählen. Zur Bewälti-
gung dieser Herausforderungen und Umwälzungen unter Einbeziehung der Bürger und 
der in der Nachhaltigkeitstrias formulierten ökologisch, ökonomisch und sozial Interes-
sen und Ziele wird die Entwicklung nachhaltiger Methoden des Landmanagements und 
von "Good Governance"-Konzepten gefordert.  

Vor diesem Hintergrund untersucht die vorliegend Dissertation die Möglichkeiten 
Aufgaben und Prozesse des urbanen Landmanagements durch den Einsatz virtueller 3D-
Stadtmodelle zu unterstützen. Dabei werden sowohl die technologischen Aspekte virtu-
eller 3D-Stadmodelle untersucht als auch solche, die sich auf konkrete Anwendungen, 
Nutzer und organisatorische Herausforderungen beziehen. Die Arbeit zeigt, dass die 
technologischen Fortschritte zur Erfassung, Prozessierung und Visualisierung virtueller 
3D-Stadmodelle einen Reifegrad erreicht haben, der es ermöglicht großflächige und 
komplexe virtuelle 3D-Stadtmodelle zu erstellen. Darüber hinaus können nahezu belie-
bige (raumbezogene) Daten integriert und über das Internet bereitgestellt werden. Die-
se technischen Möglichkeiten ermöglichen die Realisierung innovativer 3D Informations-
systeme, die im urbanen Landmanagement unter anderem zur Vermarktung und Stand-
ortförderung, als Medium zur Kommunikation von Plänen und Projekten oder auch zur 
Darstellung von Szenarien und zur visuellen Exploration von Analyseresultaten einge-
setzt werden (können). Die Nutzung virtueller 3D-Stadtmodelle als Grundlage für die 
Entwicklung innovativer 3D Informationssysteme zur Präsentation und Exploration 
raumbezogener Daten und Konzepte ist jedoch nur ein Aspekt der Nutzung. Weitere 
diskutierte Nutzungsmöglichkeiten umfassen 3D-Analysen und Simulationen, E-
Kollaborationsanwendungen und Gebäude-, Anlagen- und Infrastrukturmanagement. 
Insbesondere 3D-Analysen konnten als Argument und Antreiber für die Entwicklung und 
den Einsatz von 3D-Stadtmodellen identifiziert werden, weil sie die Beschreibung und 
Bewertung dreidimensionaler Phänomene und Prozesse, wie beispielsweise Lärm, Luft-
qualität und Überflutungen, ermöglichen. Beide Nutzugsmöglichkeiten, als Präsentati-
ons- und Explorationsmedium wie auch als Grundlage für 3D-Analysen und Simulatio-
nen, können das Verständnis für räumliche und funktionale Zusammenhänge fördern,. 
E-Kollaborationsanwendungen hingegen könnten insbesondere den effektiven Informa-
tionsaustausch zwischen Behörden und Bürgern wie auch der Wirtschaft fördern. Tat-
sächlich wird in der Dissertation argumentiert, dass durch die Einführung digitaler Ge-
schäftsprozesse in den raumplanenden Disziplinen eine kontinuierliche Nutzung und 
Fortführung erst richtig ermöglicht wird. Zugleich wird aufgezeigt, das die fundamenta-
len technischen Bausteine zur Verwirklichung von E-Kollaborationsanwendungen auf der 
Basis service-orientierter Architekturen durch Datenstandards, Visualisierungsdienste, 
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Prozessierungsdienste und Transaktionsdienste vorhanden sind. Erste Beispiele aus der 
Wissenschaft zeigen, wie diese zu prototypischen E-Beteiligungs- und E-Kollaborations-
anwendungen kombiniert werden können. Die wesentlichen Hürden zur Überführung 
der Technologie in die Praxis wird entsprechend in organisatorischen und rechtlichen 
Maßnahmen gesehen. Wesentlich für eine erfolgreiche und langfristige Nutzung wäre 
die Formulierung von Satzungen und Verordnungen, die eine Verpflichtung von Planern 
nach sich ziehen, Planungsinformationen in definierten und abgestimmten Standards 
bereitzustellen. Solche Verpflichtungen ermöglichen eine kontinuierlichen Aktualisie-
rung und Verbesserung der Datenbasis, weil detaillierte Informationen über Gebäude 
und Infrastrukturen, die regelmäßig in Planungs- und Konstruktionsprozessen erfasst 
werden, direkt integriert werden können. Auf diese Art und Weise könnten aktuelle 3D-
Stadtmodelle, die in der Regel die Stadt abbilden wie sie von außen beobachtet werden 
kann, kontinuierlich verbessert werden. Daraus folgt wiederum die Möglichkeit sie auch 
als Nutzerinterface für Aufgaben des Gebäude-, Anlagen- und Infrastrukturmanage-
ments zu erschließen. 

Die Ergebnisse und Beobachtungen, die in dieser Dissertation dargelegt werden, 
resultieren schließlich in der zusammenfassenden Feststellung, das virtuelle 3D-
Stadtmodelle eine wertvolle Ergänzung zu bestehenden Methoden und Techniken im 
urbanen Landmanagement sind. Ihre Nutzung durch Kommunen und Verwaltungen und 
die Realisierung der benötigten Infrastruktur sollten stärker gefördert werden. 



Introduction 

5 

Chapter A: Introduction 
In their report "State of the World Population 2007" the UN estimated that from 2008 
on more than the half of mankind will be living in cities (UNFPA, 2007). And with an ur-
ban growth rate of 2 % (UNFPA, 2009) the urbanization trend is still unbroken. With ever 
more people living in cities they represent the core of our civilization and their "[…] po-
tential as engines for social and economic development […]" is seen as tremendous (UN-
HABITAT, 2002, p. 7). The increasing size and complexity of cities, the need to constantly 
maintain their infrastructure and adapt them to economic, demographic, and environ-
mental changes, their importance as center of life for more than 50 % of humanity, and 
their vulnerability require efficient and reliable urban management and planning to 
maintain cities safe, livable, and healthy places.  

Our conception of urban planning and management has changed significantly. 
While in the past urban planning and management was in the hand of just a few institu-
tions and professionals working in their separated domains, contemporary planning and 
management is increasingly coined by participation of and collaboration amongst di-
verse stakeholder groups and by a closer integration across fields of profession 
(Geertman & Stillwell, 2003). In the need for better coordination of the diverse stake-
holder groups and for a better coordination and information exchange across profes-
sions, contemporary urban land management concepts foster integrative approaches. 
Integrative in a sense that the adoption of participative and collaborative elements and 
concepts are encouraged, that the inclusion of social, economic, and environmental 
needs into planning and management is acknowledged, that construction activities are 
better coordinated, and that (spatial) data is used more efficiently and is equal accessi-
ble to private and public stakeholders. Such concepts and targets are summarized under 
the term (good) urban governance as discussed in the United Nations "Global campaign 
on Urban Governance" (UN-HABITAT, 2002). The UN-HABITAT unit also provides a de-
scription for the term urban governance which reflects a holistic concept: "Urban gov-
ernance is the sum of the many ways individuals and institutions, public and private, 
plan and manage the common affairs of the city. It is a continuing process through which 
conflicting or diverse interests may be accommodated and cooperative action can be 
taken. It includes formal institutions as well as informal arrangements and the social 
capital of citizens. [...]" (UN-HABITAT, 2002, p. 7).  

The inclusion of people and interests into spatial and environmental decision-
making processes and more generally into urban land management as well as the closer 
integration across disciplines poses an information and communication challenge: The 
diverse stakeholders, institutions and individuals, do all follow their own, often diver-
gent and complex interests, have different skills, knowledge and backgrounds. There-
fore, it is not guaranteed that stakeholder groups understand each other's needs and 
arguments. In this situation the primary motivation of the thesis is rooted: Visualizations 
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– whether it is the hand drawn sketch to illustrate an idea, a detailed construction plan, 
a photorealistic rendering, a thematic map or a physical 3D model regularly serve in spa-
tial and environmental planning (SEP) and in the Architecture, Construction, and Engi-
neering industry (ACE) to communicate spatial information, design concepts and foster 
understanding between groups of people. In fact, visualizations belong to the elemen-
tary tools of planners, engineers, and architects alike. And it is notable that the art of 
visualization in SEP and in the ACE industry has become almost completely digital. De-
pending on the task and the scale of a plan or project a variety of computer-based tools, 
including Geographic Information Systems (GIS), Computer Aided Design and Modeling 
tools (CAD/CAM), image processing software, animation software, and web-based in-
formation and communication systems are common components in urban management 
and planning processes. 

Being well aware of the power of visualizations and the ongoing digitalization of 
data and workflows in SEP and in the ACE industry, the idea of utilizing geovirtual envi-
ronments (GeoVE) to present and explore spatial phenomena, communicate spatial con-
cepts, foster spatial and functional understanding, and rise problem-awareness has been 
developed since about two decades. The term GeoVE is used in this thesis as a unifying 
metaphor for the diverse approaches to create computer-based interactive virtual envi-
ronments of real landscapes or cities for the exploration and communication of spatial 
data, concepts, processes, and phenomena. It is meant to encompass what has been 
called virtual cities, virtual geographic environments (VGE), interactive 3D landscape 
visualization, and virtual reality (VR) in the research literature. The basic, underlying idea 
in the context of planning and environmental management is that if it would be possible 
to create digital 3D models of real environments these could serve as "sandboxes" to 
integrate and visually access designs, experiment with alternatives and future scenarios, 
conduct 3D analyses and ultimately support the development of optimal solutions for 
the tasks at hand. In short it is the vision of a computable model of the real world that 
would enable us to better understand space and optimize its use. 

Early research in this field dates back to the 90ies of the last century (e.g., Batty, 
1997; Batty, et al., 1998; Pittman, 1992; Sinning-Meister, et al., 1996; Skauge, 1995) and 
it has developed rapidly in the first decade of 21st century. It has been influenced and 
shaped by contributions from geography (e.g., MacEachren & Brewer, 2004; 
MacEachren, et al., 1999), landscape and environmental planning (e.g., Bishop & Lange, 
2005; Ervin, 2001; Lange, 2001; Pettit, et al., 2008), urban planning and architecture 
(e.g., Counsell, Smith, & Richmann, 2006; Danahy, 2005; Delaney, 2000), geo-
information science (e.g., Abdul-Rahman, et al., 2006; Coors & Zipf, 2005; Oosterom, et 
al., 2008), and computer graphic science (e.g., Döllner, Baumann, et al., 2006; Döllner & 
Hinrichs, 2000). And early on the potential to support communication and participation 
processes was one of the main fields of interest (e.g., Al-Kodmany, 1999; Batty, et al., 
2000; Lange, et al., 2003; Openshaw, 1999; Orland, et al., 2001; Sheppard, 2005a). 
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Despite encouraging results indicating that GeoVE can support spatial and func-
tional understanding, rise problem awareness and can support collaborative decision-
making processes, and the multitude of prototypes developed in the academia, their 
transition into planning practice has been slow so far due to several limiting factors, 
amongst which issues of data, interoperability, costs, inflexibility, system capabilities, 
accessibility, usability, and acceptance can be found in the literature regularly. With re-
spect to most technology related factors the situation has changed due to rapid changes 
in 3D geospatial modeling and internet technologies which are essentially driven by re-
cent developments in four major fields: Remote Sensing and Photogrammetry, Geo-
Information Science, Information and Communication Technology, and Computer 
Graphic Science which will be shortly outlined.  

Remote Sensing and Photogrammetry 

Remote Sensing and Photogrammetry (RSP) have been used for more than a century 
to acquire spatial information and serves as one primary source for raw data in the 
field of Geo-Information Science. With respect to the acquisition of 3D geo data, two 
recent developments have to be emphasized: The shift towards digital sensors and 
processing methods and the development of Light Detection and Ranging (LIDAR) sen-
sors as well as of digital sensors that capture oblique aerial images. In the context of 
these developments Klette and Reulke (2005) speak of a "Paradigm Shift" from analog 
image to completely digital workflows that has led to a much better availability of 3D 
geo data due to automated feature extraction methods (e.g., Elberink & Vosselman, 
2009; Grenzdörffer, et al., 2008; Rottensteiner, et al., 2005; Yu, et al., 2007). Current 
sensors and data processing methods result in a high geometrical accuracy of 3D 
building models (Kaartinen, et al., 2005) as well as digital surface models and digital 
terrain models (e.g., N. Haala, et al., 2010; Jacobsen, et al., 2010). Latest develop-
ments in capturing and processing 3D geo data target the automated processing of 
geometrical façade details such as windows and doors (e.g., Becker, et al., 2008; 
Mayer & Reznik, 2007) and automated façade texture mapping methods (e.g., Frueh, 
et al., 2005; Kang, et al., 2010). These developments have led to a significant drop of 
processing time and costs, and in succession, a better availability of ready-to-use 3D 
geo data which facilitate the construction of large, city-wide, often very realistic look-
ing and geometrical accurate 3D city models. Consequently, a competitive 3D market 
for 3D geo data and 3D city models has developed during the last five to ten years 
that supplies "standard" 3D city models consisting out of digital terrain models, 3D 
building models with roof structures and textures, and orthophotographs.  
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Geo-Information Sciences 

Geo-Information Science (GI Science) dates back to the 60ies when first experiments 
were conducted to store spatial information on a computer and use it for spatial anal-
yses and mapping. Since these early days of GI Science much progress has been made 
and since the 90ies at the least GIS, spatial analyses, and digital map making are 
common tools in spatial and environmental planning. In fact, many communal duties 
and business processes rely on and produce geo data. It would go far beyond the 
scope of this thesis to examine this topic in detail. The interested reader might refer to 
several extensive books that examine the relationship between GI Science and spatial 
and environmental planning (e.g. Bill, et al., 2002; Stillwell, et al., 1999). 

Still several observations have to be emphasized which are relevant for the topic of 
this thesis. First of all, geo data provides the primary data source for the creation of 
GeoVEs. Second, the last two decades have seen enormous progresses in geospatial 
modeling and interoperability of data and systems which are driven by standardiza-
tion processes, a general increase in processing capabilities, the development of new 
tools and methods. The most fundamental one, standardization, is driven by industry 
requirements, administrative needs, and findings from research on the use and usabil-
ity of geo data. The resulting standards such as Deutsche Industrie Norm (DIN), the 
OpenGIS standards of the Open Geospatial Consortium (OGC), and the ISO norms de-
veloped by the International Organization for Standardization define what geoinfor-
mation are, provide a common language to encoded geo data, specify quality param-
eters, et cetera. Compliance with these standards ensures better interoperability be-
tween systems and fosters the efficient re-use of data. At the same time the need for 
a better interoperability has driven not only standardization processes but also the 
development of specialized functions and tools for data transformation. Especially, so 
called "Extract-Transform-Load"-tools (ETL) facilitate the transformation and re-use of 
data. It is finally remarkable that within the timeframe of this research two Open GIS 
standards evolved for 3D geo data encoding: City Geography Modeling Language 
(CityGML, Open Geospatial Consortium, 2008b) and Keyhole Markup Language (KML, 
Open Geospatial Consortium, 2008a). In fact, GI Science which has been focused onto 
2D data in the past has recently been extended into the third and also into the fourth 
dimension (time). 

Information and Communication Technology 

Information and Communication Technology (ICT) is seen as a driver for globalization 
and for the transition of societies to "Information Societies" (UN, 2005). There are 
many factors in ICT that contribute to the conceived progresses in 3D geospatial mod-
eling and the use of GeoVEs as information and communication media. Amongst the-
se the internet plays a central role as it serves as a backbone of increasing importance 
for establishing communication, data sharing, and collaboration between spatially 
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and temporally distributed users. Current state-of-the-art internet technologies and 
software design concepts such as eXtensibleMarkup Language (XML), Service-oriented 
Architecture (SOA), Asynchronous JavaScript and XML (AJAX), and Simple Object Ac-
cess Protocol (SOAP) brought easy-to-use and complex web applications to the inter-
net such as social networks, (3D) online games, office suites, wikis, blogs, and so forth. 
The so-called web 2.0 techniques also fostered the development of internet GIS, web-
mapping applications, and virtual globes which are used to distribute, access, manipu-
late, and present massive amounts of geo data via the internet. Especially striking in 
the context of internet technologies and GI Science is that many contemporary devel-
opments are based on XML-technologies in both fields of research. XML is basically a 
set of rules for encoding data. Initially developed as a language to encode documents 
it is by now used to represent arbitrary data structures and has been widely adopted. 
In the domain of GI Sciences and in 3D modeling many XML-based data schemas 
evolved, such as Geography Markup Language (GML, Open Geospatial Consortium, 
2007b), KML, and CityGML. In fact, all data schemas and services defined by the OGC 
are encoded in XML. An interesting property of XML-based schemas such as KML and 
CityGML is that they can be transformed into another XML-based data schema as dis-
cussed by Henning (2008) and Kolbe (2008). Furthermore, XML-encoded documents 
are also used to specify the capabilities of web-services such as Web Feature Service 
(WFS) or Web Processing Services (WPS). In short it has to be noted that XML is de 
facto a standard in the internet for the encoding of data as it is in the GI world. This 
development enables a closer integration of both domains and facilitates the imple-
mentation of GeoVEs that can be accessed by a broad audience.  

Computer Graphics Science 

Computer Graphics Science (CGS), finally, provides techniques and methods to visual-
ize 3D geospatial models. As with its three predecessors, RSP, GI Science, and ICT, CGS 
has made enormous progresses in the last two decades. This development holds true 
for both, hardware and for software, and has been mainly driven by the entertain-
ment and 3D gaming industry. Modern consumer 3D graphic cards come with pro-
cessing capabilities that were just 15-20 years ago reserved for high-end graphic 
workstations worth million dollars. Parallel to the advancement in the hardware ca-
pabilities, new real-time (geo-)visualization algorithms, methods, and techniques 
were developed, such as out-of-core rendering algorithms, texture atlases, level-of-
detail algorithms, mipmapping, high level graphic languages, and processing of com-
plex deformations or modification of appearance properties directly on the graphic 
processing unit (GPU). These advancement result in a better availability of visualiza-
tion systems capable of handling very large and detailed GeoVE. 

 
The technical and methodical developments outlined accumulate in what I name the 
'Google Earth Effect' (GEE). The GEE is coined by the success of virtual globes like Google 
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Earth and Microsoft's Virtual Earth which serve the whole globe to standard home com-
puters or even smart phones via ICT. Virtual globes (and also 2D web-mapping applica-
tions) have been adopted rapidly and have become mainstream tools to present, access, 
and distribute spatial information. In a news contribution on virtual globes in one of the 
most accredited scientific journals, Nature, Butler (2006) argues that virtual globes and 
web-mapping in general changes the way we perceive and interact with spatial infor-
mation. And indeed only six years after the release of Google Earth in 2004 many people 
world-wide use virtual globes and web-mapping applications routinely and participate in 
collaborative data collecting and sharing by adding their own (spatial) data and 
knowledge (e.g., Open Street Map or Google 3D Warehouse). Since the increasing adop-
tion and use requires a closer technical integration between the four fields of research 
to better serve the demands of users and customers, the GEE effect also mutually rein-
forces the technological developments. This reinforcement has led to an ongoing "Con-
vergence of Technologies" (Hudson-Smith, 2007; Hudson-Smith, et al., 2007) that was 
also recognized in many recent research contributions. The convergence of technologies 
has significantly improved our capabilities to create 3D geospatial models, store them 
efficiently, process them, present them as interactive GeoVE, and even integrate them 
into the information layers of the internet.  

Given the background introduced so far: (1) The need to better coordinate urban 
planning and management processes and to foster information and communication be-
tween diverse stakeholder groups and across professions, (2) the potentials associated 
with GeoVE to support communication and information processes in urban land man-
agement, and (3) the progresses expressed by the Google Earth Effect, the primary aim 
of the thesis is to research the usability of one specific type of GeoVE - virtual 3D city 
models - to serve as a cross-disciplinary and multifunctional data integration platform 
and communication media in the context of urban planning and management.  

Hypothesis 

Through the integration of distributed and heterogeneous infor-
mation from SEP and ACE virtual 3D city models are enhanced 
towards innovative 3D Information Systems which are suitable 
for supporting communication and information processes 
amongst experts, decision-makers, and layman in urban planning 
and management. 

The hypothesis has been mainly examined in the context of the project "Land In-
formation Systems based on virtual 3D city models (Flächeninformationssysteme auf 
Basis virtueller 3D-Stadtmodelle)" which was part of the German research program RE-
FINA (Research for the Reduction of Land Consumption and Sustainable Land Manage-
ment - www.refina-info.de) funded by the Federal Ministry of Education and Research. 
The aim of the project was to develop prototypic 3D Information Systems for the City of 
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Potsdam and the City of Berlin, Germany (Ross, et al., 2007, cp. Chapter B), and their 
experimental use in an urban planning processes (Ross, et al., 2009, cf. Chapter C). The 
system development and data integration work was supplemented by a comprehensive 
literature review and personal communications at workshop meetings, conferences and 
with members of the municipal planning and geoinformation departments in Berlin, 
Potsdam, and Leipzig.  

Besides the development of experimental prototypes and web-based modules, re-
sults from my diploma thesis (Buchholz, et al., 2006; Ross, 2006), experiences from a 
research collaboration on urban re-development in Istanbul (Buhur, et al., 2009), Turkey, 
a contribution to an experiment on the evaluation of landscape visualization techniques 
for communication of energy crop planting scenarios (Lovett, et al., 2009), and the de-
velopment of an interactive 3D planning model for the 'New Town' in Hashtgerd in Iran 
(Ross, 2009, unpublished) have complemented my examinations of the usability of 3D 
visualizations to visually communicate spatial information, design concepts and scenari-
os. Following research questions were examined: 

RQ1. What are virtual 3D city models and what are their char-
acteristics and components? 

RQ2. Which types of data are relevant in the context of urban 
land management and do integration methods exist to inte-
grate the different types of data into virtual 3D city models?  

RQ3. How can the resulting 3D Information Systems be utilized 
in urban planning processes and which further options, i.e. 
functions of use, exist to use virtual 3D city models? 

In addition, and even more challenging, it became apparent during my research 
that neither the technical and methodological creation of virtual 3D city models nor the 
integration of heterogeneous data sources or the dissemination via internet technolo-
gies poses fundamental problems anymore but rather the use, acceptance, and integra-
tion of the technology into urban land management processes and administrative work-
flows. This observation lead to a fourth research question: 

RQ4. Which factors determine the successful transition into 
practice and which recommendations can be made? 

The thesis is organized into five chapters (A-E). Chapter (A) includes an introduc-
tion and a synthesis section. In the introduction the research subject, the research ques-
tions and the relevant background information are provided and the settings for the 
research are outlined. The introduction is followed by a synthesis section where the re-
sults are summarized, discussed and an outlook for future research is presented. Chap-
ter A is followed by four chapters (B-E) which encompass the most relevant research 
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contributions written during the course of my research. These can be differentiated into 
three previously published publications (B-D) and one manuscript that has been submit-
ted to the international journal Environment and Planning B for review (chapter E).  

Chapter B provides the early research concept for the project "Land Information 
Systems based on virtual 3D city models" and has been presented at the 2nd Interna-
tional Conference on Managing Urban Land 2007 in Stuttgart, Germany. Chapter C fo-
cuses on integration of planning information and geo data into 3D city models targeting 
especially the research question 2. It has been prepared as full paper (double blind peer 
review) for the 12th AGILE International Conference on Geographic Information Science 
2009 in Hannover, Germany, and was published in the Springer Lecture Notes in Geoin-
formation and Cartography by Springer, Berlin. In Chapter D a system concept and work-
flow for the collaborative use of 3D city models via ICT is developed. The paper has been 
prepared as full paper (double blind peer review) for the academic track on 3D city 
models at the GeoWeb Conference 2009 in Vancouver, Canada, and was published in 
the International Archives of Photogrammetry, Remote Sensing, and Spatial Information 
Sciences. Chapter E finally, concludes with a review on 3D city models and their func-
tions of use in urban land management. The following table provides an overview on the 
four articles: 

Table 1: Publication information Chapter B to E 

Chapter B L. Ross, B. Kleinschmit, J. Döllner and A. Kegel (2007): Geovirtual urban environ-
ments as media for the communication of information related to managing urban 
land. In: Proc. of the 2nd International Conference on Managing Urban Land. To-
wards more effective and sustainable brownfield revitalisation policies. pp. 578-582. 
Freiberg. Saxonia. 2007. ISBN 978-3-934409-33-4 
 
Online: http://edoc.difu.de/edoc.php?id=7V0AT56G 
 

Chapter C L. Ross, J. Bolling, J. Döllner and B. Kleinschmit (2009): Enhancing 3D city models 
with heterogeneous spatial information: Towards 3D Land Information Systems. In: 
Sester, M., Bernard, L. and Paelke, V. (Eds.): Advances in GIScience. LNGC. pp. 112-
133. Springer. Berlin. ISBN: 978-3-642-00317-2 
 
DOI: 10.1007/978-3-642-00318-9_6 
 

Chapter D L. Ross, J. Döllner, O. Schroth and B. Kleinschmit (2009): E-Collaboration between 
the private and the civil sector: Support of long-term utilization and update of offi-
cial 3D city models. In: Kolbe, T.H., Zhang, H. and Zlatanova, S. (eds.): International 
Archives of Photogrammetry, Remote Sensing and Spatial Information Sciences, Vol. 
XXXVIII-3-4/C. 
 
Online: http://www.isprs.org/proceedings/XXXVIII/3_4-C3/Paper_GeoW09/ pa-
per19_Ross_Doellner.pdf 
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Chapter E L. Ross and B. Kleinschmit (2010): Considering municipal virtual 3D city models as a 
valuable complement to urban planning and environmental management. Submit-
ted to Environment and Planning B on the 21st June 2010, handled under reference 
number EPB 137-084. 

Abide minor corrections regarding spelling mistakes and grammar the content of 
the previously published articles and the manuscript remained unchanged in the thesis 
to preserve them as original publications. However, the reference sections were 
merged. Additionally, appendix A provides a comprehensive list of my publications and 
conference contributions with relevance for the scientific work in this thesis. 
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Chapter B: Geovirtual Urban Environments as Media for the 
Communication of Information Related to Managing Urban Land 
 

Lutz Ross, Birgit Kleinschmit, Jürgen Döllner and Amseln Kegel 

Published in: Proc. of the 2nd International Conference on Managing Urban Land. 
Towards more effective and sustainable brownfield revitalization policies. pp. 
578-582. Freiberg. Saxony. 2007. ISBN 978-3-934409-33-4 

Online: http://edoc.difu.de/edoc.php?id=7V0AT56G 

 

Abstract 

This contribution outlines a research project targeting at the utilization of virtual 
3D city models in the context of urban land management. It explains the projects 
background and the research concept as well as basic methods, which will be ap-
plied during the project runtime. The project will build upon findings in environ-
mental and urban planning, computer graphics science, and geoinformation sci-
ence; it contributes to a German research framework (REFINA) aiming at the de-
velopment of guidelines, best practice examples, and tools for the reduction of 
land consumption. 

 

1 Introduction 
Managing urban land requires dealing with complex ecological, economical and social 
needs, which in general are related to spatial structures and phenomena. In order to fit 
these needs, state of the art management strategies make use of information technolo-
gy such as Geographic Information Systems (GIS), internet-based information services, 
3D visualizations, and simulations to support decision-making and improve the commu-
nication fluxes between authorities, citizens and companies. 

Geovirtual environments (GeoVE) are computer-generated three-dimensional de-
pictions of our common environment, which are based on geoinformation and can be 
operated in real-time. Thus, they offer an intuitive, innovative, and challenging media to 
interactively explore, analyze and present spatial information in its three dimensional 
context. Typical occurrences of GeoVE are virtual 3D city models, which are increasingly 
established as one part of modern spatial data infrastructures (SDI).  
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Figure 1: Official 3D City Model of Berlin, Germany, 
with thematic colored buildings. Source: 
(Senatsverwaltung für Wirtschaft Technologie und 
Frauen Berlin, et al., 2010). 

 

The project “Land Information Sys-
tems based on 3D City Models” 
(“Flächeninformationssysteme auf Basis 
virtueller 3D-Stadtmodelle) is a joint 
venture of the Hasso-Plattner-Institute 
Potsdam, Berlin Technical University, 
and 3DGeo GmbH. It aims at developing 
an information and communication sys-
tem for land management on the basis 
of geovirtual environments. More spe-
cifically it addresses the development of 
techniques, tools and methods needed 
to successfully deploy virtual 3D city 
models for decision support in the con-
text of urban land management. It 
builds upon existing virtual 3D city mod-
els and technology (Figure 1) and high expertise of the partners with the set up and utili-
zation of GeoVE in the context of urban and environmental planning, real estate man-
agement, and consultancy of investors. 

Four case studies in the Berlin and Potsdam area will be conducted in close coop-
eration with regional and local authorities and other stakeholders to identify potentials 
and restrictions. During the studies decisive parameter and geoinformation related to 
the specific management tasks have to be identified, integrated into the model data-
base, processed, and visualized. The cooperation with authorities, the choice of promi-
nent and sensitive urban development areas for the case studies, and participation dur-
ing planning processes is expected to ensure a problem-oriented approach. 

2 Background 
The project is part of the German research framework REFINA (www.refina-info.de), 
which is funded by the federal ministry of education and science. The aim is to develop 
methods, tools, and guidelines to reduce the consumption of previously undeveloped 
land by housing, industry, and transportation networks. 

Key strategies for the reduction of land consumption are land recycling, inner city 
redensification, and the adoption of sustainable land management concepts by admin-
istration departments. During the recent years much effort has been made to develop 
sustainable land-management concepts and decision support tools (e. g. the project 
“Regeneration of European Sites in Cities and Urban Environments” – RESCUE: 
www.rescue-europe.com/html/project.html; or the project “Integriertes Management 
und Revitalisierung der Brachflächen” – Integra Sites: www.um.katowice.pl/-
strony/integrasites/de/) as well as to formulate best-practice guidelines (LfU, 2003a, 
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2003b). The results of the research activities show that the sheer amount of data in-
volved and the complexity of land recycling tasks as well as the multi-stakeholder per-
spective often complicate urban land management. Therefore, solutions often combine 
a set of methods and techniques. These incorporate among others GIS, 3D visualizations, 
public participation methods, and assessment methods to value economic, ecologic as 
well as socio-demographic aspects of land management. 

Since land management is per se spatial, GIS obviously offer an appropriate tech-
nique to support land management and decision-making. At present GIS-based brown-
field cadastre and empty-site cadastre are used in many municipalities to support the 
management, assessment and regeneration of brownfields or to allocate suitable sites 
for potential investors. Besides GIS, 3D visualizations are commonly used in participation 
processes regarding brownfield regeneration and urban planning. They support the cog-
nition of the spatial impacts of proposed projects or policies on the visual landscape, 
respectively cityscape. Public participation methods such as ‘round tables’, stakeholder 
meetings, and the incorporation of the public during planning phases are accepted 
methods to access multi-stakeholder planning issues. If well prepared, these techniques 
can lead to better acceptance of plans. Participation processes often make use of GIS 
and 3D visualizations to provide information and visual input. Assessment methods final-
ly provide basic methodologies to value land management related issues. They are the 
‘every-day tools’ planners apply in planning processes.  

The project partners expect that by combining and integrating these techniques 
under the metaphor of virtual 3D cities, innovative information systems can be realized 
which on the one hand provide real-time 3D visualizations, features for digital participa-
tion, and features for data exploration and analyses. 

3 Research concept and methods 
The principle questions include: How can information related to land management be 
integrated into virtual 3D city models? Which tools for analysis and evaluation of land 
situations can be implemented using the 3D city model? Which information can be 
communicated by means of the 3D city models? And what are the benefits and poten-
tials of using 3D city models? Attempts to solve these questions satisfactory result in the 
conclusion that they can be answered only in the context of the specific application do-
main. While in the context of finding a suitable site for a potential investor factors such 
as the size of the site, the land-clearing costs, socio-demographic information on the 
neighborhood, and the situation in terms of traffic routes can be of primary interest, 
public participation during planning phases may call for different requirements such as 
realistic 3D visualizations or interactive features for modification of plans to involve par-
ticipants. For this reason domain specific requirements have to be taken into close con-
sideration during system design, which provides the framework for the following work 
(Figure 2). The following sections describe the main work packages (WP) in detail.  
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Figure 2: Overview on the research project and the main work packages (WP). 

 3.1 System design  
The 3D city model has to be extended by additional classes, attributes, methods, and 
relations to adapt it to the needs of land-information management. Based on the exten-
sions, task-specific 3D analysis, presentation, simulation, and exploration tools can be 
developed. Since these rely on the available data, a strong correlation between data 
model and tools has to be ensured. Requirement analysis and design of features will be 
accomplished in close cooperation with local authorities and potential users for each use 
case. This step encompasses identification of project-related (geo-)information, defini-
tion of features or tools to support the defined management tasks, concepts of data 
integration, and clarification of data access rights. 

3.2 City model extensions 
Data modeling and data integration represent crucial steps for the success of the pro-
ject. Basically three possibilities for data modeling and integration are considered:  

 (a) Direct integration of georeferenced data and geodata into the GeoVE. 

 (b) Embedding data into city model objects.  

 (c) Integration of pre-processed data.  

In case (a) we integrate georeferenced data and spatial data, e.g., given in vector or ras-
ter formats, directly as information layers into the GeoVE. Examples are thematic data 
sets or topographic data, which can be visualized as textures of the digital terrain model.  
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In case (b), we embed thematic data in the GeoVE as attributes of the objects that 
constitute the virtual 3D city model. This method is used for data that can be related to 
individual city model objects. The attributes can be evaluated and interpreted for the 3D 
tools and for 3D presentation purposes. Therefore, we will extend the underlying data 
model, including systematic definitions of required attributes, attribute domains and 
strategies for missing information to ensure a consistent and stable model schema on 
which the planned tools can operate. 

In case (c) we facilitate the aggregation of data from various data sources and 
scales: thematic and geometric pre-processing is needed to combine these data sets to 
useful information. For example one feature might be a tool to visualize the traffic situa-
tion. Base data might be public transportation networks and stations, street networks, 
and walking times. To present an overall traffic situation these data sets have to be 
combined. One possible solution might be to define a cell size as basic spatial unit and 
calculate a ‘traffic situation indicator’ for each cell. As a result the traffic situation could 
be displayed as a terrain model, where the terrain height is an indicator for the traffic 
situation. 

3.3 Tool development  
After formulating application scenarios and a wish list of supporting features, the im-
plementation of software tools can be started parallel to constructing the data basis and 
data integration. Three categories of tools are in our focus: 

• Tools for exploration and analysis, 
• Tools for editing and configuration, and 
• Visualization techniques. 

The development of land management supporting features will be based on an iterative 
and incremental software development model. This ensures that shortly after the pro-
ject start an initial system is available, which can be incrementally refined. In this way, 
feedback and proposals can early be integrated and risks in the software development 
process are reduced. The following sub sections outline these categories.  

3.3.1 Tools for exploration & analysis 
This work package encompasses the development of techniques for the analysis of site 
respectively land plot properties. It includes basic techniques to assess and visualize land 
management related parameters such as economic situation, environmental qualities, 
urban planning parameters, or other domain specific parameters. The ‘traffic situation 
indicator’ terrain would be such an application. 

Another example represents a tool that processes development plans, generating 
principal 3D building models based on planning parameters. Thus, the abstract infor-
mation of 2D development plans can be transformed into a 3D scenario. This approach 
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supports people without planning background and helps them visualize and understand 
development plans and their implications. 

3.3.2 Editing & configuration 
This work package addresses one major drawback of many existing (geo-)virtual envi-
ronments. In general, most virtual environments are based on static models. Although 
the technical progress during the recent years led to impressive and detailed virtual 3D 
city models, which can be viewed and navigated in real-time, interactive editing or other 
interactive features are often limited or not available at all. Through the use of object-
based programming techniques it is possible to assign geometric and visual properties to 
the 3D objects, which can be edited in real time (Buchholz, et al., 2006; Döllner & 
Buchholz, 2005). To stick to the earlier mentioned development plans such parameter 
might be the site occupancy index describing the maximum area that can be occupied 
when constructing a building. By defining this parameter in the data model and adding 
an interface that enables users to interactively redefining it, the system can be used to 
process scenarios where the site occupancy is utilized to different degrees. 

3.3.3 Visualization techniques 
We also focus on visualization techniques, combining insights and methods from cartog-
raphy, planning and geovisualization. To follow the previous example, imagine the sys-
tem would be configured to calculate abstract 3D building models from development 
plans and configuration parameter. How should this information be visualized appropri-
ate? If the same visualization techniques used for the existing buildings in the city model 
would be applied, recognition of the uncertainty of this information, the scenario char-
acter, would be neglected. A possible solution may be to use colors for thematic visuali-
zation, which is an accepted method in 2D cartography. But would that support an intui-
tive recognition of the information, or would other solutions, such as the use of trans-
parency or non-photorealistic rendering techniques be more appropriate? Which ap-
proach is best suitable for the visual communication of specific information, can only be 
assessed by user feedback and evaluation. Thus the incremental software developing 
approach and the close cooperation with potential future users is important for the out-
come of the project, as it ensures early feedback. 

3.4 Information systems 
The case studies will result in four prototypic information systems, each designed to 
address specific management tasks. These information systems will be based on official 
virtual 3D city models, basic geoinformation and thematic geoinformation. To ensure 
the utilization of the information systems as well as to transfer them to users outside 
the administration in case of public participation, information products will be built from 
the source systems. Therefore, the relevant information has to be identified, extracted 
from the database and converted into products, which can be provided to users via DVD 
products or web services. To ensure the usability of the resulting products it is necessary 
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to define interaction and navigation settings as well as to assure the proper use by digi-
tal rights management. Furthermore, a feedback option has to be implemented to allow 
for collecting statements, critics, and proposals from the users. 

4 Summary 
Because of the spatial background of land management it seems obvious that geovirtual 
environments provide a high potential as media for the presentation of information re-
lated to urban land management. Existing applications, e.g., the virtual 3D city models 
used at the Business Location Center Berlin and at the urban development department 
of Berlin (cp. Figure 1), already show that they can be utilized for planning and manage-
ment tasks. Still these applications are very limited with respect to geo-processing and 
interactivity. 

The outlined research project aims at uncovering potentials of 3D city models for 
land management by developing and providing domain specific functions for land man-
agement and decision support. It will provide working examples and prototypic infor-
mation systems based on the case studies. It will be built upon state-of-the art geovisu-
alization techniques, existing 3D city models and best practice examples for land man-
agement. It therefore combines recent findings in IT system engineering, computer 
graphics, urban and environmental planning, and geoinformation science. Through the 
close cooperation with local and regional authorities as well as through the planned 
software development strategy, a domain-specific and problem oriented approach is 
ensured. 
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Abstract 

Spatial and georeferenced information plays an important role in urban land 
management processes such as spatial planning and environmental management. 
As many of the processes are increasingly coined by participation of and collabo-
ration between multiple stakeholders, a common medium capable of integrating 
different types and sources of spatial information is necessary. It is argued that 3D 
city models provide such a framework and medium into which heterogeneous in-
formation can be integrated. Therefore, the main research question of this con-
tribution is to identify and develop methods for integrating heterogeneous spatial 
and georeferenced information into 3D city models in the context of urban land 
management. We present a prototype 3D Land Information System and a use 
case for the city centre of Potsdam, Germany. In addition, constraints within ad-
ministrations regarding the systematic, sustainable use of such a system are dis-
cussed. 

1 Introduction 
Urban land management encompasses all actions, strategies and plans a city or commu-
nity undertakes to maintain and develop the city’s infrastructure, to monitor and protect 
its natural resources, to build communities, and find a balance between environmental, 
economic and social needs. It covers a variety of administrative tasks such as city plan-
ning, land-use planning, environmental planning and monitoring, public property man-
agement, business promotion, city marketing, and technical infrastructure maintenance. 
These administrative tasks rely on and produce spatial information relevant for decision-
making. However, authorities are not the only stakeholders, nor are they the only users 
or owners of spatial data used in land management processes. Private companies, such 
as planning and engineering offices, infrastructure providers, geo-data providers, and 
the public also use, create, analyze, and provide spatial data for urban land manage-
ment. Thematically the data covers, amongst other things, plans, environmental data, 
thematic maps, utility network data, transportation network data, environmental as-
sessment studies, and noise emission maps. Consequently, the overall quantity of spatial 
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data relevant for urban land management increases continuously and, because of the 
differentiated needs and capabilities of data users, modeling concepts and data struc-
tures are often process-, application- and scale-dependent. 

The underlying thesis of this contribution is that 3D city models provide an innova-
tive and intuitive framework and medium into which spatial and georeferenced infor-
mation can be integrated to effectively support communication processes in urban land 
management. The research is motivated by two main themes: developments in 3D city 
modeling and the utilization of interactive 3D models in landscape and urban planning. 
In the scope of 3D city modeling developments in sensor technologies as well as in pro-
cessing the acquired data have resulted in methods to (semi-) automatically process and 
derive 3D city objects and 3D city models, respectively (e.g. Norbert Haala & Brenner, 
1999; Richmann, et al., 2005; Rottensteiner, et al., 2005). Consequently, the costs for 
generating 3D city models have dropped continuously, and, for example, in Germany 
many communes and administrations have added 3D city models to their local data in-
frastructures or are planning to in the near future. Parallel to this development, two da-
ta models, the City Geography Markup Language (CityGML - Kolbe, 2009; Open 
Geospatial Consortium, 2008b) and the Keyhole Markup Language (KML - Open 
Geospatial Consortium, 2008a), have evolved as Open GIS standards, which can be used 
for the storage and exchange of 3D city models. In this contribution the Level of Detail 
(LOD) definitions from the CityGML specifications are adopted to differentiate between 
simple block-buildings (LOD1), buildings with differentiated geometries including roof 
structures (LOD2), and architectural models of buildings (LOD3). Furthermore, CityGML 
is used to model city objects and plan information. 

The second theme, the use of interactive 3D models in spatial planning, is related 
to the development of 3D city models. Spatial planning has been one of the drivers for 
developing tools and methods for the creation and visualization of interactive 3D city 
and 3D landscape models. Research in this field covers case studies (Danahy, 2005), the 
question of the right degree of realism of (geo-) virtual environments and 3D visualiza-
tions for planning issues (Appleton & Lovett, 2003; Cartwright, et al., 2005), and the de-
velopment and assessment of technologies and methods (Counsell, Smith, & Richmann, 
2006). Several recurring observations can be made: The preparation of the interactive 
3D models usually requires extensive and time-consuming data pre-processing, there is 
often a trade-off between realness and interactivity, and although a high potential is 
seen in the technology for e-participation and e-government applications (H. Wang, et 
al., 2007), it only plays a marginal role in practice. With the increasing availability of 3D 
city models this is likely to change in the future. Planning and land management applica-
tions in the urban environment can now make use of the existing 3D city models, which 
considerably reduces implementation effort and costs. A key issue in this context is to 
research how 3D city models can be enhanced in order to support communication pro-
cesses, decision-making, and information of the public. Besides methods for the integra-
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tion of spatial and georeferenced information, the usefulness and usability of the en-
hanced 3D city models has to be examined as well. To accomplish this a thorough coop-
eration and continuous exchange between research team and stakeholders in practical 
urban land management is necessary and is ensured through meetings, workshops and 
the utilization of a prototypic 3D Land Information System in planning processes within 
the city centre of Potsdam, Germany. 

2 Study area and system specifications 
The prototype 3D Land Information System presented was applied for a use case based 
in the city center of Potsdam, Germany (cp. Figure 5), and covers an area of about five 
square kilometers. The 3D city model used as a base model is composed out of 1,304 
buildings in LOD2, 50 buildings modeled in LOD3, and a digital terrain model with 3 m 
ground resolution. An aerial image with 25 cm ground resolution is used as terrain tex-
ture and trees and road lights are integrated as 3D symbols in .3ds format. Into this basic 
3D city model, whose specifications correspond to several other 3D city models built in 
Germany in the recent years, further spatial and georeferenced information (e.g., envi-
ronmental data, master plans, development plans and construction plans) has been in-
tegrated. 

The system development is based on LandXplorer Studio technology from Auto-
desk, a 3D geo-visualization solution with capabilities to create very large 3D landscape 
and city models from geo-data and 3D models. In addition to LandXplorer Studio Profes-
sional, which was used for authoring and managing the prototypic 3D Land Information 
System, ArcGIS from ESRI was used for geo-processing, SketchUp 6 Professional for 3D 
modeling, and Adobe Photoshop CS3 for image processing. A workstation with an Intel 
Xeon quad-core processor, 4 GB RAM, and a GeForce 8800 GTX graphic processing unit 
(GPU) was used for processing the data and assembling the 3D Land Information System 
and a Dell XPS Laptop with dual core Intel processor, 2 GB RAM, and a GeForce 7950 
GTX GPU was used for presentations and collaborative planning meetings. 

3 Methods 
Stakeholder meetings with administration officers, architects, investors, and land own-
ers were held regularly to select relevant spatial information for integration into the 3D 
city model. The integration of spatial information was implemented by the use of estab-
lished methods in 3D geovisualization (e.g. terrain textures, 3D symbols, 3D modeling) 
and development of new methods for the transformation of plans to 3D plan represen-
tations. Thus, the first aim was to research methods for creating visual representations 
of the selected spatial information within the 3D city model. Moreover, methods for the 
integration and access of further information and data assigned or related to the spatial 
information were researched as well. The resulting enhanced 3D city models were used 
and evaluated in further meetings. During these meetings, which included formal meet-
ings with decision-makers and informal workshops and presentations with administra-
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Figure 3: Integration methods for geo-vector data (from top to bottom): Direct integration of geo-vector data, 
integration as raster maps, and integration as 3D symbols positioned inside the source polygons. 

 

tion officers, architects, investors, and land-owners, comments and discussions on usa-
bility issues, data processing needs, potential applications, and data representation were 
recorded. 

3.1 Integration of geo data 
Two types of geo data are distinguished: raster data and vector data. Both data types 
can be integrated into the 3D city model by draping them over the digital terrain model, 
which is a basic tool in 3D geovisualization. Besides this method, further methods for the 
integration of vector data exist, such as visualizing point features as 3D symbols or ex-
truding polygons to 3D blocks. The methods and workflow applied for the integration of 
geo data are described for exemplary geo data sets. 

3.1.1 Integration of data on protected areas 
Data on protected areas for nature conservation or groundwater protection are stored 
as geo-vector data in the environmental department of the city administration of Pots-
dam. The attribute tables hold information on the protection status, the name of the 
protected area, the date of designation, the legal basis for the designation, and more. 
Figure 3 depicts three approaches used to visually represent data on protected areas 
within the 3D city model. 

The first method is the direct integration of the geo-vector data into the 3D city 
model as interactive terrain texture by projecting the vector features onto the terrain. 
Interactive in this context means that rule-based and interactive queries can be used to 
access attribute information and create selections.  

The second method, integration as raster map, uses geo-coded maps processed 
from the original vector data by using methods from digital cartography (e.g., coloring 
features, using signatures and text labels). The geo-coded raster maps derived from this 
are integrated as terrain textures.  
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A third approach, integration as 3D symbols, was used to integrate 3D symbols by 
converting the source data (polygon features) into point features. Icons showing official 
signs used in Germany were applied as 3D symbols placed at the point locations to visu-
ally communicate what type of protected areas is depicted. The three methods were 
applied to nature protection areas, protected biotopes and water protection areas. 

3.1.2 Integration of water areas 
Land-use data from the digital cadastre map was used to select water areas and inte-
grate them as CityGML WaterObjects into the 3D city model. Therefore, the selected 
features were transformed and written to a CityGML file. The support of the CityGML 
specification enables the 3D city model authoring system to interpret the data and to 
use a water shader on it. A shader in the field of computer graphics is a software instruc-
tion, which is used by the GPU to create advanced rendering effects, such as simulating 
a realistic water surface. To avoid visual artifacts from z-buffer fighting the digital terrain 
model was modified and areas covered by water were lowered. 

3.2 Integration of plans from urban planning 
Several planning processes took place and are still continuing in the study area. So far, 
three different kinds of plans were examined: master plans, development plans, and 
construction plans. Although these plans can be differentiated with respect to their con-
tent and scale, they are similar in that they describe proposed / possible changes in the 
cityscape. Thus, the integration of visual representations into 3D city models will have to 
include changes in the three-dimensional model space. Therefore, methods for the crea-
tion of 3D plan representations are examined. 

In contrast to geodata, most plans selected for integration were not georeferenced 
and it was not possible to integrate them directly into the 3D city model. Moreover, in-
formation about plan objects, such as the number of floors of a proposed building, is not 
encoded in attribute tables but in the plan graphics. For this reason, a number of pre-
processing steps were necessary to create 3D plan representations from the plans exam-
ined. In the worst case, where only image files were available as source data, they had to 
be geo-coded first and plan features had to be digitized before further models could be 
made.  

3.2.1 Integration of master plans 
The integration of master plans is exemplified with the master plan ‘Speicherstadt’. The 
Speicherstadt is an old warehouse and industry complex located at the river Havel in the 
city centre of Potsdam. Key issues in the planning process were the height concepts and 
the building density of the plan proposals. The master plan and plan versions were con-
tinuously integrated into the 3D Land Information System to provide visual simulations 
during the planning process.  
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Figure 4: Extrusion-based modeling approach used for the representation of master plans through block models 
and terrain textures 

 

Initially extrusion-based modeling was used to create interactive block models 
from building footprints and building height information as shown in Figure 2. To ensure 
an accurate height representation, the absolute building height above sea level is en-
coded in the geometry of the building footprints. With the in-build import functions of 
the authoring system block models were processed from this data, which can be interac-
tively and rule-based queried, colored, and textured. Moreover, the height of the block 
models can be manipulated and attributes can be edited. In order to include the pro-
posed land-use concept in the 3D plan representation, the geo-coded raster plan was 
masked with the planning area and integrated into the 3D city model as terrain texture 
(cp. Figure 4). 

The second method, 3D modeling, was used to create 3D plan representations 
with more geometric and appearance detail in external applications. 3D modeling is an 
established method for creating architectural models and visualizations and it is very 
flexible in respect of geometry and appearance modeling. For this reason, it is possible 
to create realistic and comprehensive 3D plan representations which comprise not only 
the buildings but also the space around them including green spaces and trees, streets, 
open space, and city furniture. To facilitate 3D modeling, the plan features were classi-
fied into categories (buildings, transportation objects, and vegetation objects), and the 
height of the building above ground and the base height were added to the building 
footprints as attributes in the GIS environment. After this preparatory work, the features 
were exported from the GIS to the 3D modeling software. In-built functions of the ex-
port plug-in were configured to process block models from the building features and to 
level features based on attribute information. From this basic 3D model, a detailed 
model was created. The 3D models were imported via .3ds format and proper position-
ing was ensured using the centre point of the bounding box as a positioning vector. Fig-
ure 5 illustrates the 3D modeling approach. 
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Figure 5: 3D modeling approach used for the creation of detailed plan representations as 3D models 

 A third modeling method, CityGML-based modeling, was developed to create a 
CityGML-based 3D plan representation. The aim behind this approach was to: a) develop 
a method for the (semi-)automated conversion of plans into CityGML-based 3D repre-
sentations in order to b) store plans in a CityGML-based 3D geo database. The building 
data and the land-use data prepared for the 3D modeling method were used as source 
data. To represent the CityGML object properties in the data, the object classification is 
refined and additional attributes were specified for the land-use data as shown in Table 
2. 

Table 2: Object classification used for the transformation of land-use data to a CityGML-based representation 

 

The conversion of the land-use data was implemented through an interpolation 
with a triangulated irregular network followed by a data transformation from ESRI mul-
tipatch features to CityGML objects, as illustrated in Figure 6. Citygml4j, a Java class li-
brary developed by the Institute for Geodesy and Geoinformation Science at the Berlin 
Institute for Technology (Institute for Geodesy and Geoinformation Science, 2008), and 
GeoTools, an open source Java code library (geotools.codehaus.org), were used to im-

Class Attributes Values 

Transportation 

 transportation complex name string 

 transportation complex class string 

 transportation complex function string 

 function string 

 usage string 

 surface material string 

 colour float [0…1], float [0…1], float [0…1] 

Vegetation 

 function string 

 average height float 
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Figure 6: Illustration of the CityGML-based modeling approach using data transformation and extrusion func-
tions to convert plan features to a CityGML-based plan representation. 

 plement the data transformation. In combination with building models in CityGML for-
mat, which were derived by exporting the building models created earlier by the use of 
the extrusion functions, a CityGML-based 3D plan representation was generated. 

3.2.2 Integration of development plans 
The second category of plans examined was development plans. In Germany, develop-
ment plans are legally binding planning documents which specify the future land use as 
well as the building density and building functions. As the content and graphics of devel-
opment plans are specified by law, the integration of the plan graphics as terrain texture 
was chosen as primary method. 

To further communicate the potential effect of development plans on the city-
scape, experiments were made to depict 3D building plots. Borders defining building 
plots were digitized and regulations about the maximum ground area, gross floor area, 
number of floors, maximum building height, and building function were added as attrib-
utes to the features. This data was used to create block models via extrusion functions, 
which represent 3D building plots. Transparency was deliberately added to 3D building 
plots to indicate that the visualization does not show actual or planned buildings, but 
the 3D space within which buildings can be constructed. 

3.2.3 Integration of construction plans 
Construction plans contain all necessary information to create detailed architectural or 
even in-door 3D models. Despite this fact, it was decided that these plans should be in-
tegrated as relatively simple LOD3 models to visually communicate the planning charac-
ter and to keep the 3D modeling effort low. The workflow utilized is analogous to the 3D 
modeling approach employed earlier. The only difference was that in this case geo-
coded site plans in Drawing Exchange Format (.dxf) could be used as source data for the 
modeling process.  

The site plans only contained poly-lines and points, however. Thus, it was neces-
sary to topologically correct the data and create a feature data set of the building foot-
prints. These were prepared by adding attributes holding height information and ex-
ported to SketchUp (cf. chapter C, section 3.2.1). Ground plans and façade drawings, 
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which have to be prepared to request permission for constructions in Germany, were 
used as a guideline for 3D modeling. The façade drawings were further used as façade 
textures to increase visual detail without modeling windows, doors, and other details. As 
described earlier, the integration of the 3D models into the 3D city model is done via 
.3ds format and positioning vectors. 

3.3 Integrating further information through attributes, actions, and legends 
The methods presented so far focus on the integration of visual representations of geo-
data and plans into the 3D city model. In many cases, these visual representations can 
already be considered to be interfaces for further spatial information, e.g., the direct 
integration of vector features as terrain textures allows features to be selected and their 
attribute information to be queried. In other cases, the information is encoded in the 
visual representation, e.g., geo-coded raster maps as terrain textures or 3D models. 
Thus, it is necessary to decide if a chosen visual representation is suitable to communi-
cate the intended information and, if not, how the representation can be enhanced or 
whether further methods can be used to achieve the aim of communicating specific in-
formation. Within the project, three methods were used: integration of information as 
attributes, integration through actions, and integration through legends. 

3.3.1 Information as object attributes 
In the case of 3D modeling, attribute information, which was added to the data earlier, 
gets lost during data export and import processes. It is possible to add this information 
manually in the authoring system after the import process. However, this method is 
time-consuming and error-prone. For this reason, externally modeled 3D models of 
buildings were converted to CityGML using built-in functions of the authoring system, 
and a function was developed to transfers attributes from the source building footprints 
to the CityGML data based on a spatial join (location-wise). The same function was used 
to transfer address information and building data from the cadastre map to the build-
ings. 

3.3.2 Information integration through actions 
Most spatial information integrated during the system development was related to oth-
er data or consisted of several documents. This additional data and information was 
made available by linking digital media and applications to 3D labels and 3D symbols. 
The method was applied, amongst others, to link 3D plan representations to a prototype 
web-based plan information system, to start-up GIS projects underlying the prototypic 
3D Land Information System, and to link plans to additional data sets (e.g., text files, 
plan documents in PDF format, and images). 

3.3.3 Information integration through legends 
If thematic raster data sets are used as terrain textures, it is necessary to provide leg-
ends to translate the depicted signatures, symbols, and colors into information. This can 
either be done by using an action which relates to a legend file, or by integrating the 
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Figure 7: Screenshot of the prototypic 3D Land Information System with integrated planning data (from top left 
clock-wise): 1. Master plan "Speicherstadt" as extruded buildings and terrain texture; 2. Master plan "Alter 
Markt" and development plan "Landtagsneubau"; 3. Development plan "Babelsberger Straße" and construction 
plans for the residential building plots; and 4. Master plan "Reichsbahnausbesserungswerk". 

 

legend as an image overlaid onto the 3D city model. Therefore, legends were prepared 
and stored as images with the terrain textures. The same method was used to prepare 
legends for 3D representations of plans. 

4 Results 
The primary result is a prototypic 3D Land Information System of the city centre of Pots-
dam, which contains visual representations of three master plans (and plan versions), 
four development plans, two construction plans, cadastre data, environmental data, and 
public transportation network data. A screenshot depicting the integrated plans is 
shown in Figure 7, while Figure 9 shows examples of integrated environmental data and 
the use of symbols. 
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Figure 8: Screenshot of the prototypic 3D Land Information System with integrated geodata including nature 
protection areas as raster-based terrain texture, water protection areas and polluted land cadastre as vector-
based terrain textures. 

 4.1 Results from the integration methods applied to geo data 
The integration of geo data as terrain texture is straightforward, and both methods – the 
direct integration of vector data and the integration of raster maps derived from vector 
data – resulted in an increase of information intensity of the prototypic 3D Land Infor-
mation System. The results of these two methods must be differentiated, however. As 
can be observed from Figure 7, the integration of raster-based maps can be used to ap-
ply methods from cartography to visually communicate information included in the orig-
inal source data. In contrast, the direct integration of vector data only allows us to apply 
colors and transparency. The vector features and attributes can be manually and rule-
based selected, however, which increases the user’s options to interact with the data. 
Moreover, the method can be combined with the use of 3D symbols to visually com-
municate the type of data represented by the vector features. Besides the integration of 
environmental data presented in this contribution, further geo data such as land parcels, 
a topographic map, and public transportation network data have been integrated using 
the same methods. 

4.2 Results from the integration methods applied to plans 
In contrast to the integration of geo data, the integration of plans as 3D plan representa-
tions requires more data-processing effort. This is especially the case if only Adobe PDF 
documents or images are available as source data as was the case with the integrated 
master plans and development plans. 
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Figure 9: The left image shows the result from using extrusion functions to create interactive block buildings 
and the right image shows a plan representation derived from the 3D modelling approach combined with a 
water shader. 

 

The first method applied to master plans, extrusion-based modeling, results in in-
teractive block models, which were combined with terrain textures derived from the 
source plans as shown in Figure 9a. It is rated by stakeholders as being generally suffi-
cient for communicating the basic idea of the planning proposal on the scale of master 
planning. Furthermore, it was rated as being especially useful for collaborative meetings 
because the building heights and appearance can be manipulated interactively.  

The 3D modeling approach, in contrast, results in a representation with more ge-
ometrical and appearance detail. In combination with additional 3D models (in the ex-
ample a pier and two sailing boats) and the water shader applied to the water areas (cf. 
chapter C, section 3.2.1), a realistic representation is achieved, as shown in Figure 9b. 
Aside from the visual differences, the results of the two methods can be compared 
based on the included information. While the 3D modeling approach results in a gain of 
visual detail and a loss of attribute information, the extrusion functions for the genera-
tion of block buildings preserve attribute information assigned to the building data. The 
results of the 3D modeling approach were rated especially useful for presentations in 
meetings with decision-makers and for the promotion of projects. 

The third method, CityGML-based modeling, results in 3D plan representations 
whose visual appearance is comparable to the results from the extrusion-based model-
ing method. However, this method contains much more semantic information. This can 
be attributed to the fact that the land-use concept is represented through objects, which 
are specified according to the CityGML-specification. Thus, it is generally possible to as-
sess the fraction of vegetation areas, transportation areas, and building areas. Further-
more, it is possible to define several appearance models for one data set as shown in 
Figure 10. In Figure 10a, no further textures or colors are applied to the land-use objects 
(the green color is automatically assigned to CityGML vegetation objects by the system), 
while in Figure 10b the original raster plan was applied as a texture. Besides this flexibil-
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Figure 10: The images show the results from the CityGML-based modelling approach for master plans; the left 
image shows the plan representation as a CityGML data set without a defined appearance for the land-use 
objects, while in the right image the plan graphics was used to texture the objects. 

 

 

Figure 11: Representation of development plans as: a) terrain texture; and b) transparent 3D building plots 

 

ity with respect to the appearance, attributes assigned to the source plan features are 
maintained and the data can be transferred to a CityGML-based data-base. 

To include development plans within the 3D Land Information System, plans were 
integrated as terrain textures and transparent 3D building plots were created. The inte-
gration as terrain texture ensures that the plan graphic, which is specified by law, is 
maintained (Figure 11a), while the transformation of the graphical elements into 3D 
representations of building plots visually communicates an idea of the spatial effect the 
plan might develop (Figure 11b). Additionally the 3D building plots can be queried to 
access further information assigned in the modeling process, such as maximum building 
height, maximum number of floors, or the maximum gross floor area. Thus the use of a 
3D representation for building plots increases the interactivity and information intensity 
of the system. 

The integration results of the third plan category, construction plans, are depicted 
in Figure 12. Through the use of the documents needed to request construction permis-
sions, the 3D models were modeled and textured (less than one hour per building). Their 
integration into the model, in combination with the corresponding development plan, 
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Figure 13: Actions were used to relate 3D labels and 3D symbols to external applications such as web-based 
information portals and overlay images were used to integrate legend information into the 3D display. 

 

 

Figure 12: Representation of construction plans through 3D models 

 

efficiently communicates 
that a building permission 
has been submitted. Fur-
thermore, it can be visually 
assessed, if the application 
fits into the building plots. 

4.3 Results from inte-
grating information through 
attributes, actions, and leg-
ends 
The methods of integrating 
further information as attributes, through actions, and through legends as overlay imag-
es, result in a further increase of interactivity and information intensity of the system. 
The results of the integration as attribute information were briefly mentioned in the 
context of the conversion of master plans to a CityGML data set and the integration of 
3D building plots. Both examples increase the information value of the model and ena-
ble querying information. Furthermore, the integration of address information into the 
system enables users to search for a location based on an address.  

Actions assigned to 3D labels or 3D objects also raise the information value of the 
system as they can be used to access external applications and databases directly from 
the visual interface. This functionality was used to link the integrated plans to a proto-
type web-based planning information system, which includes further information and 
documents associated with the plans such as plan documents, press announcements, 
and architectural drawings. 

The integration of legends as image overlay is useful and elementary. It enables 
users to decode the information contained in raster-based terrain textures. Figure 11 
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shows the use of overlay images to integrate legends, and illustrates the concept of us-
ing actions to link labels to external applications. 

4.4 Results from the utilization of the system in planning processes 
Although neither questionnaires nor extensive stakeholder analyses have been conduct-
ed so far, some preliminary results regarding usefulness and usability can presented. The 
system has proven to be very useful for visually assessing the height concepts of the 
master plan Speicherstadt in stakeholder meetings. The system was also used to present 
an agreed height concept to decision-makers, and in presentations and meetings with 
architects, investors, and authorities. In general, the responses from these stakeholder 
groups were positive. Several authorities within the administration are currently survey-
ing the potential for future applications and discussing how the system can be perma-
nently integrated into the information and communication infrastructure of the city ad-
ministration. Moreover, several potential applications were formulated by different 
stake-holder groups, as shown in Table 3. 

Table 3: Potential and implemented applications envisioned by different stakeholder groups 

Stakeholder Potential functionalities Implemented 

Authorities - visual access to environmental data  
- presentation & visual assessment of planning proposals 
- city & business promotion 
- (public) participation meetings and web-service 
- process simulations and analyses (wind, shadows, etc.)  

+ 
+ 

(+) 
- 
- 

Architects - source of 3D data as basic planning information 
- environment to integrate planning proposals 

- 
+ 

Project devel-
opers 

- promotion of projects 
- visual comparison of planning alternatives 
- visual interface to project data and database 

(+) 
+ 
- 

+......implemented within the project 
-.......not implemented so far 
(+)...implemented through images and videos used by project partners 

 

5 Discussion 
This contribution shows how 3D city models can be applied and enhanced towards com-
plex 3D Land Information Systems by integrating heterogeneous spatial information. The 
resulting system can be used to effectively support urban land management processes. 

To implement such a system in a sustainable way, thorough modeling and integra-
tion strategies are needed. Within the administration and planning professionals, 3D city 
modeling expertise is still limited. Thus, system implementation requires a close cooper-
ation and exchange of the involved stakeholders both at the administrative and tech-
nical levels. Only if planning documents are made available by architects and engineers 
as geo-coded vector plans or georeferenced 3D models does a continuous, systematic 
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update of the underlying database become possible. In our case, a first step into this 
direction has been initiated by the city administration of Potsdam by formulating a di-
rective, which requires planners to hand in geo-coded plans. Moreover, a GML-based 
standard for development plans in Germany (Benner & Krause, 2007a) is going to be 
adopted by the city of Potsdam. Since GML-based development plans are object-
orientated and geo-coded, data can be updated and integrated automatically. 

To make full use of the system’s potential, it will be advantageous to establish a di-
rect connection to the spatial data infrastructure of the city, automating the integration 
of (geo-)data through services such as web map services or web feature services; such 
functionality has been demonstrated by Döllner and Hagedorn (2008). Transactional 
web feature services might also be used to provide access to the system for external 
users, such as architects and engineers, to enable collaborative use of the base 3D city 
model for planning issues. Of course, this would require secure connections, a user 
management system, and digital rights management to ensure the integrity of the sys-
tem. 

While most technology aspects could be identified and solved, organizational and 
human factors are still crucial. It would be necessary to adapt administrative processes 
and workflows and to train employees. Furthermore, acceptance of the system is not 
guaranteed. For example, the building conservation authority in Potsdam did not trust 
the height simulations, which were prepared for the master plan "Speicherstadt" so an 
in situ simulation had to be conducted by the fire department. Only after this simulation 
drew the same results as the virtual simulation, the system’s acceptance increased.  

In summary, our thesis that 3D city models provide an innovative framework and 
medium for integrating and communicating heterogeneous spatial information in the 
context of urban land management is well supported. Nevertheless, many technological 
and organizational challenges, such as creating versions of models and their automatic, 
and systematic updating through communal business processes, remain unsolved. 
Moreover, further user and acceptance studies will be necessary. 
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Abstract 

Research on the creation and use of 3D city models has made rapid progress re-
cently. An increasing number of cities and regions now own 3D city models or are 
planning to use them in the future. Especially planning departments see an enor-
mous potential in the use of 3D city models to visually and algorithmically access 
environmental and spatial impacts of planning proposals. However, examples for 
the continuous use in spatial and environmental planning are not documented so 
far. Within our contribution it is argued that this can especially be attributed to 
missing concepts for the digital exchange of planning information between the 
civil sector and the private sector. By conceptualizing digital workflows that ena-
ble the utilization of 3D city models and the integration of planning proposals by 
multiple stakeholders, it will be shown how the collaborative use of official 3D city 
models can support their regular use as well as their continuous update. Refer-
ences to related research are presented to show that the technology to imple-
ment such an e-Collaboration framework is generally available. At the same time 
our concept also considers national and supranational aims formulated in e-
government programs to provide governmental services via ICT. 

1 Introduction 
Collaboration between multiple stakeholders based on a common data model or within 
a shared virtual space represents an innovative and promising technology to support 
planning processes and project management in spatial and environmental planning via 
information and communication technology (ICT). Within the fields of architecture, con-
struction and engineering (ACE) the idea of collaboration is increasingly supported by 
the adoption of construction software that enables users to represents a proposed con-
struction as semantic data model rather than as purely graphical model. With respect to 
building construction such models are called building information models (BIM). The 
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BIM approach has significant advantages compared to classical computer aided design 
(CAD) drawings: One BIM can be used for cost calculations, for structural analysis, for 
life-cycle management of buildings, and in real-estate management applications. Inter-
national standards for BIM such as Industry Foundation Classes (IFC) allow the exchange 
of data between multiple stakeholders and software solutions. It is possible to derive 
multiple graphical representations from one BIM, such as ground plans, section draw-
ings, structural models, or 3D models in varying levels of detail (LOD).  

Analogue to BIM, which can be used to represent buildings through a semantic da-
ta model, City Geography Mark-up Language (CityGML - Open Geospatial Consortium, 
2008b), a standard of the Open Geospatial Consortium (OGC), can be used to represent 
cities through a semantic data model. Semantic 3D city models (Kolbe 2009) can be used 
to store virtual 3D city models in different levels of geometric and semantic detail and 
with multiple appearance models. Since CityGML-based virtual 3D city models are 
georeferenced and can be visualized in real-time they provide a common data model as 
well as a geovirtual environment (GeoVE).  

Despite the progress made in 3D city modeling during the recent years and the 
benefits associated with semantic 3D city models for spatial and environmental plan-
ning, their utilization by authorities and planning professionals is still in the beginnings 
and the potentials are by far not fully tapped yet. The hypothesis of our contribution is 
that not the technology is missing but concepts for the long-term operational use and 
maintenance of semantic 3D city models. Therefore, it researches requirements for the 
continuous use of official 3D city models by multiple stakeholders in spatial and envi-
ronmental planning via ICT. It conceptualizes an e-Collaboration framework, workflows, 
and processes for the exchange of digital planning information and 3D city model data 
between the civil and the private sector. 

2 Related work 
The presented research focuses on the position of e-Collaboration at the intersection of 
(1) 3D city models, (2) spatial and environmental planning, and (3) e-Government. With-
in the following chapters we will introduce the three themes, recapitulate current de-
velopments and define the terminology used. 

2.1 Virtual 3D city models 
Virtual 3D city models are digital, geo-referenced representations of objects, structures, 
and phenomena of corresponding real cities. Recently, models are extended by semantic 
concepts such as in the case of CityGML. In contrast to models that are solely created for 
visualization purposes, semantic models extend graphical models by storing additional 
information about type, usage, and role of objects as defined by an underlying ontology 
(Kolbe, 2009). Several of the 3D city models developed recently are attributed to be offi-
cial 3D city models which represent not only a virtual 3D city model but are linked to the 
land cadastre system and thereby represent the city as it is described by official and le-
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gally binding geo-information. The aim behind this approach is to ensure integrity and 
validity of the city model as it is needed in administrative use. 

The progress achieved in 3D city modeling and the resulting increased availability 
of 3D city models can be attributed to recent developments in remote sensing technolo-
gies and data extraction algorithms. It is now possible to automate the reconstruction of 
3D city objects (e. g. Becker, et al., 2008; Norbert Haala & Brenner, 1999; Rottensteiner, 
et al., 2005) and virtual 3D city models respectively to a large degree. Thus the cost for 
the creation of large and city wide 3D city models have dropped rapidly during the last 
years. Consequently, many cities start to build up 3D city models as part of their local 
data infrastructure.  

Parallel to the development of improved data acquisition technologies and object 
extraction algorithms, open data models such as KML/Collada, X3D, and CityGML have 
been developed that are used to represent 3D city objects. Our contribution will focus 
on CityGML-based 3D city models and neglects other solutions; however a discussion on 
the difference to IFC, X3D and KML can be found in the article by Kolbe (2009) and 
Yanbing et al. (2006) present an overview on 3D spatial data model approaches devel-
oped in recent years.  

CityGML is deliberately chosen for several reasons. (1) It is an OGC standard based 
on Geography Mark-up Language (GML), which enables the use of web feature services 
for querying 3D city model data and facilitates the integration of 3D city model data with 
other spatial data sources made available through OGC web services (Döllner & 
Hagedorn, 2008). (2) It defines an expandable, semantic and spatial data model, which 
makes it possible to adopt it to specific problems (e.g., Czerwinski, et al., 2006). (3) An 
open source database schema (IGG, 2010a) is free available which can be used to store, 
represent and manage CityGML-based 3D city model on top of Oracle 10g/11g. Along 
with the database schema a Java-based Import/Export tool is free available as well as a 
Java class library and API for facilitating work with CityGML (IGG, 2010b). (4) Finally, 
CityGML is increasingly adopted within research, by city administrations and supported 
by software vendors in the GIS and CAD domain.  

2.2 Spatial and environmental planning 
Contemporary challenges in spatial and environmental planning such as including social, 
ecologic, and economic dimensions into planning activities, designing transparent plan-
ning processes and enabling participation and collaboration between multiple stake-
holders require tools and methods to facilitate communication, support collaboration, 
monitor land-use change, and assess environmental impacts of development scenarios 
and planning proposals. Geoinformation Sciences contributes many tools and methods 
to better solve these challenges, e.g. by making (geo-)information available to stake-
holders via Web Services, by the development of land-use models for predicting future 
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developments and analyzing the impact of policies, by providing GIS analysis functionali-
ties, or by developing planning support systems (Geertman & Stillwell, 2003).  

In this context, GeoVE are utilized to visually communicate and explore planning 
proposals and development scenarios in urban, landscape, and environmental planning 
(e.g., Bishop & Lange, 2005; Buhmann, et al., 2005; Counsell, Smith, & Bates-Brkljac, 
2006; Kibria, et al., 2009). While early experiments in this field were often based on 
manual 3D modeling and Virtual Reality Markup Language (VRML) to create real-time 
visualizations, other approaches adopted game engines (e.g., Herwig, et al., 2005; Stock, 
et al., 2005) which provide sophisticated 3D visualization capabilities, physics engines 
and possibilities to interact with the GeoVEs created.  

However, many of the methods and solutions developed were limited in the past – 
either with respect to the visual quality, the interactivity, the information intensity, the 
required computing power needed or simply because of the effort and costs needed to 
prepare the GeoVEs. Still these early experiments have shown that interactive 3D mod-
els and/or images and animations derived from them can support communication and 
participation processes between multiple stakeholders (e.g., Danahy, 2001; Orland, et 
al., 2001; Schroth, 2009a). This situation has changed, though. Software like Autodesk 
LandXplorer 2009 (Autodesk, 2009), internet-based “digital globes” like Google Earth 
(Google Inc., 2010), and Java-based web-clients with support for OGC web services like 
the xNavigator (University of Heidelberg, 2010) are used to visualize large 3D city models 
from heterogeneous data-sources. Actually, we can observe a paradigm change from 
experimental models towards sophisticated, large and detailed 3D city models which are 
accessible over the internet (e.g., Kuwalik, et al., 2009). With the increasing availability 
of official, city-wide 3D city models as described in the previous section, planning pro-
fessional now could – at least theoretically – use complex, large, and detailed 3D city 
models as base models into which planning proposals and development scenarios can 
be integrated and even published online.  

Visual communication of planning proposals or scenarios is only one option for the 
utilization of 3D city models in spatial and environmental planning, though. Analytical 
functions which operate on geometric, semantic and topologic properties of 3D city 
models such as noise emission simulations (Czerwinski, et al., 2006; Stoter, et al., 
2008a), simulations of air pollution dispersion (Lin, et al., 2009), detection of potentially 
suitable roofs for solar collectors (Ludwig, et al., 2008), and shadow-analysis (Lange & 
Hehl-Lange, 2005) are further applications, which can be used to optimize planning pro-
posals or analyze existing city structures. Such analytical functionalities add value to 3D 
city models as well as to spatial and environmental planning as new knowledge can be 
produced and spatial concepts can be algorithmically analyzed and optimized.  

To make use of the theoretical advantages, it will be necessary that 3D city model 
data is made available to planning professionals and that they are enabled to integrate 
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their proposals into existing 3D city models. This would support the use of 3D city mod-
els as GeoVE into which planning proposals and development scenarios can be integrat-
ed to facilitate visual communication between stakeholders and at the same time their 
utilization in complex spatial (3D-)analyses to assess spatial and environmental impacts 
of proposed developments.  

2.3 E-Government 
E-government is defined as ICT-based services to enable information, collaboration, par-
ticipation, and transactions between governmental institutions (G2G), government and 
business (G2B) as well as between government and citizens (G2C). According to the 
United Nations (UN, 2005), e-government is an important factor for economic growth 
and international competitiveness. It is also seen as significant contribution to the pro-
cess of transformation of the government towards a leaner, more cost-effective gov-
ernment (UN, 2008). Supranational e-government initiatives like i2010 in Europe 
(Commission of the European Communities, 2005) and national e-Government activities 
(e.g., the German program E-Government 2.0 and the e-GIF initiative in the United King-
dom) support the idea of e-information, e-participation, and e-collaboration to involve 
the public in planning processes and increase transparency in spatial and environmental 
decision-making. Research projects like the Virtual Environmental Planning project 
(www.veps3d.org) have shown how citizens can get involved in planning processes via e-
Participation platforms based on 2D map services and 3D city models. Although further 
examples exist, a broad adoption of this technology can still not be observed. Amongst 
the reasons that hinder a broader utilization of 3D city models are organizational issues 
of high relevance: In general the exchange of planning information is regulated by law 
and plans have to be signed by planners and members of the civil administration and 
archived to ensure their legal validity. In the past this could not be solved through digital 
processes. Now, technologies and methods to enable authentication, secure data trans-
fer, digital rights management and revision-save storage of data are available. At the 
same time official 3D city models are increasingly available and can be used to integrate 
and visualize planning proposals in a broader spatial context. If this knowledge is related 
to the fact that in contemporary planning practice most plans are produced in digital 
form (e.g., as CAD plans and models, GIS data, or BIM) the main research questions of 
this contribution become obvious: Which digital workflows and processes are needed to 
integrate digital planning information into official 3D models to enable e-participation 
and e-collaboration under the metaphor of the virtual city on a regular basis? Which 
technology is needed to implement such concepts and is it available? 

3 Conceptualizing e-collaboration processes based on official 3D city 
models 
To conceptualize an e-collaboration framework which supports the regular use of official 
3D city models, in a first step, a stakeholder analysis is conducted to identify stakeholder 
groups, which will benefit from the utilization of 3D city models in planning practice. In a 
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second step, general and stakeholder specific requirements are defined which are a pre-
requisite for the continuous utilization of 3D city models via ICT by multiple stakehold-
ers. Based on a generalized illustrative example, digital processes are outlined that will 
have to be implemented to provide completely digital workflows and data exchange. 
Within this step key technology aspects of the identified processes will be discussed to 
assess the availability of the technology needed. 

3.1 Stakeholder analysis 
Stakeholders in spatial and environmental planning are people and organizations from 
the civil, private, and public sector, who are involved in local planning decisions (Healey, 
1997).  

The civil sector, i.e. public administration, is responsible for coordinating spatial 
and environmental planning activities within a city or municipality. Usually, the planning 
department represents the authority responsible for giving planning permission. How-
ever the planning department is by far not the only authority interested in spatial plan-
ning. It has to co-ordinate plans with environmental, transport, social and economic de-
partments and agencies on local to national and even supranational level. Within this 
internal coordination processes, the integration of 3D plan representations into seman-
tic 3D city models can be used to visually communicate and assess planning proposals, 
e.g. visual assessment of important lines-of-sight. Furthermore, the planning depart-
ment and other authorities can use 3D city models for advanced simulations and analy-
sis functions, e.g., noise emission simulations, shadow analysis, suitability for solar col-
lectors, local wind-field simulations as introduced in section 2.2. In short, the integration 
of 3D plan representations into virtual 3D city models could support information ex-
change, spatial analysis, and communication processes within the administration (Gov-
ernment to Government - G2G). 

Members of the general public are diverse stakeholders with varying interests and 
very heterogeneous map-reading skills and often competing interests (Selle, 2000). Since 
3D visualizations provide an intuitive way for communicating spatial concepts (cp. sec-
tion 2.2) one of the most important arguments for the utilization of 3D city models is 
that they are likely to facilitate understanding and capacity building within this stake-
holder group. Therefore, a continuous integration of planning proposals into 3D city 
models could offer an innovative solution to provide information about planning pro-
cesses to the public and implement e-participation and e-information services (Govern-
ment to Citizen - G2C) on a regular basis. 

Finally, the private sector or rather the market includes as diverse stakeholders as 
architects, engineering companies, project developers, land owners and investors. The 
main advantages attributed to 3D city models from the private sector are twofold: First, 
3D city models provide a "scene" into which a new design can be integrated and interac-
tively visualized and explored, e.g. to facilitate communication between investor and 
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architect or architect and planning department. Second, the integration of plans into 3D 
city models offers new ways of analyzing and assessing the impact of proposed construc-
tions on the environment and the cityscape as discussed in section 2.2. It is obvious that 
these usage concepts are very similar to the concepts discussed with respect to the civil 
sector. Both groups have a professional interest and need access to the 3D data to work 
with it. Therefore, it will be necessary to enable them to exchange data (3D city model 
data and 3D plan representations) amongst each other (Business to Business - B2B and 
Business to Government - B2G). 

The different stakeholders compete with each other in respect to their roles and 
rights regarding 3D city models and 3D plan representations. The main and most im-
portant conflict of interest arises between the cadastre and the planning department, 
potentially involving other departments such as city marketing, too. The cadastre de-
partment has the public mandate to maintain geo data with a very high standard and in 
most cases is responsible for the management of official 3D city models. However, with-
in planning processes official 3D city models will be modified, changed and updated reg-
ularly. Therefore, an e-collaboration framework will have to provide a solution which 
enables the cadastre department to maintain a valid official 3D city model and at the 
same time makes it usable, accessible and expandable for other stakeholders. Another 
conflict that arises is the question who owns 3D plan representations integrated into 3D 
city models during different stages of planning processes.  

3.2 Key requirements for collaborative use  
Within section 3.1 stakeholders who benefit from the utilization of official 3D city mod-
els in planning processes were identified and it was discussed which usage concepts and 
roles are associated with the three stakeholder groups. From the stakeholder analysis 
key requirements for the long-term operational use of official 3D city models by multiple 
stakeholders in planning processes can be defined:  

General requirements: 

- Transparent Access: 3D city models will have to be accessible by authorities, 
the public, and planning professionals. 

- Defined Standards: To ensure integrity and comparability data standards and 
defined levels-of-detail of 3D plan representations are needed. 

- Publishing Tools: Functions to publish 3D city model views to selected stake-
holder or stakeholder groups (e.g., general public, involved engineers, au-
thorities) are needed. 

- Communication Tools: Communication tools that enable communication be-
tween stakeholders based on 3D city model views are necessary. 

- Long-term Management: Plan management and versioning functions are 
needed to ensure the integrity of the databases for the long-term, sustaina-
ble use. 
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Figure 14: Workflow diagram for the processes 1 to 6 

 

- Rights Management: Data owners and stakeholder must be enabled to ad-
minister user and access rights. 

With respect to the research questions formulated, these general requirements have to 
be complemented by specific requirements needed to enable the integration of plan 
representations. 

Specific requirements: 

- Model Provision: Planning professionals require to get official 3D city data as 
base data for creating designs and conducting 3D spatial analysis. 

- Model Reuse: Planning professionals must be enabled to integrate 3D plan 
representations into official 3D city models. 

- Model Documentation: Authorities must be enabled to store revision save 
and digitally signed plan versions. 

- 3D geo-processing functions: To increase and facilitate the analytical usage of 
official 3D city models, generic 3D geo-processing functions are needed. 

3.3 Example e-collaboration use case 
In the following section a generalized illustrative use case for the utilization of 3D city 
models within planning processes is described. Since planning professionals (PP) are 
identified to play a central role as they are users of 3D city model data and provider of 
planning information, it will be necessary to define digital workflows that allow them to 
request 3D city model data and to integrate 3D plan representations into 3D city models 
as well as to publish their work to stakeholders involved in planning process. The work-
flows (Figure 14 and Figure 15) needed to accomplish this can be subdivided into pro-
cesses, which are detailed subsequently. 

Process 1: Registration and author-
ization of PP and announcement of 
the planning processes 

In a first step it will be necessary 
that PP authorize and register 
themselves and announce the type 
of planning process they are work-
ing on. This can be realized 
through setting up a Planning In-
formation Management System 
(PIMS), which supports authoriza-
tion and registration. Such a sys-
tem can be implemented based on 
common ICT technology compara-
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ble to a content management system, only that it stores information and data related to 
a plan. Within this step, basic planning information such as type of plan, responsible 
planner, land owner, et cetera are collected. 

Process 2: PP request model data for a defined area of interest (AOI) 

To implement this process, we can use an input form to get the bounding coordinates of 
the AOI or a web-map service providing a city map and a function to define an AOI. This 
process should not be exclusively limited to 3D city model data but can be extended to 
include further data sources such as cadastre information, environmental information, 
cultural heritage information, and legal binding spatial and environmental planning in-
formation from (local) spatial data infrastructures. The AOI definition should are also 
stored in the PIMS for documentation purposes and to facilitate the integration of the 
3D plan representations later on. 

Process 3: Model data is automatically extracted from the 3D city model database and 
provided to the PP 

Based on the AOI definitions, server-side functions or web processing services (WPS) can 
be used to extract 3D city model data from official 3D city model databases and serve it 
to PP. In case of CityGML-based 3D city models it is also be possible to integrate the 
model data directly into 3D visualization systems using web feature services (WFS) as 
demonstrated by Döllner & Hagedorn (2008). Kolbe (2008) discusses the possibility to 
extract (City)GML data using a WFS in combination with a Web 3D Service to create KML 
based 3D representations. With this approach CityGML data can be transformed into 
KML which is supported by several software solutions from the ACE domain. Kulawik et 
al. (2009) use a Java-based converter to process CityGML files and export them to KML 
and VRML/Shape for visualization purposes and to store the data in a database. Ideally, 
an expandable import/export manager would have to be implemented which supports 
the provisioning of city model data in several formats. 

Process 4: PP submit planning proposal to PIMS 

Based on the acquired data PP create planning proposals as 3D plan representations 
based on the received 3D city model cut-out. These proposal can then be submitted 
back to the PIMS. To ensure operability, integrity and validity only agreed exchange for-
mats (e.g., CityGML, IFC, X3D) are accepted and level-of-detail definitions have to be 
obeyed. The upload can be implemented as file-upload or through transactional WFS. 

Process 5: On demand integration of planning proposals into 3D city models 

After planning proposals have been submitted to the PIMS, functions to integrate them 
into the official 3D city model are needed. In the case that planning proposals are sub-
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Figure 15: Workflow diagram for the processes 6 to 9 

 

mitted in CityGML format, this can be done by combining the official city model with the 
planning proposal.  

However, current 3D modeling software does not support CityGML and submis-
sions most likely might be allowed in other formats as discussed in process 4. Therefore, 
complex data transformations such as the transformation of IFC data to CityGML as de-
scribed by Benner et al. (2004) and Isikdag & Zlatanova (Isikdag & Zlatanova, 2009), the 
transformation of triangulated multipatches to CityGML as described by Ross et al. 
(2009) or the transformation of one XML-based data schema into another as described 
by Henning (2008) can be used. In case that parameterized 2D data, e.g. building poly-
gons with height information, is allowed as data model for representing a plan, the data 
must be extruded and converted to CityGML. This can be implemented through 3D geo-
processing operations for OGC web processing services as discussed by Göbel & Zipf 
(2008) or comparable server-side geo-processing functions. Another solution is to direct-
ly integrate planning proposals provided as 3D model in industry standard formats such 
as 3ds, obj, or x3d. This possibility is supported by CityGML through the option to in-
clude generic city objects. However, this approach will not include semantic object in-
formation and further information such as scale, position, and rotation might be needed 
to automate the on demand integration into the official 3D city models. The on demand 
integration requires a plan integration manager which handles data conversation and 
integration. 

With the introduced process steps it is possible to implement a workflow that en-
ables PP to acquire and utilize official 3D city model data, submit planning proposals to a 
plan management system and integrate planning proposals into 3D city models on de-
mand. However the data acquisition, preparation of plans, and their integration into 3D 
city models are just a first step. To 
allow participation and collabora-
tion of further stakeholders, it will 
be necessary to define workflows 
that facilitate communication be-
tween stakeholders based on 3D 
city model views as illustrated in 
Figure 15.  
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Process 6: PP explore integration results 

This step is necessary to enable PP to visually assess the integration results and detect 
possible integration or design errors prior to publishing proposals to further stakehold-
ers. This process requires a web-enabled 3D city model viewer which might be imple-
mented as Web 3D Service (Kuwalik, et al., 2009), Web Perspective View Service or even 
based on clients like Google Earth. If PP are not satisfied at this point they can redesign 
the proposal and restart with process 4, else they can publish their planning proposals to 
other stakeholders. 

Process 7: PP publish the planning proposal to stakeholders 

Within this process PP must be enabled to define users and/or user groups that can ac-
cess planning proposals. Furthermore, access rights might be necessary to differentiate 
between stakeholders, e.g. some stakeholders might be enabled to comment, while 
others are allowed to view the planning proposal and further groups might be allowed 
to download and use the source data for analysis or design supplements. 

Process 8: Stakeholder comment on the planning proposal 

By giving PP the possibility to publish planning proposals to other stakeholders the pro-
posals can be explored and discussed or even be used for collaborative. In addition to a 
web-based viewer, visualization-based tools for spatial communication must be imple-
mented, e.g., options to add spatial comments to city models or to draw on top of city 
model views (images). This process might result in the decision to re-work the plan or 
parts of it due to legal requirements or design needs identified by stakeholders. Thus 
process 4 to 8 are likely to be cyclic processes in practice. 

Process 9: PP transfer planning proposal to administration 

At a certain point plans are final and have to be submitted to planning authorities to 
enable them to examine if proposals fit building and planning regulations and can be 
approved. In contrast to the processes discussed prior this process is final. Therefore, 
the ownerships and the user rights connected with planning proposals have to be trans-
ferred from the PP to the responsible planning authorities, planning proposals have to 
be digitally signed and stored in a revision-save form. The planning authorities as re-
sponsible bodies for approving or rejecting planning proposals might restart at process 7 
to include further stakeholders such as other departments or the public in the planning 
process. 
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Process 10: Registration of the approved planning proposal as temporary plan object in 
the official 3D city model 

Upon approval of planning proposals the planning authority transfers them to the cadas-
tre department which registers it as temporary city object in the official 3D city model. 
This ensures that approved plans are integrated at an early point of time into the data 
infrastructure and can be accessed by stakeholders through e-Information services. Af-
ter the plan is implemented, i.e. the construction work is finished, the temporary plan 
object can be used to update the official 3D city model database by changing its status 
from temporary to existing. However, it will be necessary to compare the digital repre-
sentation with the real situation prior to the final acceptance of plan objects. 

3.3.1 Excursus: The role of CityGML  
In paragraph 2.1, the reasons for concentrating on CityGML as interchange format were 
explained. The use case shows why CityGML is very powerful as interchange format for 
official 3D city models: (1) Since it has become a standard in 2008 CityGML is increasing-
ly adopted by scientists working in the field of 3D geo-information and several studies 
have shown that it is possible to convert CityGML into formats, which are better suited 
for 3D-visualization such as KML and VRML. (2) The database schema is not only compat-
ible to Oracle 10g/11i, but it also provides a structure, which make it easier to standard-
ize planning proposal submissions. (3) The expandable and semantic data model can 
store semantic information allowing new forms of analyses. Most important, the Appli-
cation Domain Extensions (ADE) enable the various stakeholders to adopt CityGML for 
their specific purposes. The CityGML noise ADE, used in North Rhine-Westphalia, Ger-
many, provides a good example (Czerwinski, et al., 2006) for the use of ADE.  

However, there are of course limitations to CityGML: Although it is acknowledged 
by the Open Geospatial Consortium OGC, only a couple of software products support 
CityGML export or import yet. Furthermore, is has been argued that CityGML might be 
limited in its performance when storing large datasets with very high levels-of-detail. 
However, more precedents are necessary to test the boundaries of CityGML in official 
3D city models in the context of spatial and environmental planning. 

4 Discussion 
The presented simplified digital workflows show how the continuous utilization of 3D 
city models by planning professionals can be implemented based on a service-oriented 
architecture and existing international standards. The provision of 3D city model data as 
well as the continuous and automated integration of plan representations into 3D city 
models which becomes possible by the proposed digital transaction of planning infor-
mation between planning professionals and authorities, will make it possible to establish 
communication and participation processes via ICT. References to related work show 
that the city modeling technology and methods for such an e-Collaboration framework 
are already available. However, the implementation of the concept will require to set-up 
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several data provisioning, processing and integration services, which are integrated into 
one planning information management systems. This planning information management 
system makes the services available to multiple stakeholders through a central interface 
as described by Wang, et al. (2007) and stores and manages plan documents and plan-
ning information. Thereby, one of the key challenges seems to be the sophisticated user 
and rights management which is necessary to ensure the integrity and validity of the 
system. 

Moreover, business process within municipalities will have to be adopted to the 
new technology and employees will have to be trained. We think that an implementa-
tion is still likely to repay the effort and investment needed as it will enable planning 
professionals to work with high-quality 3D city model data and at the same time offers a 
solution to the problem of updating and maintaining official 3D city models. Even more 
the quality and level-of-detail of an official 3D city model could be enhanced continuous-
ly during its lifetime. This could especially be the case if planning proposals are submit-
ted as semantic models to the system. 

The proposed digital processes are not restricted to a specific planning domain or 
planning scale, but might be used as well in urban planning as in open-space planning or 
traffic planning. In urban design competitions for example, the use of 3D city models as 
shared base model could facilitate the objective assessment of all contributions as de-
scribed by Lange et al. (2004). They conclude that the technology is already in place, but 
there is still strong skepticism to overcome, particularly among architectural associa-
tions. Therefore, additional research is needed to evaluate the benefits and limitations 
of using 3D city models as basis for urban design competitions. In the same direction 
points recent research by Kibria et al. (2009), who observed that our knowledge about 
the appropriate degree of realism and level of detail of planning proposals from varying 
disciplines and on different scales is very limited, although obviously the LOD increases 
during planning processes. Strongly related to this uncertainty with respect to the ap-
propriate LOD is the question which real world objects should be modeled. The refer-
ences made to 3D city modeling within this contribution refer in almost all cases to 
buildings. The integration of streets, railways, open space, parks, vegetation, technical 
infrastructure and other objects is seldom researched so far on city level, although they 
represent important objects. To put it even stronger: If in the future these objects are 
included in 3D city models and in plan documents based on a ontology as in case of 
CityGML, it would become possible to report on the land-use changes induced by plans. 
This means that a continuously updated 3D city model could be used to create regular 
reports on important planning and land-use indicators such as imperviousness of a plan, 
urban density, increase/decrease of settlement area or the percentage of urban green in 
a defined area. Furthermore, the integration of all these smaller objects which coin the 
spatial structure of a city as it is perceived from a human perspective would enable valid 
visual or algorithmic assessments of important lines-of-sights which is presently not pos-
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sible. Finally, the integration of other objects besides buildings will be needed to foster 
consultation of agencies responsible for economic, transport, environmental and other 
relevant issues. Such inner-institutional consultations are mandatory for planning de-
partments in most countries and the processes are not digitally implemented yet. The 
provisioning of an expandable and semantic official 3D city model might provide a start-
ing point to develop innovative tools and functionalities for implementing such e-
consultation processes within the administration.  

5 Conclusions 
Within our contribution we conceptualized an e-collaboration framework based on digi-
tal workflows and processes that enable multiple stakeholders to utilize 3D city models 
in spatial and environmental planning and to collaborate based on 3D city models via 
ICT. It is argued that such e-government functions will support the long-term utilization 
of official 3D city models as well as their continuous update. By referencing related stud-
ies it was possible to show that the implementation of the proposed concept based on 
CityGML, OGC web services, and current ICT technology can be done. However, it was 
also identified that current 3D city model research is in most cases restricted to buildings 
and that solutions and tools that enable semantic and geometric modeling of other ob-
jects in CityGML are still missing.  
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Abstract 

This article examines technical aspects of virtual 3D city models and their purpos-
es, i.e. functions of use in urban planning and environmental management to 
identify basic requirements for their adoption and use in municipalities. It pro-
vides an overview on four main functions of use and the corresponding require-
ments regarding the city model data and the system infrastructures which is used 
to develop and discuss the idea that multi-purpose and sustainable solutions 
should be implemented based on service-oriented architectures and digital mu-
nicipal business process in the fields of architecture, construction, engineering ur-
ban planning, and environmental management.  

Keywords: Virtual 3D city models, CityGML, e-government, urban planning and man-
agement, environmental analysis 

1 Introduction 
Digital representations of real cities, virtual 3D city models - also called digital cities or 
virtual cities - are often seen as a promising media to support spatial and environmental 
planning, environmental analyses, infrastructure and facility management, emergency 
response, and city promotion. Still their use is far from being standard practice as yet. 
This article examines research contributions to virtual 3D city models in the context of 
urban planning and environmental management to identify state-of-the-art technologies 
as well as functions of use associated with them. The aim is to identify data require-
ments and system functionalities as well as to develop a typology of functions to add to 
the discussion on their usability and usefulness in spatial and environmental planning. 
The results of this examination are finally used in the discussion section to develop the 
idea of service-oriented architectures for virtual 3D city models as fundament for e-
government services that foster their efficient use and update through digital business 
processes between administrations and planning professionals as well as administra-
tions and citizens. 
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The article is structured into three main section. In section 2 virtual 3D city models will 
be defined and their basic characteristics and components will be examined. In section 3 
four main functions of use of (virtual) 3D city models will be introduced and examined 
by referring to a wide diversity of research contributions, while in section 4 these will be 
summarized and the idea of a service-oriented architecture for virtual 3D city models as 
fundament for e-government services will be discussed. 

2 Virtual 3D city models 
Virtual 3D city models are defined in this article as being computer-based, three-
dimensional representations of a real city which can be interactively navigated on a 
computer device. Virtual 3D city models basically consist of geospatial data describing 
the urban topography – the build environment and the underlying natural topography 
and features – on the one hand and systems that transform the data into interactive 
three-dimensional representations on the other hand. To differentiate between the vir-
tual 3D city model as an interactive media and the data itself, the term virtual 3D city 
model, abbreviated to virtual city, will be used to refer to the interactive representation 
and the term 3D city model (3DCM) will be used to refer to the data for the remainder of 
this article. However, it is sometimes difficult to separate these two views because of 
the strong interdependencies between the data and the visible 3D representation. 
Moreover, the degree of complexity of both, data models and virtual cities alike, differs 
significantly depending on the intended purpose of use, the input data, and the system 
design. While the first aspect, the purpose, i.e. functions of use, will be examined in sec-
tion 3, the other two aspects will be examined in the following subsections to provide an 
overview on the technical and methodical background. 

2.1 Data view 
Data is the raw material, the basic component, of virtual cities. 3D city model data en-
compasses features such as digital terrain models, 3D building models, orthophotos, 3D 
model libraries for 3D plants and city furniture, and further 3D city objects. The sum of 
these components is often referred to as 3DCM as noted above. The basic elements to 
describe 3D city model objects are geometries, i.e. points, curves, and surfaces. The se-
cond important element or property is information on how the geometries will look like 
when the objects are rendered (i.e. transformed into an image). This appearance of 3D 
city objects can be specified using shading information (color, transparency, diffusion, 
etc.), textures (i.e. images), or lately, hardware accelerated shaders which are basically 
small programs executed on GPU that can be used to simulate dynamic surfaces (Kegel 
& Döllner, 2007). These two basic ingredients, geometry and appearance, are the fun-
dament for encoding spatial objects and more generally for the (re-)construction of the 
three-dimensional space in the computer. Therefore, approaches to define a typology of 
3DCM usually focus on these two aspects (Batty, et al., 2000; Shiode, 2001). 
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However, for many applications build on top of 3DCM these two basic elements 
are not sufficient. Visual data mining or analytical functions, for example, require se-
mantic and thematic information about 3D city objects (e.g., buildings) or parts of a 3D 
city object (e.g., walls, floors, roofs, ground surfaces) and their functions and use (e.g., 
residential) or administrative information (e.g., postal address or cadastral data). A fur-
ther characteristic that emerged from our review are topological relations which can be 
used to validate that objects are correctly aligned to each other (e.g., the TerrainInter-
sectionCurve defined in the CityGML schema). And finally, temporal information is re-
quired to be able to reconstruct and document when the model was build and which 
point of time it represents or to integrate dynamic components such as flood infor-
mation models (Schulte & Coors, 2008). 

Notably, the first two elements, (3D) geometry and appearance, used to have their 
roots predominantly in the CAD/CAM domain, while the other three, semantics, topolo-
gy, and temporal information do relate more to the GIS world. In fact, because of the 
different needs and requirements in both application domains, GIS and CAD/CAM, data 
models in both fields evolved independently from each other and in the past often a gap 
between 3DCM based on CAD/CAM and such based on GIS could be observed. This gap 
produced a number of artifacts such as incompatibilities between data sets, visually ap-
pealing and realistic models in the CAD domain and coarser models in the GIS domain 
which, in contrast to CAD models, provided analytical functionalities (Shiode, 2001). 
However, the gap between the two domains is closing gradually. This convergence is 
driven by progresses in remote sensing, photogrammetry, and computer vision on the 
one hand and by the development of specific geospatial data models for 3D data on the 
other hand. 

To begin with the first, a "paradigm change in photogrammetry, remote sensing 
and computer vision" (Klette & Reulke, 2005) has led to a widespread availability of 
3DCM. In fact, the progress in this field has been rapid in the last decade. While Batty et 
al. (2000) had to constitute a variety of new techniques that had not been developed in 
practice, automated feature extraction methods from Light Detection And Ranging (Li-
DAR) and oblique aerial images (e.g., Elberink & Vosselman, 2009; Grenzdörffer, et al., 
2008; Norbert Haala & Brenner, 1999; Jaynes, et al., 2003; Richmann, et al., 2005; 
Rottensteiner, et al., 2005; Shahrabi, 2000; Weidner & Förstner, 1995; Yu, et al., 2007) 
and automated façade texture mapping methods (e.g., Frueh, et al., 2005; Kang, et al., 
2010) are available now. Latest developments in 3D geo-data processing targets the au-
tomated processing of geometrical façade details such as windows and doors (Becker, et 
al., 2008; Mayer & Reznik, 2007). And it has to be noted that the current sensors and 
data processing methods result in a high geometrical accuracy of 3D building models 
(Kaartinen, et al., 2005) as well as digital surface models and digital terrain models (N. 
Haala, et al., 2010; Jacobsen, et al., 2010). As a consequence of this progresses the city-
wide processing of digital terrain models and 3D building models with roof details and 
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often also individual façade textures has become feasible. In fact, 3DCMs including ter-
rain data, 3D building data, and geo-specific textures (orthophotographs and façade tex-
tures) have become standard products that are increasingly integrated into virtual 
globes such as Google Earth or Microsoft's Virtual Earth and whose adoption by munici-
palities can also be observed. In fact, many cities started to build up such standard 
3DCM within the last 5 years or so.  

The second important point, 3D geospatial data models, has been driven by the 
need to define data models that are well suited to store and visualize the 3DCM that 
became available because of the developments described above. This need has amongst 
others led to the specification of two OpenGIS standards suitable for 3D geo data, Key-
hole Markup Language (KML, Open Geospatial Consortium, 2008a) and City Geography 
Markup Language (CityGML, Open Geospatial Consortium, 2008b). KML is very well suit-
ed to encode and visualize 2D and 3D data and is widely accepted and used in architec-
ture and spatial and environmental planning to present data in virtual globes. CityGML 
in contrast is by far not as widely used and it is per se not so well suited for 3D visualiza-
tion. However, with respect to the topic of this article it is still the data model that is 
seen as the best suited data model for the storage and exchange of 3DCM (Kolbe, 2009). 
That is because CityGML includes a structured semantic and thematic model, geometry, 
appearance, topology and to a limited degree also temporal information. Thus it ad-
dresses all five elements and characteristics of 3D city objects identified above. Moreo-
ver, it supports five consecutive levels-of-detail (LOD), aggregations, hierarchies, and 
groups and a concept for the extension of the data model through so-called application 
domain extensions (ADEs, for examples see: http://www.citygmlwiki.org/-
index.php/CityGML-ADEs). Therefore, CityGML is perceived as being the state-of-the-art 
data model for encoding complex semantic 3D city models. Notably, CityGML is very 
flexible with respect to how detailed and accurate 3D city objects are modeled. The LOD 
concept and the appearance model can be used to encode 3D city objects with a very 
low level of geometric, semantic and visual detail (LOD1) as well as for the description of 
very complex objects which consist out of many object parts, include detailed semantic 
information about geometry parts (LOD3 to LOD4) and also multiple appearances.  

However, it must be mentioned that CityGML is still a very young standard and 
that several problems were encountered. First of all, CityGML is rather complex and very 
few tools and workflows exist that enable the efficient modeling of geometrical, seman-
tic and appearance properties of city objects. Second, CityGML is not well suited for vis-
ualization purposes which requires usually the transformation of CityGML to other, bet-
ter suited formats such as VRML or KML/Collada. Third, the LOD classification are well 
developed for buildings but other object classes are by far not examined in a compara-
ble depth (cf. Open Geospatial Consortium, 2008b, p. 10). And even with respect to 
buildings they are ambiguous because the LOD is primarily defined via the geometry and 
the appearance but there is also a level of semantic object detail. In fact the relationship 
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between geometry and semantic is a crucial aspect of CityGML which has been exam-
ined in depth by Stadtler & Kolbe (2007). Still, CityGML has proofed to be a very well 
suited data schema for the encoding and storage of 3D city objects which combines 
characteristic and requirements from the CAD and the GIS domain and serves the di-
verse data requirements for 3D city models. And despite we argued that the LOD classi-
fication are ambiguous they will be used within this article as rough measurement to 
differentiate geometrical details. 

2.2 System view 
Visualization systems that transform 3DCM into interactive 3D representations are the 
second fundamental component of virtual 3D city models. They provide at least 3D visu-
alization capabilities and navigation tools to navigate through the model. And often they 
also provide further functionalities to interact with the scene, i.e. content control, im-
port and export functions, querying and selection tools, and others more. Due to the 
historical development of the research topic, especially the influences from the 
CAD/CAM domain and the GIS domain and the differentiated requirements regarding 
their functionalities and capabilities, many approaches to 3D visualizations of 3D city 
models have been developed. These can be differentiated according to their historic 
origin (systems based on CAD vs. GIS vs. game engines) or their system environment 
(web-based vs. desktop). However, these categories are neither exclusive nor explicit.  

Despite the diversity found a trend can be observed towards a differentiation into 
systems for authoring of and working with 3D city models (expert systems) and solutions 
for the presentation of virtual 3D city models (consumer products). To the first category, 
expert systems, belong specialized 3D city modeling solutions such as Autodesk LandX-
plorer Professional (Autodesk, 2009) or Bentleys 3D CityGIS (Bentley, 2009) and 3D GIS 
extensions such as ArcGIS 3D Analyst (ESRI, 2010). These monolithic software packages 
facilitate the authoring of 3D city models by providing tools for data import and export, 
selection and querying functions, and data manipulation and processing. Often they also 
provide functions for publishing virtual 3D city model products. Virtual 3D city model 
products in contrary, usually enable users to explore a virtual 3D city model through 
providing navigation and information tools (i.e. querying and selection), but are general-
ly closed applications, i.e. they do not provide functions for data import and export or 
data manipulation.  

Another trend observed is the increasing adoption of systems based on service-
oriented architectures (SOA) or web-based clients, especially in the academic world but 
also in practice. Usually, these come in a three-tiered system architecture, that consists 
out of a data layer, a processing layer, and an application layer. Often the idea behind 
this approach is to implement systems for the collaboration and participation of spatially 
distributed users over the internet (e.g., Döllner & Hagedorn, 2008; Zhu, et al., 2007). 
However, web-based processing services such as presented by Göbel and Zipf (2008) 
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and (Walenciak et al. (2009) prove that also analyses and data manipulation functions 
can be implemented based on internet technologies and OpenGIS standards. In fact the-
se solutions do achieve a close integration of virtual 3D city models and functionalities 
into networks and are therefore predestinated for applications that aim at the shared, 
collaborative use of virtual 3D city models in urban planning and management. 

3 Functions of virtual cities in urban planning and management 
Given these pre-consideration about virtual cities it has to be concluded that a level of 
maturity has been reached that enables us to capture, process, manage, and visualize 
geometrical accurate and visually appealing (i.e. realistic) 3DCMs that consist out of ter-
rain data, 3D building models in LOD2 to LOD3 with façade textures, and high resolution 
orthophotographs. This ability provides the fundament for implementing innovative ap-
plications on top of virtual 3D city models and 3D city model data respectively that can 
be used to support communication and information processes in urban planning and 
management as well as to conduct complex 3D analyses. Indeed an increasing interest in 
municipal 3D city models can be observed which manifests itself in the fact that many 
municipalities now own a 3D city model. However, these existing models are still often 
used in a limited context for few selected projects but they are not used on a day-to-day 
basis in municipal business process. Therefore, the next subsections discuss functions of 
use of virtual cities, and 3DCM respectively, to identify possible synergies and recom-
mendations for a successful integration into municipal tasks and duties. By referring to a 
wide range of research literature, operational 3D city model applications, and our own 
experiences over the last years, four main functions of use were identified: (1) Presenta-
tion & Exploration, (2) Analysis & Simulation, (3) e-Collaboration, and (4) Infrastructure 
& Facility Management.  

3.1 Presentation & Exploration  
The use of virtual cities for the presentation and exploration of construction projects, 
urban design proposals, planning scenarios, environmental data, economic data, and 
spatial processes within the context of virtual cities is obviously an appealing idea which 
has been a central driver for their development. In fact, the use of computer-based, in-
teractive 3D representations of real environments in spatial and environmental planning 
is already an active research field for almost 20 years (e.g., Batty, 1997; Batty, et al., 
1998; Pittman, 1992; Sinning-Meister, et al., 1996; Skauge, 1995). Recently, as a conse-
quence of the increased availability of qualified 3D data (cf. section 2.1) and improved 
capabilities of authoring and visualization system (cf. section 2.2), virtual 3DCMs have 
been used for the presentation and exploration of heterogeneous spatial data in re-
search projects and in practice. Danahy (2005) reports on two projects where negotia-
tion about public view protection was supported by a virtual 3D city model. Döllner 
(2006) presented a city modeling project for Berlin, Germany, which is by now being 
used on a regular basis to promote free commercial space, big events, such as the 
Popkomm music event and the Berlin Marathon, and to present solar potentials 
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(www.virtual-berlin.de). Ross et al. (2009) reported on the integration of heterogeneous 
environmental data and planning data, demonstrating how 3D CAD models, 2D GIS data, 
and raster plans can be integrated into one prototypical 3D City Information System for 
the city of Potsdam, Germany. In the Virtual Environment Planning (VEP) project, proto-
typical web-based clients were developed and used to present urban master plans, 
flooding scenarios and noise emission simulations within the context of virtual cities 
(Counsell, Smith, & Richmann, 2006; Knapp, et al., 2007; Richmann, et al., 2005; H. 
Wang, et al., 2007). Shaw et al. (2009) and Schroth (Schroth, 2009b) used a variety of 3D 
visualization techniques to present climate change scenarios to local communities to 
raise problem awareness and foster the development of climate change adaptation and 
mitigation strategies. Nguyen et al. (2007) presented and discussed a virtual tourist sys-
tem, which provides tourist information and tours based on a virtual 3D city model. Re-
search at the Center for Advanced Spatial Analysis at the University College London 
shows how the convergence of technologies (in particular, game technology, web-
mapping, GIS, virtual globes, information and communication technology) can be used 
to embed a 3D city model of London within Second Life, game engines, or Google Earth 
(Hudson-Smith, 2007; Hudson-Smith, et al., 2007) to make them available to a larger 
audience and present planning proposals and environmental data within the virtual city-
scape.  

The main purpose of using virtual cities as a presentation and exploration tool for 
heterogeneous spatial data is to provide an intuitive visual access to spatial information. 
Therefore, a common trait of the use of virtual cities for the presentation and explora-
tion of heterogeneous spatial data, whether it be in planning processes, for the infor-
mation of the public, or for city marketing and tourist information systems, is that the 
models are usually intended to create a feeling of presence in the users that enables 
them to intuitively link the image of the virtual city to real locations. In the specific con-
text of urban planning research by Cartwright, et al. (2005) and Pettit, et al. (2007) pro-
vides indications that "a middle-level degree of specificity or ‘geographical dirtiness’ will 
be sufficient to enable effective communication across a wide range of stakeholders. 
Similarly, Ross et al. (2009) who applied a LOD2 model of Potsdam with selected build-
ings in LOD3 and additional street lights and tree models in urban master planning, 
found that "In general, the responses from these stakeholder groups (architects, inves-
tors, and authorities) were positive". Kibria et al. (2009) in contrast found indications 
that a high level of detail, i.e. LOD3 and LOD4 models of buildings, will be best suited for 
urban design applications. Comparable studies in the use of 3D landscape visualizations 
by Appleton & Lovett (2003) also indicate that adding scene details, in their case espe-
cially foreground vegetation, increases the perceived realism of 3D landscape models. In 
summary, it appears that for the application in planning processes a middle to high level 
of realism, i.e. LOD2 to LOD4 models, is generally suitable. However, there are excep-
tions to this, e.g., if the aim is to present and explore thematic information, such as the 
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function of buildings, their occupancy, or the results of (3D) analyses. Instead of a high 
visual realism of the models the capabilities of the visualization systems to apply carto-
graphic stylization rules, such as coloring of city objects or utilizing the heights of build-
ings as graphical variables are of higher relevance. From the system view the use of vir-
tual cities as a presentation and exploration media requires basic functionalities for 3D 
visualization, authoring, publishing, navigation, selection and querying of city objects. 

3.2 Analysis & Simulation 
Numerous 3D analytical functions to algorithmically assess spatial processes and phe-
nomena emerged during recent years and complemented our abilities to use 3DCMs. 
Czerwinski et al. (2006) reported on a study combining 3DCMs and traffic data to assess 
noise emission as required by the EU directive on environmental noise (European 
Council, 2002). Their approach for data management and data integration was strictly 
built on top of OGC web services and proved to be feasible and reduced costs. Another 
study on 3D noise analysis has been presented by Stoter, Kluijver, & Kurakula (2008b). 
Schulte and Coors (2008) developed a CityGML Application Domain Extension (ADE) to 
integrate dynamic flood information into virtual cities. Walenciak et al. (2009) presented 
an implementation based on OGC web services to calculate the emission spread of gases 
and impact zones of bombs. Métral et al. (2008) developed an ontology-based approach 
to integrate air quality models into 3DCMs. Pontiggia et al. (2010) examined the conse-
quences of hazardous gas releases in urban areas based on a 3DCM and computational 
fluid dynamics (CFD) modeling. Further examples include visibility analyses (Xia, et al., 
2004; Yang, et al., 2007), shadow analyses (Xia, et al., 2004), traffic simulations (C. Wang, 
2008), and radio network planning (Rautiainen, et al., 2002).  

Aside from analyses of spatial processes and phenomena, semantic-rich 3DCMs 
can be queried to assess functional and quantitative parameters of 3D city objects. With-
in the project described by Danahy (2005), real-time visualizations were coupled with 
parameters of development, enabling stakeholders in the planning process to directly 
link the visual image to the potentially available floor space. Song et al. (2009) demon-
strated how 3D building models with geometrical and semantic details can be used to 
query the number of windows of a building, per floor, and the sizes of windows. Trans-
ferred to the context of urban land management, it springs to mind that this concept 
could provide authorities with much information on urban land-use, e.g., ratio of build-
ing area to green space, sealing degree of an area, or age of structures, such as roads or 
utility networks, if land-use and infrastructure were modeled through semantic objects 
as described by Buchholz et al. (2006) or Schilling et al. (2009) instead of the widespread 
approach to represent the land-use through terrain models with draped orthophotos.  

In summary at least 3 different types of analyses can be differentiated:  

(1) analyses based on geometry alone (e.g. visibility and shadows analyses),  
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(2) analyses based on geometry and semantic information (e.g. solar potentials 
of roof surfaces, floor space of a building), and  
(3) analyses based on domain specific extensions and external data (e.g. noise 
emission calculation, air pollution dispersal).  

Accordingly, the examples of the use of 3DCMs for analyses and simulation tasks 
are coined by very diverse requirements regarding the data model and system function-
alities. While for the calculation of noise emission maps (Czerwinski, et al., 2006), simple 
block models (LOD1) in combination with terrain data and traffic data are applied, the 
detailed building reports created by Song et al. (2009) require buildings with spatio-
semantic coherent  information about the windows and floors of the building (LOD3 to 
LOD4). Furthermore, most examples in this category show symbolic/iconic rather than 
realistic representations of the city/city objects. This can be directly linked to the pur-
pose. The use of 3DCMs for analyses aims at revealing spatial relationships and process-
es, often processes that cannot be observed visually. Thus, the purpose is to support 
functional understanding of spatial patterns and processes and knowledge creation. 
From a system perspective it has to be noted that in many cases analyses functionalities 
are implemented in external applications or lately increasingly as web services, rather 
than being directly implemented into the visualization system. Thus data standards and 
data flows between system components are of high relevance for a successful imple-
mentation. 

3.3 E-Collaboration 
The potentials of digital 3D models, 3D city models and 3D landscape models alike, to 
support communication and participation processes was one of main motivations in spa-
tial and environmental planning for their development and examination (e.g., Al-
Kodmany, 1999; Batty, et al., 2000; Lange, et al., 2003; Openshaw, 1999; Orland, et al., 
2001). And indeed research has revealed that they can be utilized to foster spatial and 
functional understanding as well as raise problem awareness (e.g., Salter, et al., 2009; 
Schroth, 2009a, 2009b; Shaw, et al., 2009) in same-place-same-time collaboration set-
tings, i.e. workshops, meetings, and public hearings. Basically, the application of virtual 
cities in this settings makes use of the presentation and exploration function discusses in 
section 3.1 and most of the examples referred to in that section also fit into this catego-
ry. However, with the advances in information and communication technology (ICT) and 
the trend towards providing government services also via ICT, several recent contribu-
tions examined the usability of virtual 3D city models as fundament for e-collaboration 
applications.  

E-collaboration among users at different places or at different times pose two fun-
damental challenges: (1) enabling and organizing communication between the collabo-
rators and (2) designing systems that allow remote collaborators to add, integrate, man-
age, explore, and publish their own data. With respect to the communication challenge, 
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several possible solutions have been proposed. In the VEPs project, a Comment Markup 
Language (CoML), an XML-based schema to store and organize spatial comments, was 
developed to enable different-time–different- place consultation on urban planning pro-
jects over the internet (Counsell, 2009; Counsell, Smith, & Bates-Brkljac, 2006). The basic 
idea of CoML is that it enables users to create their own narrative description of their 
impression of a design or of alternate proposals that can be viewed and followed by 
others at a later point of time. Other authors proposed the provision of discussion 
boards, bulletin board systems, forums, and email lists to achieve communication be-
tween planners and the public (Stock, et al., 2008; Wu, et al., 2010). However, these 
further approaches are not per se spatial explicit; they enable the exchange of thoughts 
in textual form but are not directly linked to the image of the virtual city as it is per-
ceived by individuals.  

A further approach to store and organize comments in e-participation environ-
ments are argumentation maps (Rinner & Bird, 2009), which are used to capture spatial-
ly explicit comments on 2D maps. The underlying concept is transferable to a 3D space 
by enabling users to attach comments to objects and/or views of the virtual city (VEPs, 
2007). These examples provide frameworks to organize different-time-different-place 
communication based on virtual cities and might, to a certain degree, also be useful in 
same-time-different-place collaborations. However, it appears cumbersome to write and 
organize spatial comments when spatially distributed collaborators meet at the same 
time to collaboratively work on one project. Given the possibilities that Voice Over IP 
(VOIP) and 3D game technology offer, it seems logical to use these techniques to sup-
port same-time-different-place collaborations. Thus, there are concepts for same-time-
different-place communication based on multi-player game engines, such as Second Life 
(Hudson-Smith, et al., 2007) or the Torgue Game Engine (Stock, et al., 2008). These ap-
proaches integrate 3DCM within a 3D game engine and enable users to meet and com-
municate through virtual characters, so called “avatars”. This not only enables users to 
communicate through real-time text messages (chat) or VOIP but also provokes a feeling 
of presence and immersion. Other approaches, for example by Zhu et al. (2007), inte-
grate video chat functions directly into their prototypic collaboration environment. 

On the contrary, work on system designs for collaborative environments focus on 
the question of how to implement systems that enable remote collaboration and data 
sharing over networks. Besides web-based visualization capabilities and communication 
functions, tools to manipulate scene components, add and register alternative designs 
or geospatial data, and query and analyze the depicted environment have to be imple-
mented. Several approaches have been found that aim to set up collaborative environ-
ments based on visualization clients and standard web technologies, such as HTTP, PHP, 
and AJAX in combination with (OGC) web services. The prototypes developed so far in-
clude solutions based on browser plug-ins and VRML (Counsell, Smith, & Bates-Brkljac, 
2006; Knapp, et al., 2007), built on top of the virtual earth platform GeoGlobe (Wu, et 
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al., 2010) and on P2P and GRID technologies (Zhu, et al., 2007). Of note are the similari-
ties of these approaches regarding their system architectures, which are based on 
standard web technologies, the concept of service-oriented architectures (SOA) and the 
use of standard interfaces and open data models, such as GML, CityGML, KML, VRML, 
X3D, and XML. 

The main purpose of web-enabled collaboration platforms is to enable spatially 
and temporal distributed users to jointly access, extend, manipulate, and use virtual 3D 
city models to support communication and decision-making. As the examples discussed 
in this category are intended to support group-decision making and participation of het-
erogeneous user-groups in spatial and environmental planning, the underlying 3DCMs 
are usually coined by middle to high levels of visual detail to create a feeling of presence 
as discussed in section 3.1. However, it was discussed earlier that the appropriate de-
gree of reality depends on the task at hand (cf. 3.1 and 3.2). Thus, virtual cities for col-
laboration amongst experts in the context of environmental analyses or visual data min-
ing might often call for cartographic generalization and abstract representations as well. 

3.4 Infrastructure & Facility Management 
In contrast to the first three functions, research on the use of 3DCMs for municipal infra-
structure and facility management is still in the beginning stages and few articles exist 
on this specific topic. In an article on integrated infrastructure management (Halfawy, 
2010) provides references and arguments for the need "[...] to achieve closer integration 
and coordination of management processes, and to optimize the operational and re-
newal decisions" in infrastructure management and proposes a municipal information 
management model (MIM) that serves this need. What is striking is that his methodolo-
gy shows many parallels to current research on 3DCMs and their use for collaboration 
between user groups. The MIM is defined as a GML-based data model just like CityGML. 
To enable collaboration and integrated management processes, a 3-tiered SOA is pro-
posed comprising a data source layer, a data management layer, and an application lay-
er. This concept is similar to the proposed collaboration systems presented by Knapp et 
al. (2007), Döllner and Hagedorn (2008), and Wu et al. (2010). As of the similarities of 
the approaches and their common basis - XML-based data models and SOAs - it seems to 
be a logical next step to merge 3DCMs and MIMs to develop “[...] information-rich visu-
alization models of cities and their infrastructure systems.” (Halfawy, 2010, p. 13). In this 
context, a virtual city would provide an integration medium and standard interface to 
infrastructure data that could be used to optimize planning, construction, renewal and 
maintenance of the technical infrastructure which after all provides the basis for our 
urban lifestyle.  

Analogous to MIM integration there is ongoing research targeting the integration 
of Building Information Models (BIMs) into 3DCMs (Benner, et al., 2004; Hagedorn & 
Döllner, 2007). BIMs are used during the planning and construction phase of buildings to 
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optimize the creation process of new buildings. However, after completion of a building, 
BIMs can be further used to organize the maintenance and usage of buildings through-
out their life-cycle. For organizations that manage many buildings, the idea of providing 
one standard interface to visualize, access, and manage building information in a wider 
spatial context is appealing. Moreover - and this might be a driving force for the ongoing 
integration of models like BIMs and MIMs into 3DCMs - such extended models can pro-
vide vital information in the event that emergency responses are necessary. Valid 3D 
representations of cities with integrated infrastructure networks and utilities and de-
tailed building models and information can support emergency response in many ways, 
e.g., by providing visual images of escapes routes, fire hydrants, critical infrastructure 
elements or through analytical functions to assess interdependencies of infrastructure 
elements or to find suitable buildings for the installation of emergency response units as 
demonstrated in the OGC OWS-4 testbed (Curtis, 2008; Open Geospatial Consortium, 
2007a). 

The requirements regarding the data in this category of use are generally high. 
Usually it will not be sufficient to provide a realistic image of the city as it can be ob-
served, but to include non-visible features such as infrastructure networks, the interior 
of buildings as well as detailed information about building and infrastructure compo-
nents. Therefore, 3DCMs or at least single 3D city objects for infrastructure and facility 
management will require spatio-semantic coherent models in high LOD (LOD3 to LOD4). 
And since it is most likely that detailed infrastructure data and BIMs are usually stored, 
managed and maintained by private stakeholders or single departments within a munic-
ipal administration it will be important to define efficient integration strategies. Finally, 
this function of use will require other visualization strategies as discussed by Hagedorn 
and Döllner (2007). 

4 Conclusions and discussion 
In our review we first examined virtual 3D city models and identified that two important 
aspects - the data view and the system view - exist and then related them to four func-
tions of use of virtual 3D city models in urban planning and management. The summa-
rized results from this examination are presented in Table 4. In addition Table 5 explains 
the main system functionalities identified in Table 4. 

The overview reveals that virtual cities, and 3DCM respectively, can be used to 
provide visual access to spatial information and to gain a better understanding of spatial 
processes and phenomena. Moreover, they can be applied to implement system infra-
structures for e-collaboration applications as well as for applications targeting the 
maintenance, renewal, and use of the municipal infrastructure. Thereby, the require-
ments with respect to the data show a wide diversity that reaches from geometrical 
simple models with selected semantic information to very complex spatio-semantic co-
herent models that include detailed information about the depicted objects, object parts 
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and object properties. In fact, there is obviously not one, all-purpose fitting degree of 
complexity but a need for flexibility. This observation supports our initial argument that 
CityGML is at present the best suited data model for storing and managing municipal 3D 
city models (cf. section 2.1). 

Table 4: Identified functions of use of (virtual) 3D city models and associated purposes, examples, data require-
ments, system requirements and user groups 

 I. Presentation & Explo-
ration 

II. Analysis & Simulation III. e-Collaboration IV. Infrastructure & 
Facility Management 

Pu
rp

os
es

  

Providing visual access 
to spatial information to 
raise awareness and 
support decision-
making. 

Gain insight into spatial 
patterns, processes and 
phenomena and 
knowledge creation. 

Fostering and support-
ing collaboration 
amongst stakeholder 
groups and across disci-
plines via ICT. 

Supporting maintenance 
and renewal of the 
municipal infrastructure 
as well as their use. 

Ex
am

pl
es

 

- Participation and con-
sultation meetings 
- Business and city pro-
motion 
- Presentation of analy-
sis results 
- Visual data mining 

- 3D noise emission 
analysis 
- Solar potential analysis 
- Shadow analysis 
- Air quality and air flow 
modeling 
- Flood modeling and 
simulation 
- Visibility analysis 
- Microclimate analysis 

- Organizing e-
participation and e-
consultation processes 
- Emergency response 
- E-submission of re-
quests for building per-
mits 
- Coordination of con-
struction activities  

- Creation of object and 
maintenance reports 
- Planning and docu-
mentation of mainte-
nance and renewal 
- Visual guidance for 
constructors 
- Planning of events in 
the public space 

M
ai

n 
da

ta
 re

qu
ire

m
en

ts
 

- usually visually appeal-
ing models (LOD2 to 
LOD4) 
- Basic semantic object 
information (address, 
functions and use of 
buildings) 

- very diverse require-
ments from purely ge-
ometrical models to 
spatio-semantic coher-
ent models in LOD1 to 
LOD4 

- usually visually appeal-
ing models (LOD2 to 
LOD4) as in I. 
- Basic to spatio-
semantic coherent ob-
ject information 
- Project information 
(who, what, when, pro-
ject status) 

- usually detailed spatio-
semantic coherent 
models in LOD3 to 
LOD4, 
- Basic and specific se-
mantic object infor-
mation (e.g. last 
maintenance, room 
capacities, material and 
dimensions)  

M
ai

n 
sy

st
em

 re
qu

ire
m

en
ts

 - 3D visualization func-
tions 
- Authoring functions 
- Publishing functions 
- Navigation functions 
- Selection and querying 
functions 
 

Same as in I. plus: 
- Documentation func-
tions 
- Reporting functions 
- Analysis functions 
 

Same as I. plus: 
- Documentation func-
tions  
- Data sharing and 
transaction functions 
- Communication func-
tions 
- Security functions  

Same as before plus: 
- Documentation func-
tions  
- Data sharing and 
transaction functions 
- Communication func-
tions 
- Security functions 
- Reporting functions 

M
ai

n 
us

er
 g

ro
up

s  

- Experts (administra-
tion members, planning 
professionals, engi-
neers) 
- Citizens 
- Decision-makers 
- Investors 

- Experts - Experts 
- Citizens 
- Infrastructure provider 
- Emergency response 
units 
 

- Experts 
- Construction compa-
nies 
- Event organizers 
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Table 5: Explanations of the main system functionalities defined in Table 6 

Main system 
functionalities 

Explanation 

3D visualiza-
tion functions 

3D visualization functions are used to transform data into interactive 3D representations. 
They typically will have to include the elements of the visualization pipeline: data filter-
ing, data mapping, rendering and might be implemented as services, web-based clients, 
or in standalone software systems. 

Authoring 
functions 

Authoring functions encompass tools to construct and configure virtual 3D city models. 
They have to support the selection of data sources, the configuration of LODs and ap-
pearance properties as well as data integration, data transformation and data validation 
functions. 

Publishing 
functions 

Publishing functions should enable authors of 3D city models to publish virtual 3D city 
model products. They will have to support functions to configure basic exploration func-
tionalities such as navigation and selection and querying as well as setting user rights. 

Navigation 
functions 

Navigation functions are required to navigate the interactive model and might include 
free navigation, functions to zoom to an address, or to follow (pre-)defined camera paths. 

Selection and 
querying 
functions 

Selection and querying functions include manual, spatial, and rule-based selection meth-
ods and provide access to object information (metadata, properties, associated data 
resources). 

Documenta-
tion functions 

Documentation functions are needed to keep track of operations such as analysis or data 
integration as well as to document metadata to ensure that applied analysis methods, 
accuracy of the data, or the date of operations can be traced back and validated. 

Analysis func-
tions 

Analysis functions provide tools to analyze spatial features, phenomena, and processes as 
listed in Table 4. They might be implemented as services or through coupling with exter-
nal applications.  

Data sharing 
and transac-
tion functions 

Data sharing and transaction functions are required to enable distributed users to access 
3D city model data and add, update, and delete data sets. They will typically require au-
thentication, upload and download functions, as well as documentation functions. 

Communica-
tion functions 

Communication functions are required to establish communication amongst users. These 
might include options to annotate objects, leave spatial comments, write messages. Fur-
thermore, the integration of wikis, voice over IP communications, and chats systems has 
been proposed.  

Security func-
tions 

Authentication, digital signatures, and rights management are required if legal binding 
business process shall be implemented or if only selected user (groups) are authorized to 
access the system  

Reporting 
functions 

Reporting functions provide reports on city objects or data sets and can be used to doc-
ument and plan maintenance or changes in land-use. They will typically require selection 
and querying functions as well as functions to format the output and save the created 
reports. 

 

With respect to the system requirements five basic system functionalities were 
identified that are conceived as being fundamental. These are 3D visualization, author-
ing, publishing, navigation and selection and querying (cf. Table 5). These five basic func-
tionalities are required to create, present, and explore virtual 3D city models as well as 
to integrate additional information and make the resulting 3D City Information Systems 
accessible for a broad audience. From our own experiences as well as from the literature 
review and discussions with members of municipal planning and geo-information de-
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partments and research teams (i.e. Leipzig, Berlin, and Potsdam in Germany, Salzburg in 
Austria, and Vancouver in Canada) we conceive these requirements as being generally 
fulfilled in contemporary solutions and applications for working with 3DCM. There are of 
course differences between the available system solutions and some systems might be 
better suited for certain tasks as others but it is possible to set up 3D City Information 
Systems that can be utilized for the presentation and exploration of arbitrary spatial 
information. 

When it comes to higher level functions of use such as for 3D analyses, in e-
collaboration applications, and for infrastructure and facility management further sys-
tem functionalities are required that seem by far not equal matured as yet. And indeed 
it has to be noted that the scientific literature reviewed in the context of these further 
functions of use has been published just within the last four years. Still the results from 
these recent contributions show that 3DCM and virtual cities alike possess an enormous 
potential to better understand spatial patterns and processes, to support collaborative 
planning and decision-making processes via ICT and even facilitate the day-to-day tasks 
of municipalities to maintain and manage the public infrastructure. In fact, in the case of 
3D analyses it is already obvious that 3D city models will be an irreplaceable comple-
ment to contemporary information systems and spatial data infrastructures in Europe 
because 3D data is required to conduct 3D noise emission analyses as required by the 
Directive 2002/49/EC. The problem of noise, however, is just one out of many three-
dimensional phenomena that can be assessed by utilizing 3DCM. Further examples 
found include air quality modeling, shadow analyses, solar potentials and so forth that 
just few years ago would have required labor- and time-intensive manual construction 
of a 3DCM as well as scientists and supercomputers. Now, with the increased availability 
of accurate 3D geo data and the technical and methodology abilities to implement such 
analytical functions into desktop applications or integrate them into distributed system 
infrastructures, we should foster the transition of the technology into urban planning 
and management. 

How could this be best accomplished, though? What would be the best, i.e. most 
sustainable and most efficient approach? Considering recent contributions on the im-
plementation of e-collaboration and e-participation environments, the ongoing digitali-
zation of workflows and products in spatial and environmental planning as well as the 
proof-of-concept implementation by Walenciak, et al. (2009) and (Schilling, et al., 2009) 
that demonstrate that 3D geo-processing functions can be implemented as web ser-
vices, it appears that a SOA-based approach and the use of standards provide the basic 
building blocks for an efficient solution. A fictive example will be used to illustrate the 
underlying idea: 

An architectural design team develops a building design. While the design process 
might include many tools and methods, the product will usually be a plan and often also 
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a 3D model. If the team would be required - by law or regulations - to use a specific for-
mat and include defined attributes (standards) this design could be automatically inte-
grated into an existing virtual 3D city model by uploading it to an e-collaboration envi-
ronment. This e-collaboration environment might provide functionalities to conduct 
standard analyses, e.g. shadows, solar potentials and so forth which can be used by the 
design team to optimize their design. Finally, when the design is finished, it is submitted 
for requesting building permit or for use in public participation processes. This might be 
an iterative process but in the end the final acknowledged design is online and integrat-
ed into the existing virtual city. Finally, the planning documents have to be digital signed 
and archived to fulfill legal requirements. 

The decisive aspects behind this fictive example is that (1) through the implemen-
tation of an e-collaboration platform and the adoption of digital workflows and stand-
ardized data models for exchanging planning documents between planning profession-
als and administrations, virtual cities could be automatically updated which is a basic 
requirement to use them in administrative business processes and decision-making and 
(2) the specification of standardized formats and content for planning documents makes 
it possible to provide standard, i.e. reusable and transferable, service-based 3D analysis 
functionalities. In fact, the use of the same standards by several municipalities might 
reduce costs and could ensure comparable results. Moreover, if such e-government ser-
vices in the domains of architecture, construction, and engineering as well as in spatial 
and environmental planning would be implemented, they could be used to digitally 
store and document planning and construction activities within a city, a region, or even a 
nation and make this information equal accessible to administrations, citizens, and the 
private sector alike.  

Given the observations and results present in this article we encourage administra-
tions and municipalities to consider SOA-based spatial data infrastructures for 3DCM 
and virtual cities as valuable complement to existing municipal data infrastructures and 
encourage future research in the development and implementation of service-based 
applications and functionalities build on top of 3DCM. 
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Chapter F: Synthesis 
In this thesis the usability of virtual 3D city models to serve as cross-disciplinary and mul-
tifunctional data integration platform and communication media in urban planning and 
management was examined. It was experimentally proven that through the integration 
of heterogeneous and distributed data from the CAD/CAM domain virtual 3D city mod-
els can be enhanced towards 3D Information Systems that can support communication 
and information processes (cf. chapter C). Moreover, a service-based infrastructure was 
proposed that would support the collaborative use of virtual 3D city models between 
administrations and private stakeholder groups (cf. chapter D) via the internet. Finally, 
four functions of use of virtual 3D city models in the context of urban planning and man-
agement were identified through a comprehensive literature review and related to re-
cent technical advancements. The results of this review provide indications that a ser-
vice-oriented architecture based on standards and the adoption of digital business pro-
cesses within the administration would be best suited to implement multifunctional, 
cross-disciplinary, and accessible virtual 3D city model application (cf. chapter E). 

While the research contributions that form the basis for this thesis often required 
a focus on specific aspects and had to neglect the broader view, it is the aim of this syn-
thesis section to provide a comprehensive overview of the basic findings of the research. 
Therefore, the presentation of the results will follow the research questions posed in the 
introduction. 

1 Virtual 3D city models  
RSQ1: What are virtual 3D city models and what are their characteristics and compo-
nents? 

In this thesis virtual 3D city models are defined as being digital representations of real 
cities that can be interactively navigated and explored by users on a computer device 
and which are based on geospatial data. This definition puts emphasize on three im-
portant aspects:  

(1) Virtual 3D city model provide an interactive media, a virtual space, which al-
lows users to explore representations of real urban environments. 
(2) Virtual 3D city models consist at least out of three components: Geospatial 
data, visualization systems that transform the data into interactive 3D represen-
tations, and computer hardware. 
(3) Virtual 3D city models are geospatial, i.e. the real world location of any object 
represented in the data model and visualized as 3D city object is known. 

It is important to understand that, according to this definition, virtual 3D city models are 
conceived as being digital representations of real urban environments that are based on 
three basic system components, 3D city model data, 3D visualization systems, and 
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Figure 16: The three basic components of virtual 3D city models 

hardware. While the 
hardware component 
has been neglected dur-
ing the thesis, the other 
two components have 
been subject to in-depth 
examinations. More-
over, it is very important 
to notice and under-
stand the differentiation 
between the interactive and visible representation - the virtual city - on the one hand, 
and the data representation - the 3D city model - on the other which are related to each 
other through the visualization system. In fact, this differentiation leads to the conclu-
sion that three views on virtual 3D city models exist that must be examined separately: 
the data view, the system view, and the media or user view as depicted in Figure 16.  

The proposed definition does not express anything about the quality or complexity 
of virtual 3D city models, though. Neither with respect to how realistic the city objects 
are modeled, nor which real world objects are represented in the model or if their digital 
counterparts display real world like behavior, e.g. growth, movement, or physics. Thus 
the term virtual 3D city model, and also the terms digital city and virtual city which have 
been used recently, first of all express an abstract concept. The actual occurrences of 
specific virtual 3D city models, however, come with very different data (structures), sys-
tem infrastructures and capabilities, and visual output. Therefore, the next sections pro-
vide details about the three views identified. 

1.1 Data view 
According to the presented definition 3D city model data is the raw material, the basic 
component, of virtual 3D city models. Usually, 3D city model data encompasses several 
features (city objects) such as a digital terrain models, 3D building models, orthophotos, 
transportation objects, 3D model libraries for 3D plants and city furniture, and further 
3D city objects. The sum of these features is regularly referred to as 3D city model as 
noted above.  

The basic elements to describe 3D city model objects are simple geometries, i.e. 
points, curves, and surfaces, in the case of a boundary representation (BREP) or geomet-
ric primitives like cubes, spheres or pyramids in the case of a constructive solid geometry 
(CSG) representation. The second important element or property is information on how 
the geometries will look like when the city objects are rendered (i.e. transformed into an 
image). This appearance of 3D city objects can be specified using shading information 
(color, diffusion, transparency, etc.), textures (images), or lately, hardware accelerated 
shaders which are basically small programs executed on GPU that can be used to simu-
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late dynamic surfaces (Kegel & Döllner, 2007). These two basic ingredients, geometry 
and appearance, are the fundament for encoding spatial objects and more generally for 
the (re-)construction of a digital three-dimensional space in the computer. The recent 
advancements in RSP that were outlined in the introduction have led to the current 
state-of-the art approach to create BREP representations with textures of 3D city ob-
jects. These models are increasingly detailed and accurate and resemble the build urban 
environment as it is observed. Vegetation features, however, as well as small or movable 
objects are seldom depicted within these 3D city models so far.  

For many 3DCM applications and for reasons of validity, reliability, and usability 
these two basic characteristics are often not sufficient. Visual data mining or analytical 
functions, for example, require semantic and thematic information about 3D city objects 
(e.g., buildings) or parts of a 3D city object (e.g., wall, roof, ground surface) and their 
functions and use (e.g., residential). Another characteristic found in the literature are 
topological relations which can be used to validate that objects are correctly aligned to 
each other (e.g., the TerrainIntersectionCurve defined in the CityGML schema). And fi-
nally, temporal information is important to document when the model was build and 
which point of time it represents or to integrate dynamic elements such as a flood in-
formation models (Schulte & Coors, 2008).  

Notably, the first two elements, (3D) geometry and (realistic) appearance, have 
their roots predominantly in the CAD/CAM domain, while the other three, semantics, 
topology, and temporal information do relate more to the GIS world. In fact, because of 
the different needs and requirements in both application domains, data models in both 
fields evolved independently from each other and in the past often a gap between 3D 
city models based on CAD/CAM and such based on GIS could be observed. This gap pro-
duced a number of artifacts such as incompatibilities between data sets, visually appeal-
ing and realistic models in the CAD domain and coarser models in the GIS domain that in 
contrast to CAD models provided analytical functionalities (Shiode, 2001). However, the 
gap between the two domains is closing gradually. Driver for this convergence are the 
development of new data models, data transformation tools, and the increasing adapta-
tion of XML-based standards in both domains. 

The need for an enrichment of geometrical models by semantic, thematic, topo-
logical, and temporal information has been one focal field of research in geospatial 
modeling for the last decade and has led to the OpenGIS standard CityGML. CityGML has 
been intentionally developed as common storage and exchange format for 3D city mod-
els and is currently the most widely developed and adopted standard to encode complex 
semantic 3D city models. It includes a semantic and thematic model, geometry, appear-
ance, topology and to a limited degree also temporal information. Thus it addresses all 
five elements and characteristics identified and it supports five consecutive levels-of-
detail (LOD), aggregations, hierarchies, and groups. Moreover, CityGML includes a con-
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cept for the extension of the data model through so-called application domain exten-
sions (ADEs, for examples see: http://www.citygmlwiki.org/index.php/CityGML-ADEs) 
which makes it adoptable to diverse application domains. Therefore, CityGML is per-
ceived in this thesis as being the state-of-the-art data model for encoding semantic 3D 
city models and was preferably used during this research. Notably, CityGML is very flexi-
ble with respect to how detailed and accurate 3D city objects are modeled. The LOD 
concept and the appearance model can be used to encode 3D city objects with a very 
low level of geometric, semantic and visual detail as well as for the description of very 
complex objects which consist out of many object parts, include detailed semantic in-
formation about geometry parts, and multiple appearance modes.  

Still it must be mentioned that CityGML is a very young standard and that several 
problems were encountered. First of all CityGML as a data schema is rather complex and 
very few tools and workflows exist that enable the efficient modeling of geometrical, 
semantic, and appearance properties of city objects. Second, CityGML is not well suited 
for visualization purposes which requires usually the transformation of CityGML to oth-
er, better suited formats such as VRML or KML/Collada. Third, the LOD classification are 
well developed for buildings but other object classes are by far not examined in a com-
parable depth (Open Geospatial Consortium, 2008b, p. 10). And even with respect to 
buildings they are ambiguous because the LOD is primarily defined via the geometry and 
the appearance but there is also a level of semantic object detail. In fact the relationship 
between geometry and semantic is a crucial aspect of CityGML which has been exam-
ined in depth by Stadtler & Kolbe (2007). Despite the problems encountered, CityGML 
has proofed to be a very well suited data schema for the encoding and storage of 3D city 
objects which combines characteristic and requirements from the CAD and the GIS do-
main and serves the diverse data requirements for 3D city models found in this research.  

1.2 System view 
Visualization systems that transform 3D city data into interactive 3D representations are 
the second fundamental component of virtual 3D city models. They provide at least 3D 
visualization capabilities and navigation tools to navigate through the interactive model. 
And often they also provide further functionalities to interact with the scene, i.e. con-
tent control, import and export functions, querying and selection tools, and others 
more. Due to the historical development of the research topic, especially the influences 
from the CAD/CAM domain and the GIS domain (cf. 2.1.1), and the differentiated re-
quirements regarding their functionalities and capabilities, many approaches to 3D visu-
alizations of 3D city models have been developed. These can be differentiated according 
to their functions (systems for authoring of virtual 3D city models vs. 3D analyses vs. 
consumer products), their historic origin (systems based on CAD vs. GIS vs. game en-
gines), or their system environment (web-based vs. desktop). However, these categories 
are neither exclusive nor explicit.  
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Figure 17: Seven different workflows applied to the Potsdam and Berlin case studies 

Further-
more, a closer 
view on the ap-
proaches and sys-
tems used to visu-
alize 3D city mod-
els relativizes the 
simplified view 
introduced in the 
proposed defini-
tion and shown in 
Figure 16 accord-
ing to which a 
virtual 3D city 
model consists 
out of 3D city 

model data, a 3D visualization system, and its visible output. In fact, many virtual 3D city 
model implementations require pre-processing steps such as data filtering, mapping, 
and compression. In the case of the CityGML-based models applied during the research 
these pre-processing steps included usually further software tools and system compo-
nents as depicted in Figure 17. The applied workflows show that the data processing 
functionalities that are required to convert CityGML-based models into virtual 3D city 
models can be directly integrated into the visualization systems, might require the use of 
further applications for the preparation of the data or can even be implemented 
through complex system infrastructures based on web services.  

Despite the diversity found a trend can be observed towards a differentiation into 
systems for authoring of and working with 3D city models (expert systems) and solutions 
for the presentation of virtual 3D city models (consumer products). To the first category, 
expert systems, belong specialized 3D city modeling solutions such as Autodesk LandX-
plorer Professional (Autodesk, 2009) or Bentleys 3D CityGIS (Bentley, 2009) and 3D GIS 
extensions such as ArcGIS 3D Analyst (ESRI, 2010). These monolithic software packages 
facilitate the authoring of 3D city models by providing tools for data import and export, 
selection and querying functions, and data manipulation and processing. Often they also 
provide functions for publishing virtual 3D city model products. Virtual 3D city model 
products in contrary, usually enable users to explore a virtual 3D city model through 
providing navigation and information tools, but are generally closed applications, i.e. 
they do not provide functions for data import and export or data manipulation.  

Another trend observed is the increasing adoption of systems based on a service-
oriented architectures (SOA) or web-based clients, especially in the academic world but 
also in practice. Usually, these come in a three-tiered system architecture that consists 
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out of a data layer, a processing layer, and an application layer. Often the idea behind 
this approach is to implement systems for the collaboration and participation of spatially 
distributed users over the internet (e.g., Döllner & Hagedorn, 2008; Xiang & Hui, 2008; 
Zhu, et al., 2006). However, web-based processing services such as presented by Göbel 
& Zipf (2008) and Walenciak, Stollberg, Neubauer, & Zipf (2009) prove that also analyses 
and data manipulation functions can be implemented based on internet technologies 
and OpenGIS standards. In fact these solutions do achieve a close integration of virtual 
3D city models and functionalities into networks and are therefore predestinated for 
applications that aim at the shared, collaborative use of virtual 3D city models in urban 
planning and management as conceptualized and discussed in chapter D. 

1.3 Media/user view 
Finally, the media or user view relates to the visible output and the graphical user inter-
face. The user view encompasses such diverse aspects as the visual quality of the virtual 
3D city model, the output devices, e.g. monitor, beamer, VR theatres, or touch tables, 
and the capabilities to interact with the model. The media/user view has not been exam-
ined in detail in this thesis. Still several important observations have been made during 
the Berlin and Potsdam case study. 

First of all, the appropriate degree of reality or the realness of virtual 3D city mod-
els has been a reoccurring topic raised by users. Although only few working meeting 
with architects, investors, and urban administrations members, a presentation in the 
committee that decides on building permits and two expert workshops were conducted 
which do not provide enough data for a statistical analysis, one observation was that 
planning professionals were often satisfied with less visual detail than decision-makers, 
investors, and layman. Instead of a perfectly real depiction of reality, planning profes-
sionals were more interested in metadata (accuracy, origin of data), the usability and the 
accessibility of the data for urban design, the information intensity of the model (seman-
tic information attached to the 3D city objects), and the potentials to conduct 3D anal-
yses (e.g., line-of-sight analysis, visibility, calculated ratio of building to roads to green-
space, etc.). In contrast decision-makers, investors and layman often asked for more 
details, e.g., realistic representation of vegetation or street inventory or photorealistic 
rendering of atmospheric effects and lighting conditions which would result in an in-
crease of realness as it is perceived from a human perspective. This leads to the conclu-
sion that different users expect very different information and visual keys. Still, a medi-
um level of detail, i.e. LOD2 to LOD3 models of building with selected additional city ob-
jects (bridges, billboard-based tree representations), was found to be generally sufficient 
for the use of virtual 3D city models in an urban master planning process (cf. chapter E).  

Second, the usability, i.e. the users abilities to interact with the model, was often 
criticized, e.g. missing 3D measurement tools, poorly conceived navigation tools, missing 
options to specify parameters of the virtual camera, and others more. Furthermore, the 
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output device and the hardware used can significantly influence the usefulness and usa-
bility, e.g. if the luminous intensity of a beamer is too low as happened in one meeting 
or if the hardware used does not poses enough processing power for a fluent navigation 
through the virtual 3D city model.  

1.4 Conclusions for research question 1 
In summary, I come to the conclusion that virtual 3D city models are an abstract concept 
that can be implemented in a variety of ways, i.e. as standalone 3D city model authoring 
system, 3D GIS, executable consumer products, web-based visualization and processing 
infrastructures, 3D CAD models, and others more. The three basic components are the 
3D city model (data), the (3D visualization) system, and the output, i.e. virtual city. To-
gether these three components define an interactive media, the virtual 3D city model, 
that can be used to visualize and explore more or less realistic representations of real 
urban environments. Thereby, the fundamental component which determines the 
achievable level of visible detail and to a large degree also the functionalities of virtual 
3D city models is the data. With the recent advancements in remote sensing and photo-
grammetry contemporary city-wide models usually originate from remote measure-
ments and are increasingly encoded in the two OpenGIS standards KML and CityGML. 
However, for many applications further model components that origin from the 
CAD/CAM domain and characteristics that origin from the GIS domain are required. To 
manage data from both worlds in one model as well as to store multiple LODs and ap-
pearance modes of one city object, the OpenGIS standard CityGML provides to date the 
most widely developed and adopted data model.  
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2 Types of data in urban land management and integration methods 
RSQ2: Which types of data are relevant in the context of urban land management and 
which integration methods can be applied to integrate the data into virtual 3D city mod-
els? 

Almost all tasks which can be summarized under the term urban land management re-
quire and produce (spatial) data, whether it might be planning documents, architectural 
designs, environmental and socio-economic data, or lifecycle information about build-
ings, installations, infrastructure and utility objects. Data sets that explicitly include spa-
tial information are typically distinguished according to the data models and systems 
used to create, manage, process, and visualize the data into three main categories: GIS, 
CAD/CAM, and BIM data. Aside of these three types of data many further data sources 
and types are regularly found in urban planning and management such as text docu-
ments, spreadsheets, images, databases, and so forth. 

2.1 GIS data 
GIS and geo data have become irreplaceable components in ULM that are integrated 
into a multitude of communal business processes and serve as information basis for de-
cisions-making, taxation, spatial and environmental planning, business promotion, car-
tographic purposes, for traffic management, for emergency response, and so forth. The 
experiments made to integrate geo data into 3D city models reveled that mature tech-
nologies and methods exist to integrate 2D geo data from municipal GIS (or other spatial 
databases and providers) into virtual 3D city models (see Table 6 and cf. Chapter C). The-
se methods and techniques include transformation of 2D to 3D data, applying existing 
geo-data sets and maps as terrain textures, labeling options, data fusion and matching 
techniques, and attribute mapping. Which leads to the first conclusion: The integration 
of heterogeneous and distributed geo data from communal GIS and also from national 
or volunteered spatial databases into virtual 3D city models can be implemented.  

2.2 CAD/CAM data 
CAD/CAM systems are used in the ACE industry during the design and construction 
phases of new structures. Thus CAD/CAM data provides source data for the integration 
of design proposals and new constructions. Several reoccurring problems have been 
observed regarding the integration of CAD/CAM data. First, CAD/CAM data usually uses 
a local coordinate system which requires strategies to ensure a proper positioning and 
scale of CAD/CAM models within the virtual city. Second, although several industry and 
open standards are supported by most CAD/CAM systems, data import and export often 
produces bad results, e.g. textures are not exported, geometrical errors can be ob-
served, or general failures are common. Third, detailed architectural designs can be too 
complex with respect to their geometrical properties or the applied materials and tex-
tures to integrate them into current 3D visualization systems. Therefore, it is necessary 
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to define modeling rules, appropriate level of detail and workflows to ensure an efficient 
integration of CAD/CAM data into 3D city models. 

A very popular and easy-to-use workflow that can be regarded as blueprint for the 
integration of 3D models into a 3D geovisualization environment is demonstrated by the 
close coupling between Google Earth and Google SketchUp which enables users to easily 
add 3D models to a world-wide data infrastructure. The basic concept behind this ap-
proach, to use the virtual globe as reference, can also be found in Chapter D where a 
service based e-collaboration system is conceptualized that could support the integra-
tion of CAD/CAM data into municipal 3D city models. Another example for a virtual 
globe based participation system is proposed and discussed by Wu, He, & Gong (2010).  

In summary, the key to success is to specify standards, workflows, and (2D and 3D) 
modeling rules that ensure an efficient and faultless integration of CAD/CAM data. If 
such defined standards, workflows and rules exist, the integration of CAD/CAM data will 
be successful. 

2.3 BIM and comparable data 
In contrast to GIS data and CAD/CAM data the integration of BIM data was not part of 
the Potsdam and Berlin case studies and the following observations and conclusions are 
taken solemnly from literature resources and personal communications. BIMs are digital 
description of buildings. In contrast to purely graphical models as found in CAD/CAM, 
BIMs encompass detailed information about the components and elements a building is 
constructed of such as rooms, walls, doors, windows, technical and electrical infrastruc-
ture, and so forth which enables architects and engineers to conduct cost calculations, 
create material lists, and manage construction processes. Their potential to improve and 
optimize planning processes, construction activities and building maintenance are esti-
mated to be very high and have led to an increasing uptake of BIMs by the ACE industry 
which is also driven by governmental institutions, e.g., the efforts to specify a National 
Building Information Model (BIM) Standard in the United States (National Institute of 
Building Science, 2007). 

The problem with BIMs is that they include very detailed graphical and non-
graphical information about a building which cannot per se be integrated into contem-
porary virtual 3D city models. Instead complex translation functions which might include 
generalization, optimization, and aggregations, and querying functions have to be ap-
plied to transfer them into a form where they can be integrated into 3D city models as 
demonstrated by Döllner & Hagedorn (2008), Hagedorn & Döllner (2007), Benner, 
Leinemann, & Ludiwg (2004), Isikdag & Zlatanova (2009). And, even more interesting, 
the example provided by Döllner & Hagedorn proves that an ad-hoc integration via web 
services can be implemented. This leads to the third conclusion that BIM data can be 
integrated into virtual 3D city models. 
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Figure 18: Standards, workflows, and modeling rules are key elements to enhance 
virtual 3D city models towards 3D Information Systems 

Notably, BIMs share much in common with further data models which have been 
developed recently such as the municipal infrastructure model (MIM) discussed by 
Halfawy (2010) or national standards for planning documents such as XPlanGML for 
German development plans (Benner & Krause, 2007a, 2007b). Their common bases are 
their XML/GML-based object-oriented data models which are based on a domain specif-
ic ontology. The inherent semantic attached to the geometries of such data schemas 
makes it possible to define complex 2D-3D data transformations to transfer the 2D data 
into a 3D representation as demonstrated in the case of XPlanGML by Coors, Hünlich, & 
On (2009). 

2.4 Further data types and information resources 
All three types of data discussed so far encompass graphical elements to describe spatial 
objects and phenomena. However, there are many more data types and information 
resources that are related to planning projects, facilities, spatial phenomena, participa-
tion processes, maintenance and construction activities. These include laws, expertise, 
photos, databases and spreadsheets, letters and communications, reports, and others 
more. It has to be stated that, as long as this information is stored in digital form and is 
accessible it's integration is generally possible, e.g., by directly attaching data to 3D city 
objects or by the use of Uniform Resource Identifier (URIs) which can be used to link 3D 
city objects to external applications and data resources such as web-based information 
portals (cf. chapter D, Figure 13).  

2.5 Conclusions for research question 2 
A multitude of experimental and mature integration methods and concepts (see Table 6) 
exist to integrate massive, heterogeneous, and distributed data from the CAD, GIS and 
BIM domain into virtual 3D city models as well as to link 3D city model objects to further 
resources such 
as documents, 
databases, or 
applications. 
This enables the 
implementation 
of complex 3D 
Information Sys-
tems based on 
existing virtual 
3D city models 
as illustrated in 
Figure 18. Actu-
ally, the ques-
tion is not if 
data can be in-
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tegrated but rather how the integration is accomplished. Therefore, the specification of 
standards, workflows, and modeling rules are key element for a successful implementa-
tion of 3D Information Systems. To put it even stronger, it has to be concluded, that the 
integration of heterogeneous, distributed, and massive information can be automated if 
the system infrastructure and the data sets follow agreed standards.  

Given the trends in ICT and GI science towards XML-based data models, connected 
web services, and SOA as well as the aim to establish 3D Information Systems as cross-
disciplinary and multifunctional integration platform and information media in urban 
planning and management, optimal solutions should support web-enabled modules, 
services, and workflows. In fact, the situation in urban planning and management which 
is coined by distributed data sources with heterogeneous content that are under the 
control of different ownership and rights seems to be predestinated for SOA-based solu-
tions.  
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Table 6: Integration methods for heterogeneous data types 

Source Method Description Maturity and remarks 

GIS, spatial 
databases 
 

Image draping Draping of raster-based aerial images, maps or plan 
drawings onto the terrain  

Image draping is a well-established method implemented in most 3D geo-
visualization systems 

Projection of vector 
data 

Projection of 2D geo data onto the terrain model Projection of vector data is a well-established method and offers in contrast 
to image draping the possibility to access attribute data 

Extrusion Vertical extrusion of GIS features Extrusion of vector data is well-established in GIS 

Attribute mapping Mapping of object information (attributes) from a 2D 
geo data sets to 3D city objects 

Attribute mapping is well-established in GIS 

Point replacement Utilizing billboards/billboard clouds or 3D models as a 
replacement for point-based data sets 

Point replacement is well-established; It is often used to transform infor-
mation from tree cadasters into 3D representations  

Complex 2D/3D trans-
formations 

Complex geometrical, topological, and semantic opera-
tions to transform 2D geo data to 3D geo data 

Proofs-of-concepts exist (e.g. Buchholz, et al., 2006; Ross, 2006) 

Direct integration Integration of 3D geo data Many 3D geo data formats are increasingly supported by software systems 

CAD/CAM Manual positioning Direct import of not geo-referenced 3D models and 
manual specification of position parameters (location, 
height, scale, rotation) 

Manual positioning is well-established in most 3D geovisualization systems 

Direct integration Integration of geo-referenced 3D models Direct integration is a well-established method; Often a positioning file is 
used to accomplish direct integration 

2D-3D transformation Complex geometrical, topological, and semantic opera-
tions to transform 2D CAD to 3D geo data 

Proofs-of-concepts exist (cf. Chapter C) 

3D-3D transformation Complex geometrical, topological, and semantic opera-
tions to transform 3D CAD data to 3D geo data 

Proofs-of-concepts as well as first implementations exist (e.g. Autodesk 
LandXplorer enables to load 3D CAD models and export them as CityGML) 

BIM 3D-3D transformation Complex geometrical, topological, and semantic opera-
tions to transform BIMs to 3D geo data 

Proofs-of-concepts exist (e.g. Benner, et al., 2004) 

Other data 
types 

URIs Attaching URIs to city objects to link them to external 
data sources and applications 

Attaching URIs to city objects is well established in GIS and most 3D geovisu-
alization systems 

Image overlays Integration of image files as overlay into virtual 3D city 
model user interfaces  

Image overlays are well-established and is often used to integrate company 
logos or legends into virtual 3D city models 

File attachments  Attaching files, e.g. documents to city objects File attachments are well established 
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3 Usage concepts 
RSQ3: How can 3D Information Systems be utilized in urban planning processes and 
which further options exist to use virtual 3D city models? 

To begin with the results from the case studies in Potsdam and Berlin it has to be noted 
that in general two settings must be distinguished. One is the use of 3D Information Sys-
tems during workgroup meetings, presentations, or planning workshops. In these 
"same-time-same-place" collaboration setting (MacEachren, 2000) the prototypic 3D 
Information System were used to present and explore municipal geo data, visually ana-
lyze design proposals and analyze their impact on historic lines-of-sight. The second set-
ting is the installation of web-enabled or stationary installations of 3D Information Sys-
tems to enable temporally and/or spatially distributed users to access and use the pro-
totypical 3D Information Systems. Four out of the seven workflows shown in Figure 17 
(cf. Section 2.1.2) did target the publication and dissemination of the prototypes. These 
were LandXplorer Xpress projects that can be viewed with a free viewing application and 
thus can easily be distributed via DVDs, two exemplary portrayal services based on the 
proposed OpenGIS draft for a Web Perspective View Service (WPVS) that enables re-
mote users to access complex virtual 3D models using a simple internet browser (thin-
client model), and finally two solutions based on Google Earth. 

The experiments prove that the creation and dissemination of 3D Information Sys-
tems based on virtual 3D city models via internet or as DVD products is possible. In fact, 
one of the largest models world-wide, a city-wide model of Berlin (Senatsverwaltung für 
Wirtschaft Technologie und Frauen Berlin, et al., 2010) with more than 500,000 buildings 
can be browsed within Google Earth. And it includes many additional city information 
such as real estate information, museums, scientific institutions, and locations of com-
panies in growth sectors as well as information on the Berlin Wall. Moreover, the model 
has also been used for a pilot study targeting the calculation of solar potentials whose 
results can also be viewed in Google Earth. Thus the example of Berlin demonstrates 
very well that the technology has matured and is already transferred to urban planning 
and management practice. 

What is the purpose of such 3D Information Systems, though? So far, the examina-
tion concentrated on the technical aspects and did only marginally question the useful-
ness in the context of urban planning and management by noting that the prototypes 
were used to present and explore municipal geo data and urban design concepts in the 
context of the virtual city. Thereby, the use as presentation media did prove to be help-
ful to present urban design concepts and 3D analyses results to an audience, i.e. experts 
and decision-makers. This usage usually requires an operator who navigates through the 
virtual city to present certain views on a design or data-set. Alternatively functions to 
create image files and animation from the 3D Information System were used to create 
images and animations that have been presented using traditional techniques, i.e. pow-
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er point presentations and printouts. In this setting the 3D Information System is basical-
ly used in the same way as 2D maps or rendered images of 3D CAD models are used in 
traditional consultation processes. However, through the implementation in a GeoVE it 
is possible to flexibly react to stakeholder comments by navigating to different view-
points or show additional information such as further plans, geo data or traffic routes 
which might be relevant for decision-making.  

Exploration, in contrast, takes this concept a little further by adding capabilities to 
access additional information, e.g. by using selection and querying functions or by ma-
nipulating the visual appearance of objects. A well-known example from the GIS domain 
would be to use rule-based selections to select all objects that have certain properties or 
to use colors to visually examine a data set, e.g., by setting the color of all public build-
ings to red to visually assess their distribution within the city. The purpose behind both 
functions of use is to use the virtual 3D city model as interface to spatial information in 
its widest sense to foster spatial understanding, raise awareness, and increase transpar-
ency in group decision-making. In this sense the results from the use cases provide evi-
dence that virtual 3D city model based 3D Information Systems support communication 
and information processes amongst experts and decision-makers as formulated in the 
hypothesis. 

However, the use of virtual 3D city models as media for the presentation and ex-
ploration of spatial data is only one out of four functions of use. In chapter E three fur-
ther functions of use are added: analysis & simulation, e-collaboration, and infrastruc-
ture & facility management. Table 4 (chapter E) lists the four functions of use identified 
and links them to their purposes, required functionalities and user groups. The overview 
illustrates that (virtual) 3D city models can not only be used to implement applications 
for the presentation and exploration of spatial information, i.e. 3D Information Systems, 
but can also be used as data basis for complex environmental and spatial analyses and 
simulations, serve as e-collaboration platform and can in general support the manage-
ment and maintenance of the public infrastructure and communal facilities. Notably, 
these four functions of use require specific functionalities on the one hand but on the 
other hand also rely on a set of shared functionalities, i.e. 3D visualization, authoring, 
publishing, navigation, selection and querying. Indeed these five system functionalities 
are fundamental for creating and visualizing virtual 3D city models and the experiments 
conducted as well as the examples found in the research literature indicate that in gen-
eral a high level of maturity has been reached. 

When it comes to higher level functions of use such as analyses and simulation, e-
collaboration applications, and for infrastructure and facility management further sys-
tem functionalities are required that seem by far not equal matured as yet. And indeed 
it has to be noted that the scientific literature reviewed in the context of these further 
functions of use has been published just within the last four years. Still the results from 
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these recent contributions show that 3D city models, and virtual cities alike, possess an 
enormous potential to better understand spatial patterns and processes, to support col-
laborative planning and decision-making processes via ICT and even facilitate the day-to-
day tasks of municipalities to maintain and manage the public infrastructure. In fact, in 
the case of 3D analyses it is already obvious that 3D city models will be an irreplaceable 
complement to contemporary information systems and spatial data infrastructures in 
Europe because 3D data is required to conduct 3D noise emission analyses as required 
by the Directive 2002/49/EC. The problem of noise, however, is just one out of many 
three-dimensional phenomena that can be assessed by utilizing 3DCM. Further exam-
ples found include air quality modeling, shadow analyses, solar potentials and others 
more, which just few years ago would have required labor- and time-intensive manual 
construction of 3D city models as well as scientists and supercomputers.  

The intention and purpose behind the use of virtual cities as e-collaboration plat-
form in contrast goes further. It is often seen primarily as an approach to transfer the 
exploration and exploration functions to web-based applications that enable the shared 
use of 3D Information Systems and support remote communication amongst diverse 
stakeholder groups. However, in this thesis the potentials are specifically seen in the 
possibility to define digital workflows and business processes between governmental 
bodies and the private sector that ensure an efficient exchange and re-use of data. This 
potential evolves from the fact that during the planning and construction phase of a pro-
ject usually detailed digital plans and models are created that could be used to update 
3D city models. In fact contemporary 3D city models could be significantly enhanced 
because planning documents created during the construction phase such as BIMs or 
detailed construction plans contain not only information about the visible components 
of a project but also about materials, components, sub-surface installations and so forth. 
Thus the continuous integration of planning information and construction proposals into 
virtual cities via e-collaboration environments is seen as a promising approach to cope 
with the challenge of maintaining 3D city models up-to-date and enhance their infor-
mation intensity. This would also foster their usability in facility and infrastructure man-
agement where usually detailed, spatio-semantic models are required (cf. chapter E) 

3.1 Conclusion for research question 3 
In summary the results from the Berlin and Potsdam use cases provide evidence that 
virtual 3D city model based 3D Information Systems can support communication and 
information processes amongst experts and decision-makers as formulated in the hy-
pothesis. This observation is well supported by research from other authors (Kibria, et 
al., 2009; Salter, et al., 2009; Shaw, et al., 2009). At the same time the increasing num-
ber of cities that have acquired and use 3D city models in this setting as well as the 
growing number of companies that offer 3D city model solutions are conceived as a 
supporting indicator for the conceived maturity of the underlying technology. 
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It was further shown that 3D city models provide at the same time the fundament 
for 3D analyses and simulations that several years ago would not have been possible. In 
fact the analytical use of 3D (city) models is a legally required in Europe because of the 
Directive 42/2002/EC on environmental noise. However, the potentials for the analytical 
use of 3D city models are by far not restricted to noise but are conceived more generally 
as fundament for the implementation of innovative tools and methods for the detection 
of environmental dangers, the understanding of spatial processes and phenomena, and 
the creation of optimized urban designs. 

Several recent research contributions as well as the conceptualized e-collaboration 
environment in chapter D illustrate that by transferring virtual 3D city model applica-
tions to web-based environments both functions of use, presentation and exploration 
and analysis and simulation can be united in one system environment that would enable 
their shared, multi-functional use. In fact such e-collaboration environments are per-
ceived as posing high potentials to implement an efficient information exchange among 
stakeholders, individuals and institutions that would also continuously increase the in-
formation intensity of 3D city models during their lifecycle. 

A high information intensity, i.e. spatio-semantic coherent models of infrastruc-
ture objects, buildings and utility networks was identified as a prerequisite to support 
the use of virtual 3D city models in infrastructure and facility management as discussed 
in chapter E. Therefore, the four functions of use identified in this thesis are generally 
not perceived as being separated from each other but as being mutually reinforcing. 
Consequently, future solutions should focus on developing system environments and 
infrastructures that support all four functions of use. Considering the case studies on e-
collaboration environments as well as the conclusions from research question 2 it ap-
pears that in fact a complex and flexible service-oriented architecture could be best 
suited to integrate and provide the system functionalities required. 
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4 Transition into praxis 
RQ4: Which factors determine the successful transition into practice and which recom-
mendations can be made? 

During the Berlin and Potsdam case studies two expert workshop on the use of 3D In-
formation Systems in urban planning and management were organized. Several reoccur-
ring issues regarding the transition of the technology into practice were risen by the par-
ticipants that can be differentiated into three categories as depicted in Table 7. Although 
it was not possible to examine these issues in detail during the time frame of this thesis 
several observations and recommendations will be presented.  

Table 7: Issues in the transition into urban land management practice 

Technology Issues  User Issues Organizational Issues 

- Data models and specifications 

- Hardware requirements 

- System concept and implemen-
tation 

- User qualifications 

- Reliability and validity 

- Acceptance 

- Accessibility and usability 

- Costs and benefits 

- Workflows and business pro-
cesses 

- Legal regulations 

- Responsibilities 

4.1 Technology related issues 
In the introduction it was argued that with respect to technology oriented issues a para-
digm shift in 3D geospatial modeling and web-enabled 3D geovisualization has taken 
place in the last decade. And indeed the research has revealed that it has become in-
creasingly easy to set-up virtual 3D city models, integrate heterogeneous data and in-
formation and use the resulting 3D Information Systems as presentation and exploration 
media. The fundaments for this development are to be found in the progresses achieved 
in 3D geospatial modeling, especially in with respect to 3D data handling (CityGML and 
KML) and 3D visualization as discussed in Section 2.1. The progresses in these areas of 
research are also supported by a general increase in processing capabilities of current 
computer hardware as well as the capabilities of the internet which make it possible to 
access and publish complex virtual 3D city models, and 3D Information Systems alike, 
using web-based visualization systems.  

Still many challenges remain to be solved when it comes to the question how (vir-
tual) 3D city models can be used collaboratively or if complex 3D analysis functions are 
required. Many of the required system functionalities still do not exist in contemporary 
software solutions but only as proof-of-concept in the academic world. Moreover, and 
that was also one argument in the workshop, it seems to be questionable if it makes 
sense to integrate 3D analysis functions and 3D visualization functions into monolithic 
software systems. The argument was that many analysis functionalities require very 
specific input data and enormous processing capabilities which would make the system 
too complex to be efficient. Instead of integrating everything into one system, solutions 
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were favored based on data standards and standard interface to ensure an efficient data 
exchange between systems.  

In fact, most research on systems for a collaborative use of virtual 3D city models 
as well as on 3D geo-processing and 3D analysis is going in this direction by developing 
modularized systems which make use of web services and standard interfaces for data 
transfer, processing, integration, and visualization. This supports the argument for SOA-
based system solutions as made in section 2.2.5 where the situation in urban planning 
and management, which is coined by distributed data and users, was conceived as being 
predestinated for a SOA-based approach. However, while research has shown that it is 
generally possible to set up collaboration platforms and implement 3D geo-processing 
and data-integration functions, there are to date no solutions that integrate all system 
functionalities described in Table 5 into one operational system architecture. Moreover, 
it is has yet to be proven if such a solution will show good performance if multiple users 
access and use it at the same time.  

4.2 User related issues 
With respect to the user related issues it has to be noted that one prerequisite for the 
successful transition into practice is first of all the availability of qualified and trained 
personal. Since the developments were rapid in the last decade and because 3D geospa-
tial modeling, 3D system solutions, and the concept of distributed web-based services 
and applications in the context of urban planning and management are still rather new 
technologies, there are only few practitioners that are experienced in this fields. Howev-
er, 3D geospatial modeling and 3D analyses is a topic which is increasingly being inte-
grated into the curricula of architects, engineers, and environmental planers which 
might foster the transfer into practice. 

Second, it is important that the use of application based on 3D city model produc-
es reliable and valid results to be accepted. The issue of acceptance was already men-
tioned in Section 2.1.3 and it is of utmost importance for a successful transition into 
practice. The fundament for the acceptance is reliability and validity. Another important 
aspect is to is to provide non-expert users which are new to the technology with infor-
mation on how the model was build, how accurate it is and there the limits are to in-
crease trust in the system. A much more in depth discussion on aspects of validity, relia-
bility, and acceptance of 3D visualizations is provided by a recent paper of Sheppard & 
Cizek (2009) who proposed a code of ethics for 3D landscape visualizations (Sheppard, 
2001, 2005b). Comparable codes of ethics and conduction will also be necessary for the 
utilization of applications build on top of virtual 3D city models. 

Accessibility and usability finally, are important features to implement e-
governance functions such as e-participation tools and e-collaboration platforms based 
on virtual 3D city models. Only if non-expert users such as citizens or architects can ac-
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cess and intuitively "work" with the systems, the transition into practice will be success-
ful. 

4.3 Organizational issues 
Organizational issues relate to the question if it makes sense to use the technology and 
how applications build on top of virtual 3D city models can be integrated into the organ-
izational structure of administrations. To begin with the first part there is always the 
question of costs and benefits: Is it economically sustainable to adapt this new technol-
ogy? Does it improve planning and management processes? A quick answer is provided 
by the requirements of the European directive on environmental noise (European 
Council, 2002) which requires the member states to assess noise emissions for urban 
areas with more than 100,000 inhabitants as well as for defined areas around main traf-
fic corridors and airports. The directive requires conducting 3D noise emission simula-
tions because it is a three-dimensional phenomenon whose area-wide measurement is 
not feasible. In this context the use of 3D city models proved to be feasible and reduced 
costs as has been demonstrated by Czerwinski, Kolbe, Plümer, & Stöcker-Meier (2006). 
Another market-driven argument is the use of 3D city models for solar potential analyses 
which are currently en vogue because of the need to establish alternative energy re-
sources to accomplish national and international CO2 reduction targets. Moreover, many 
cities already use 3D models for business promotion and urban planning. In the case of 
Berlin, for example, two independent models were developed by the Senate for Urban 
Planning and the Senate for Economy, Technology, and Woman. One central motivation 
for the creation of a city-wide virtual 3D city model (Döllner, Kolbe, et al., 2006) was to 
merge these two developments into one to create synergies between both models. 

Coming back to urban planning which was in the focus of the Berlin and Potsdam 
case studies it is generally questionable if the benefits of integrating plans and design 
proposals into the virtual 3D city models is economically feasible under the current con-
ditions. Actually, it seems to be too labor-intensive at present, because plans are usually 
exchanged in analog form. And if digital data is exchanged at all, it is predominantly in 
unsuitable formats such as PDF or JPG. This situation could be changed easily by formu-
lating legal regulations or byelaws that would require planers and architects to submit 
digital plans in specified formats and with specified content (e.g., a national building 
information model as proposed in the United States). In this case digital business pro-
cesses and workflows could be implemented that would support the automated integra-
tion of design proposals and applications for building permits into virtual 3D city models. 
To take this thought even further, such a regulation could also support the whole trans-
action of requesting building permits as e-government service. And consequently the 
transmitted construction proposal might even be used to check it against building regu-
lations or to update virtual 3D city models. Actually, it springs to mind that e-transaction 
services for submitting plans and building permits would acknowledge the aims and tar-
gets formulated in national and international e-government programs 
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(Bundesministerium des Inneren, 2006; Cabinet Office, 2005; KOM, 2006) and would 
facilitate the implementation of e-collaboration and e-participation services in the fields 
of ACE and SEP.  

Another important point which is directly linked to the question how virtual 3D 
city models and applications build on top of 3D city models are used, is the question 
which administrative departments will be responsible for its maintenance and update. In 
the case of the official 3D city model of Berlin this responsibility is not yet defined be-
cause the department for geoinformation is by law not required to maintain a 3D city 
model and does not take responsibility for the update of the model, while the urban 
planning department argues that it is not responsible for the maintenance of (3D) geo 
data. As a consequence the official 3D city model of Berlin is currently not regularly up-
dated and cannot be acquired on the market. Yet update and maintenance are funda-
mental for their utilization because only up-to-date models will result in valid and relia-
ble results which are a prerequisite for their acceptance (cf. 2.4.2). Consequently, the 
definition of update and maintenance strategies is seen as a crucial element for the 
transition of the technology into practice. The same holds true for the documentation of 
metadata for the 3D city models (e.g., accuracy, date, owner, rights) as well as for work-
flows, analysis parameters, and analysis results. Therefore, it is necessary that responsi-
bilities such as update, maintenance, and allocation of the model are defined early. The 
question who should take responsibility is hard to answer, though. If the 3D city model 
does only consist out of building models and terrain data it might be an good idea to 
update the model through business processes in the planning department, e.g., by for-
mulating legal rules and regulations as proposed earlier. In other cases, e.g. if streets, 
utility networks, and vegetation features are also part of the model, it might be a better 
idea to leave the responsibility for these data sets within the corresponding depart-
ments and agree on standards, workflows, and rules that enable an automated ad hoc 
integration by transforming existing street cadasters, network data, and trees cadasters 
into 3D representations (compare also section 2.2.5 and Figure 3). The approach to 
transform existing 2D data into 3D representations has been implemented several times 
successfully during the thesis as well as by Schilling, et al. (Schilling, et al., 2009), and 
Buchholz, et al. (Buchholz, et al., 2006). 

4.4 Conclusions for research question 4 
The fundamental technology related issues and problems that hindered the efficient and 
regular use of virtual 3D city models and applications build on top of them seem by now 
overcome. Indeed qualified 3D geo data has become available, system solutions have 
matured, and it is generally possible to create and disseminate complex virtual 3D city 
models and 3D Information Systems. However, several user- and organization-related 
issues have been identified as being crucial for a successful transition into practice. 
Amongst these the organizational must be emphasized. Only if the responsibilities for 
the update and maintenance are clearly specified and if coordinated digital workflows 
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and business processes are established, as well between administrative departments as 
between the administration and the private sector, the transition into urban planning 
practice will be feasible and successful in the long-term.  
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5 Concluding remarks and future research 
My research reveals that the progresses in 3D geospatial modeling and information 
technologies has provided us with the building blocks, tools, and methodologies re-
quired to create very complex and information rich 3D Information Systems that can be 
used to improve the information accessibility in urban planning and management. Fur-
thermore, it was shown that 3D city models increase our ability to analyze and assess 
spatial phenomena and process, and would support modern, ICT-based e-governance 
processes and applications. Personally, I think that the integration and use of 3D city 
model based applications into urban land management practice can support govern-
ments in achieving several of the principles proposed by the UN-HABITAT unit (2002, p. 
19) that characterize good urban governance, i.e. sustainability, subsidiarity, equity, effi-
ciency, transparency and accountability, civic engagement and citizenship, and security.  

3D Information Systems based on virtual 3D city models can be used to provide 
stakeholders, individuals and organizations from the private and the public sector alike, 
with an innovative and intuitive interface to access arbitrary spatial information. In fact, 
a well conceptualized and implemented system infrastructure based on agreed stand-
ards, workflows, and rules, could be used to continuously integrate information from 
GIS, CAD/CAM, and BIM into one interface that supports the cognition of spatial situa-
tions and functional relations. Thus 3D Information Systems could provide a level field 
for equal access to information and could increase transparency and information of the 
public. 

3D analyses functions based on 3D city models can be used to find better, more 
sustainable, solutions for urban planning and design tasks. They are already applied for 
the assessment of solar potentials, noise emission analysis, and flood models. And in the 
research community their usefulness for microclimate analyses, air quality modeling and 
further environmental aspects is a field of active research. 

The implementation of e-collaboration and e-participation platforms based on vir-
tual 3D city models could support efficient workflows, data exchange, and data reuse 
between governments and citizens as well as between government and the private sec-
tor and between governmental bodies. And it could raise transparency and accountabil-
ity in environmental planning and ultimately foster civic engagement. Moreover e-
government services could be defined that would support the continuous update and 
enhancement of virtual 3D city models.  

Given these final consideration I come to the conclusion that governments and 
governmental bodies should support the adoption and integration of 3D city models into 
urban planning and management. This support might include the formulation of rules 
and regulations, the funding of research projects to gain better knowledge about the 
technical, user-related and organizational aspects as well as the adoption and develop-
ment of digital workflows within governmental bodies. 



References 

91 

From a technology oriented point of view future research should specifically target 
the integration of physical, temporal, and dynamic aspects as well as organic compo-
nents, i.e. vegetation, into 3D city models, which are a prerequisite to couple (virtual) 3D 
city models with complex physic-based simulations, climate models, land-use models, or 
traffic simulations. Indeed the ultimate target remains the vision of a "computable city" 
as expressed by (Hudson-Smith, et al., 2007).  

A second technical oriented point is the implementation of a service-based, reusa-
ble, modularized, high-performance, and secure system infrastructure that would enable 
users to easily put together and publish services as they are needed. One component of 
such an infrastructure that has been hardly examined so far is the interface that will be 
required to administer, manage, and configure its components, i.e. services. 

From the perspective of planning professionals much more research is necessary 
on the topics of acceptance, reliability, and validity. Although many research contribu-
tions identify these topics as being crucial for the successful transition of virtual 3D city 
models into urban planning and management, there is still no research that has con-
ducted surveys with a larger number of users. The few experiments which measured 
user’s responses were restricted to few to maybe a hundred peoples. 

From a governance perspective, future research should specifically target the 
question how data in its widest sense can be used more efficiently and can be made 
better accessible in administrative processes. During my projects, which were not only 
restricted to 3D geospatial modeling but also involved a wide diversity of communal da-
ta sources, I regularly was confronted with data sources showing very bad qualities, be-
ing distributed over incompatible systems, or that were only stored on personal work-
stations without backup. Given the potentials of ICT and the observed convergence of 
technologies, efforts should be concentrated to change this situation. Initiatives such as 
INSPIRE in Europe, XPlanung in Germany, or NIMB in the United States are first examples 
showing that a consensus about how spatial data should be modeled and encoded will 
result in a better data quality, accessibility, comparability and re-usability. 
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