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Abstract

This thesis introduces new applications from the domain of Intelligent Transporta-
tion Systems to address some of the central challenges of urban road traffic. All
applications exploit the potential of recent developments in the automotive field, in
particular vehicular networks, new kinds of vehicles such as electric and full hybrid
vehicles and results from networked control theory. By setting up a feedback loop
around a large number of vehicles applications are able to address general road traffic
problems in a very direct way - in a way which is not possible by per-vehicle measures.
Domain-specific requirements (e.g. preserve drivers’ privacy) are considered in the
design of each application and its underlying control and optimization algorithm.

It is shown that multiple problems can be approached with a simple system archi-
tecture: On the one hand, there is a central infrastructure, which has access to
general, system-wide information such as air pollution levels, traffic flow information,
etc. On the other hand, there are vehicles - in particular full hybrids - which are
equipped with advanced communication technology. Communication technology in-
tegrates both parts into a feedback control loop. It is shown that in many cases it is
sufficient that the infrastructure broadcasts minimal information such that vehicles
act in a collaborative way.

The introduced applications address the problem of air pollution in urban environ-
ments, optimize emission in a fleet, target the problem of supply variations in electric
grids with hybrid vehicles, provide balancing solutions for electric vehicle charging
stations and aim at utilizing given parking spaces in a more efficient way.

The performance is discussed with help of extensive simulations. (Limited) mathe-
matical analyses for algorithmic approaches are included or cited.

It is considered that proposed applications might recommend behaviour which does
not optimize individual utilities - while they do optimize other aspects such as the
total utility of all users. Thus, the question of user acceptance is crucial. In this
sense, selected user acceptance tests and surveys have been performed. Furthermore
a technical platform is introduced which provides the possibility to test collaborative
applications in the field (including user acceptance) without requiring a large number
of vehicles.
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Zusammenfassung

Die Dissertation beschreibt neue Anwendungen im Bereich Intelligent Transportati-
on Systems, um zentralen Problemen des urbanen Straßenverkehrs zu begegnen. Die
hier betrachteten Probleme können nur gelöst werden, wenn Fahrzeuge miteinander
kooperieren und ihr Verhalten aufeinander abstimmen. Die entwickelten Lösungsan-
sätze verbindet, dass sie die Möglichkeiten ausnutzen, die mit der Entwicklung neuer
Fahrzeugtypen - insbesondere Elektrohybridfahrzeugen - und ihrer zunehmenden Ver-
netzung einhergehen. Dabei entsteht ein dem Internet verwandtes Systemumfeld auf
das Ansätze aus dem Bereich Netzwerksteuerung mit wenigen Anpassungen übertra-
gen werden können. Indem eine große Zahl von Fahrzeugen in einen übergeordneten
Regelkreis integriert werden, können grundsätzliche Verkehrsprobleme in Smart Cities
auf eine sehr direkte Art adressiert werden - viel direkter als es mit fahrzeugindividu-
ellen, nicht-kooperativen Ansätzen möglich ist. Es wird gezeigt, dass dabei relevante,
domänenspezifische Anforderungen (z.B. Sicherung der Privatsphäre) berücksichtigt
werden können.

Dabei kann eine einfache Systemarchitektur genutzt werden: Auf der einen Seite steht
eine zentrale Infrastruktur (z.B. Verkehrsmanagementzentrale), die auf entsprechen-
de Informationen Zugriff hat (z.B. Luftbelastung, Verkehrsflussinformationen). Auf
der anderen Seite stehen mit Kommunikationstechnologie ausgestatteten Fahrzeuge.
Die entwickelten Anwendungen belegen, dass es in vielen Fällen ausreicht, einfache
Informationen via Broadcasts durch die zentrale Infrastruktur zu verbreiten, so dass
sich ein abgestimmtes, kollaboratives Verhalten der Fahrzeuge einstellt.

Auf diese Weise können mehrere Probleme im urbanen Verkehr adressiert werden.
Dazu zählen die lokale Luftbelastung in städtischen Räumen, die Optimierung der
Emission einer Fahrzeugflotte, Schwankungen im Stromangebot in Elektrizitätsnetzen
und die ineffiziente Nutzung von Parkplätzen und Ladesäulen für Elektrofahrzeuge.

Alle Anwendungen werden mit Hilfe von umfangreichen Simulation validiert. Auf
erweiternde mathematische Diskussionen und Herleitungen wird an entsprechender
Stelle auf jeweilige Publikationen verwiesen.

Da die vorgestellten Lösungsansätze den systemweiten und nicht notwendigerweise
den individuellen Nutzen von Teilnehmern optimiert, ist die Nutzerakzeptanz kritisch.
Zu ausgewählten Anwendungen werden daher die Ergebnisse von Akzeptanzstudien
vorgestellt. In diesem Zusammenhang wurde zudem eine technische Plattform entwi-
ckelt, die es ermöglicht kooperative Anwendungen im Feld zu testen, ohne auf eine
große Anzahl von Fahrzeugen zurückgreifen zu müssen.
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1. Introduction

Summary: This opening chapter highlights some selected challenges in road traffic
in the context of smart cities. It is shown that key issues are often caused by two main
characteristics of road traffic: synchronization and the lack of context awareness.
Three general developments are identified which make the proposed solutions very at-
tractive: (1) communication technology applied to the automotive domain (2) vehicle
technology (electric and hybrid vehicles) and (3) increasing public awareness in regard
to eco-friendly mobility.
Proposed applications follow a different approach to those which are available today:
they implement large-scale feedback strategies and integrate a huge number of traffic
participants to establish a "collaborative" behaviour. These are able to address sys-
tematic problems, such as pollution, parking, congestion etc. This chapter provides
relevant context for the detailed introduction and discussion of applications in sub-
sequent chapters. It outlines the document structure and how selected developments
and results of this work were developed in cooperation with other researchers.

1.1. Individual road traffic and smart cities

Smart City is a term which is still evolving and is used in many contexts. A com-
mon feature of many definitions is that ICT is playing a key role [36]. Furthermore,
mobility is one of the central pillars of a smart city. Accordingly, the European Com-
mission (EC) defines (smart) mobility "ICT supported, integrated transport and
logistics systems" [111]. This understanding is equivalent with the one of Intelligent
Transportation Systems (ITS) - a term which was found in the 1980s to underline the
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(expected) impact of ICT in traffic [177]: "ITS applies advanced communication, in-
formation and electronics technology to solve transportation problems such as traffic
congestion, safety, transport efficiency and environmental conservation." [54] Despite
the fact that there is a huge research community in ITS, road transport is still fac-
ing many challenges. The EC divides them in three basic groups: (1) congestion,
(2) safety and (3) environmental pollution [34]. In fact, one might divide the latter
in two distinct challenges: first securing human health from CO, particular matter
etc. and second minimizing impact on global warming through CO2. In addition,
parking could also be identified as an additional problem as well as the integration
of electric vehicles with the electric grid. One might think that there are straight-
forward solutions to the parking problem. As it will be outlined, parking gives rise
to subtle challenges that can be addressed in a resource allocation context. But the
expected increase of plug-in-hybrids and fully electric vehicles also cause new chal-
lenges. Selected ones (i.e. queueing at charging stations for electric vehicles) were
not yet addressed at all.

In the remainder of this chapter, selected problems of road traffic are briefly described.
The selection of problems are addressed by the developed applications outlined in
greater detail in the subsequent chapters.

1.1.1. Congestion

Congestion is probably the most severe effect of road traffic [34], monitored in al-
most all urban environments. According to the Texas A&M Transportation Institute
which publishes statistical data on urban mobility in the U.S., the average U.S. auto
commuter in greater urban areas spent more than 1,100 Dollars per year because of
congestion, excessed 24 Gallons (∼ 90 litres) of gasoline and has a travel time that
is increased by almost 30 % in 2011.

Basically, there are three ways to address the problem [175]: (1) extend the road
infrastructure, (2) reduce the overall demand for road traffic and (3) improve efficiency
of the road network usage. The most obvious way to tackle the congestion problem is
to build more roads. It has been shown though, that extra road infrastructure is not
as attractive as it seems at a first sight. The construction of new roads has general
social and environmental effects and costs, which outperform potential benefits for the
vehicle drivers [43]. On reason is, that in many cases - when traffic demand is elastic
- the extension of road infrastructure does effect in more traffic demand - resulting
again in congestion [121]. Furthermore, especially in urban environments, there is no
space available to build any new roads. The reduction of overall demand for road
traffic is assumed to be influenced by policy measures mainly, such as increasing
the attractiveness of the public transport, ride sharing etc. Clearly, improving the
efficiency of road network usage is the most attractive instrument. There are various
approaches deployed and available. Simple examples are the deployment of traffic
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lights, (adaptive) speed limits, dynamic lane access, freeway incident management
systems, freeway ramp metering and many more.

1.1.2. Parking

Parking is closely related to congestion as vehicles searching for parking spots rep-
resent a basic component of it. In San Francisco it is expected that about 30 % of
vehicle traffic is caused by drivers who are searching for an open spot. According to
the IBM Global Parking Survey from 2011, this is a representative share for many
cities, both in developed and emerging economies. On a global level, 5 to 10 % of
vehicle traffic worldwide is caused by parking search [100]. Moreover, driving around
searching for open spots is associated with frustration, delay and pollution. Expected
increases in auto commuting to urban areas and in car ownership will increase the
problem. Besides congestion, land use is another problem. Los Angeles is a dra-
matic example: About 331 hectares are reserved for parking (including multi-story
car parks etc.), while Los Angeles has a land area of 408 hectares [112]. Looking at
electric vehicles, parking is even more critical as vehicles may run out of power while
searching for available parking lots.

A state-of-the-art countermeasure for the pressing parking problem is to extent park-
ing spaces. In addition to the necessary (large) investments, the approach faces the
same problems and effects as the approach to build extra roads to relax congestion
problems: the availability of (off-street) parking spaces promotes driving in general,
even in cities with good public transport systems [97]. In this sense, recent legislative
developments take the opposite approach: several European cities limit the num-
ber of parking spaces or make them more expensive which leads to a less attractive
use of the car [97]. The report surveys multiple measures in this sense: Economic
mechanisms (variable pricing, emission-based parking charges, extra taxes for park-
ing space suppliers), regulatory mechanisms (parking supply caps, abolish regulations
that forced house builders to construct parking spaces) and physical design mecha-
nisms (e.g. bollards to ensure that people cannot park where they should not park).

One topic in this thesis concerns optimizing and making different use of parking
facilities. It will be shown that there are smart solutions available that could be
applied to the parking problem. They exploit the unbalanced demand in selected
locations by supporting a collaborative use of car parks.

1.1.3. Environmental pollution

Pollution caused by road traffic is a well-discussed topic in the ITS domain, e.g. [50,
153, 80]. However, the problem of environmental pollution is still increasing: The
European Environment Agency calculates that greenhouse gas emissions caused by
traffic (including aviation and maritime transport) has increased by around 34 % be-
tween 1990 and 2008. Road traffic is a key issuer and accounts for about 17 % of the
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total EU’s greenhouse gas emissions (CO2) [4]. Clearly, the problem of greenhouse
gas emission is a reasonable motivation to develop more efficient solutions.

Recent discussion include also other pollutants emitted by vehicles, such as sulphur
dioxide, nitrogen dioxide and oxides of nitrogen and carbon monoxide, Benzene, par-
ticulate matter, (PM10 and PM2.5), lead ozone and related NO and NO2 [130]. In
2014, the WHO has released estimates on global death cause by air pollution (7 mil-
lion), highlighting road traffic as a major emission source. In a survey from 2012, Yim
and Barret estimate 5000 premature deaths caused by vehicle exhausts per year for
the UK. In fact, that is much more than those, which were caused by road accidents
(1850) [190].

Thus, the problem of air pollution could be divided into two rather distinct challenges:
lowering the impact on (1) global warming (i.e. by CO2) and (2) on human health
(i.e. by CO).
The European Commission is well aware of the pollution problem and has set up pol-
icy countermeasures. Among other directives, there is the European Union clean Air
Directive which aims at controlling PM10. Furthermore, many cities have set up low
emission zones, which determine inner city areas where not all vehicles have access
to. Other policy instruments are the License Plate Program, total bans for vehicles
or congestion pricing [186]. At the same time, modern vehicles emit much less than
older vehicles due to increased pressure from legislative (e.g. emission-based taxes for
vehicles in Germany since 2010) and general customer preferences for cleaner vehicles.

However, it is important to note that given approaches are open loop measures and
the aggregate effect of vehicle emission is not tackled. The aggregate effect highlights
the fact that the increasing number of vehicles outperforms the advances in fuel
efficiency on a per-vehicle level.

1.1.4. Road safety

Safety continues to be the central objective of road transportation professionals. In
2004 almost 43,000 fatalities and 2.8 million injuries were recorded on U.S. highways.
The deployment of new safety system such as ABS or air-bags helped to decline the
number of fatalities over the past decade. Still, the main objective of automotive
manufactures in the context of ITS is safety. The so-called Vision Zero shared by
multiple nations and automotive manufactures clearly states that "Human life and
health are paramount and take priority over mobility and other objectives of the road
traffic system" [179].

While focussing on the related work in ITS, it should be noted that there are many
(communication-based) applications developed in the community and that some have
been already tested in field operational test (FOT) projects such as DRIVE C2X [158]
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or simTD [178]. Generally speaking, vehicle-to-x communication technology is used
to enrich information to be fed to safety assistant systems.

1.1.5. Electric energy need

There are two complementary developments in the energy and the automotive sector
which are often considered as part of the automotive research agenda: renewable
energy sources and electric vehicles, e.g. [91, 109]. First, more and more electric en-
ergy is produced by renewable sources, such as solar or wind power. In Europe the
share of renewable produced increased by 81.3 % between 2002 and 2012 [48]. Ac-
cordingly, an increasing part of the overall energy provisioning is subject to variable
supply. This is a major challenge for the overall energy grid management as energy
consumption does not necessarily follow the seasonal or daily temporal energy supply.

Therefore, a central pillar for future electricity supply management are storage capa-
bilities, which could help to relax differences between electricity supply and demand.
With the advent of fully electric vehicles and plug-in hybrid vehicles, batteries with
large capacities are expected to be deployed on a large scale. The main idea is to
integrate this capacity with the grid and use the batteries of vehicles to buffer en-
ergy where needed. There are various works which outline how the charging process
could be managed efficiently in this regard. Available approaches are valid but are
connected with high requirements to charging management.
In this thesis an alternative solution is proposed, which manages the electric power
consumption while driving to balance the supply and demand of electric energy.

1.2. Two challenges: context-awareness and
synchronization

Apart from traffic safety, all of the previously named challenges of road traffic in
smart cities (congestion, parking, pollution, electric energy demand) could be - at
least to some extent - explained by two more general issues in road traffic: synchro-
nization and the lack of context awareness.

The approaches developed in the context of this thesis address these problems and
exploit the most important development in the ITS community: the power of V2X
communication. The advent of this technology enables completely new approaches
to design road traffic applications for smart cities. Whereas system developers were
limited by relevant system boundaries (e.g. of a singular vehicle, of a traffic light),
system developers could now integrate various entities and develop applications that
support true collaborative behaviour resulting in an overall benefit for all partici-
pants. This thesis considers two basic countermeasures for that: de-synchronization
(or balancing) and cyber-physical systems.
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Figure 1.1.: Typical traffic density on a work day.

Synchronous consumption of resources is a challenge in many distributed systems. In
road traffic, most commuters travel to work in the morning and back home in the af-
ternoon. Figure 1.1 shows typical time series of traffic density on main roads in urban
areas leading to traffic congestion during peak hours. An equivalent effect could be
monitored in the parking domain. Parking space supply and demand has also a syn-
chronous character which leads to inefficiencies: During work hours, parking spaces
become short in business districts while there is an oversupply during weekends and
nights. The opposite could be monitored in residential areas. The problem may also
arise in the context of electric vehicle charging, where it would be a huge problem
if available charging stations would not be used efficiently - especially in a roll out
phase where the setup of the infrastructure is most critical. In the context of this
thesis, balancing is a main concept to overcome problems caused by synchronized
resource consumption. Furthermore, approaches are developed and discussed that
aim at establishing a balance of resource supply and demand.

Today, context awareness in road traffic commonly addresses the design of infotain-
ment and driver assistant systems to minimize driver distraction and information
overload [134, 13] or to increase the efficacy of vehicular communication [3, 40]. How-
ever, context awareness has not yet been developed to a point that addresses core
functionalities of smart city applications. To do this, one must introduce a notion of
context awareness that goes beyond the limits of single vehicles. Specifically in this
thesis, this is the integration with air pollution control and the electric grid. The
term Cyber-physical system is often used to describe systems, that integrate compu-
tational power and physical entities at large scale, using open interfaces and networks
which are suited to control particular features [184, 92]. This is what is envisioned
here as well: This thesis presents approaches where a non-limited number of vehi-
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cles are connected to one integrated system. It is networked by open communication
technology to control air pollution or features of the electric grid.

1.3. Recent enablers for novel smart city mobility
applications

The approaches developed and presented within this thesis are possible to implement
because of recent developments in ITS, the automotive domain as well as general
social trends. This section gives a brief overview on the most relevant ones in the
context of this work, namely vehicular communication, (plug-in) hybrid and fully
electric vehicles and the increased willingness of governmental institutions to imple-
ment policies to support sustainable mobility. All serve as key enablers for proposed
solutions.

1.3.1. Communication technology enablers

Communication technology has developed dramatically in recent years. That is also
true for vehicular communication. More and more vehicles are equipped with com-
munication technology already today and the networked or connected car is a broadly
used term in the automotive domain. V2X communication technology - the communi-
cation between vehicles and infrastructure (V2I) and direct communication between
vehicles (V2V) - are expected to be a major contributor to this concept [128]. V2X
technology and exemplary applications have been proofed within large scale field op-
erational tests (FOTs) - i.e. projects simTD or DRIVE C2X - to be beneficial in
terms of road safety and traffic efficiency measures. The technology is expected to be
deployed in very near future. General Motors CEO Mary Barra announced in 2014,
that the Cadillac model CTS will be equipped with V2V communication technology
in 2017 [63]. In parallel to such vehicular ad-hoc networks (VANETs), some vehicles
and in-car equipment (such as navigation devices) are already equipped with commu-
nication technology and use common mobile (cellular) networks. Limited and defined
information (e.g. defined in TMC or TPEG) is broadcasted from the infrastructure
to vehicles via broadcasting services already today.

Generally speaking, communication has become an integral part of the mobility do-
main and is expected to play a dominant role. In the context of this thesis, it is
the main enabler to implement new cyber-physical systems and collaborative appli-
cations, which integrate a large number of participants of an overall mobility system.
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1.3.2. New kind of vehicles: EVs and PHEVs

Besides communication technology, there are also many developments in the field of
alternative drive systems, vehicles powered by fuel cells, batteries, combinations of
internal combustion engines, electric motors etc. Electric vehicles have a very long
history. The first electric car was build in the 19th century - almost at the same time
as the first automobile with an internal combustion engine. However, mainly because
of range advantages, vehicles powered by internal combustion engines became much
more successful and a de-facto standard.

In the context of increased environmental awareness, general political and economic
objectives as well as relevant technical progress, electric vehicles experience a revival
lately. Until 2020, the German government aims at having one million electric ve-
hicles deployed [131]. More successful than electric vehicles (in terms of registration
numbers) are hybrid vehicles. They combine the internal combustion engine with an
electric motor powered by a rechargeable battery. Hybrid vehicles are divided into
range extenders, plug-in hybrid vehicles, mild and full hybrid vehicles etc. In the
context of this thesis, hybrid vehicles refer to plug-in full hybrid vehicles. Such vehi-
cles could be recharged at charging stations and could run both in electric or internal
combustion engine mode exclusively. The main advantage of hybrid vehicles is that
they counteract the range problem of electric vehicles as they could be operated in
the internal combustion engine mode in case the battery is empty.

The Toyota Prius is probably the best-known example for a full hybrid vehicle on
the market. Its first version has entered the mass market as a (non-plug-in) HEV in
1997. Today almost all big vehicle manufacturers have hybrid vehicles in their fleet.
It is assumed, that they will play a more and more important role in traffic during
the next years.

In this thesis, it is shown that hybrid vehicles enable novel approaches for the smart
city, when the mode choice is aligned among a greater number of vehicles. They
provide a possibility to change their behaviour (here to change from electric to ICE
mode or vice versa) without being invasive compared to speed adaptations, route
changes etc. The two applications introduced in this chapter show how this capability
could be exploited in a cyber-physical system.

1.3.3. Policies and regulations

Road traffic problems, such as outlined in Section 1.1 have attracted great attention
among citizens and governments all over the world. Accordingly, governments or
other public authorities have issued various directives and statutes to regulate them.

For example, the EC has issued the Clean Air Directive, which aims at controlling
air pollution. Similar policies exist in the US with the Clean Air Act. According to
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Donaghy et al., European citizens are more ready to accept command and control,
and price measures (road pricing, fuel taxes etc.) to fight transport related challenges
compared to the US [39]. Rather restrictive policies exist in Asia. In Shanghai for
instance, the number of car registrations is limited per month. In Beijing, a licence
plate recognition system has been set up: it prohibits to drive the car on selected
weekdays based on the last digit of the license plate [188]. In Singapore vehicles are
charged electronically for entry and use of roads within congested zones [39]. Low
emission zones are implemented in various cities, not only in Europe but also Japan.
In South America (Chile and Argentina), vehicle registrations are limited to vehicles
fulfilling EURO emission norms.

Generally speaking, legislation and governments all over the world have started to
implement policy measures to address urban road traffic problems. In regard to the
feasibility to deploy proposed solution within this thesis, it could be stated, that the
general support from authorities to fight relevant problems is available.

1.4. Contribution of this thesis

There are many problems related to road traffic for smart cities as introduced in
Section 1.1. At the same time, recent developments in ITS (see Section 1.3) enable
completely new approaches to address these challenges. Five of such applications are
introduced in this thesis. All applications implement simple feedback loops around
networked vehicles and share features of cyber-physical systems and balancing objec-
tives.

The first application has the objective to balance charging stations’ supply and de-
mand for electric vehicles in a smart city such that queues are minimized. Queuing
in front of charging stations is a problem which is not discussed in the community
so far, even though this might be a "show-stopper" for a large-scale deployment of
electric vehicles. Fast charging stations are helpful in general but are not solving
the general problem. The proposed application addresses the queuing problem. The
second application is closely related to that and targets parking by using available
spots more efficiently. A related approach is targeting locally balanced vehicle rout-
ing. Most people consider routing on a global level (routes from an initial origin to
the final destination). For system-centric routing, this approach often fails as it has
undesired effects: imagine a dirty vehicle and zero-emission vehicle wish to be routed.
Generally, one wishes to favour the zero-emission drivers and provide her or him op-
timal routes. Contrary to that, one wishes to minimize the emission of vehicles from
a system-centric point of view. Thus, the shortest (best) route would be allocated to
the “dirty vehicle” driver.

The fourth and fifth application exploit the power of full (plug-in) hybrid vehicles.
By letting vehicles switch from one mode to the other in a smart way, it is shown
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that air pollution in cities could be controlled and minimized as well as that energy
under- or oversupply in the electric could be regulated.

The approaches have in common that they respect the requirements and particular
demands of vehicle drivers. That means that intrusiveness is kept at a very low level
and that drivers maintain full control and freedom of choice. Technical constraints
and privacy preserving features are considered as well. In effect, many applications
have a distributed character. Inspired by results from network research, it is shown
how distributed algorithms such as AIMD could be applied to the ITS context. It is
shown how these approaches perform under the particular conditions and constraints
in ITS. Comprehensive simulations and case studies validate the developments. Some
(limited) analytical proofs are provided or referenced.

1.5. Structure of the document

The thesis is structured as follows: Chapter 1 describes the main motivation and
provides the relevant context of this work. Chapter 2 goes into details on relevant
constraints from the ITS domain that should be considered when smart city mobility
applications are developed.

Part I (consisting of Chapters 3, 4 and 5) introduces three applications building
up a cyber-physical system exploiting the power of full (plug-in) hybrid vehicles.
More specifically, approaches are introduced to couple a large number of HEVs to
their physical environment, thus creating a large scale cyber-physical system. It is
outlined how networked hybrid vehicles could be used to control other aspects of a
smart city such as air pollution (Chapter 3) and to balance the supply and demand
of electric power (Chapter 4). The latter problem often occurs in electric grids where
many renewable energy sources are integrated. Chapter 5 discusses an extension of
the application to control air pollution with hybrid vehicles outlined in the previous
Chapter 3. It implements a distributed optimization approach for hybrid vehicles
which belong to a managed fleet. Here, vehicles switch from one mode to the other
(internal combustion engine mode and electric mode) to maximize the utility of the
fleet while respecting overall (fleets’) constraints.

Part II (consisting of Chapters 6, 7 and 8) presents three applications implementing
balancing approaches using distributed algorithms. They address challenges where
the availability of resources and relevant demand diverge locally. The first applica-
tion described in Chapter 6 exploits the instrument of routing to balance pollution
and traffic flow. The second application addresses the problem of allocating electric
vehicles to a limited number of charging stations (Chapter 7) in a way that all charg-
ing stations serve equal numbers of vehicles. Finally, in Chapter 8 it is shown how
the utilisation of available vehicle parking spots could be increased by collaboration
among parking spot providers (such as private landlords or companies) and parking
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spot users.

Part III (consisting of Chapters 9 and 10) is the final part of the thesis and discusses
application evaluation aspects and provides concluding remarks for aforementioned
applications. Chapter 9 introduces a novel simulation platform with hardware-in-
the-loop features, which is used to assess networked, collaborative applications - both
regarding technical features and user acceptance. With help of this platform, it is
possible to analyse applications on a large scale integrating thousands of vehicles but
only few (or even just one) human drivers. Furthermore, results from initial user
acceptance studies are presented. The thesis closes with an outlook and conclusion
in Chapter 10.

1.6. Joint work
It is important to note that several works outlined in this thesis are result of joint
works with multiple collaborators. These are Robert Shorten, Arieh Schlote, Emanuele
Chrisostomi, Mahsa Faizrahnemoon, Ilja Radusch, Jia Yuan Yu, Wynita Griggs,
Rodrigo Ordóñez-Hurtado, Kay Massow, Stefan Lobach, Thomas Hecker, Astrid
Bergmann, Kevin Rhinow and Bartek Rytt. In the opening introductions of each
chapter, relevant joint works are highlighted.
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Summary: This chapter sets the scene by giving an overview of selected state-of-
the-art applications in ITS research. It is shown that the applications proposed in this
thesis have a different character than most available ITS applications as they imple-
ment real collaboration among vehicles to address broader, more general objectives.
Furthermore, domain-specific design constraints for applications are outlined. All ap-
plications proposed in the subsequent chapters consider these requirements.
Some aspects of the design constraints or requirements have been published in [75] -
a joint work with Mahsa Faizrahnemoon, Emanuele Crisostomi, Arieh Schlote, Ilja
Radusch and Robert Shorten - or were briefly named in a non-published collaborative
work with Mahsa Faizrahnemoon as part of the research project TEAM.

2.1. Cooperative applications in ITS

Research in ITS has many facets. Surveys of the topic are mainly targeting com-
munication protocols to enable V2V or V2I communication [30, 101, 104], including
a broad discussion of security and privacy aspects [44, 16, 64] and ITS applications
itself [88, 144, 71, 182]. There are many ways to group ITS applications. Many works
allocate them to one of three groups: safety, convenience and efficiency [152], other
distinguish more groups such as the ISO, which identifies eleven service domains (ISO
14813-1, also outlined in [182]).

Vehicular communication technology commonly refers to ad-hoc networks using in-
dustry standards given by IEEE and ETSI. Both define similar communication stacks
(DSRC and ITS G5 respectively) and share the same physical and access layer (IEEE
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802.11p). While such vehicular ad-hoc networks are not yet deployed on the mass
market, cellular communication is used in the automotive domain already today.

The great majority of applications in ITS developed so far (mainly in the context
of research projects) are active safety applications. Their objective is to avoid traf-
fic accidents [88] (while passive safety approaches aim at minimizing the impact of
accidents). The following list is just a small selection of various approaches and is in-
spired by the list of "high potential" safety-related applications defined by the Vehicle
Safety Communications consortium (VSC) [28]:

• Curve speed warning: Contrary to the general speed limit, the recommended
speed to pass curves may be much less and may depend on dynamic (e.g.
weather) conditions. In regard to a networked vehicle setup, the required in-
formation could be provided by other vehicles or the infrastructure.

• Forward collision warning: CAM messages from the vehicle in front are used
along with knowledge about the relevant ego-vehicle’s status. The likelihood
that they are on a course to collide is computed. Warnings are accordingly
generated to the driver [41].

• Emergency electronic brake light: Similar to the forward collision warning,
the application aims at warning the driver based on CAM messages received
from vehicles in front. The idea here is to utilize the information to adapt a
breaking event even before breaking lights of the vehicle in the line of sight are
signalling [41].

• Approaching Emergency Vehicle Warning: While not being part of the
list of "high potential" applications of the VSC, the application has been devel-
oped by multiple "networked vehicle"-projects such as simTD and DRIVE C2X.
Emergency vehicles broadcast V2V awareness messages to other connected ve-
hicles in the vicinity. The receiving vehicles warn their drivers.

• Intersection collision warning: Location and speed information among ve-
hicles who approach a common intersection is exchanged via V2V or V2I to
monitor other connected vehicles and decrease the risk of collisions. Drivers are
warned and may receive driving instructions to pass the intersection in a safe
way. The basic idea has been implemented in many projects, e.g. [32, 115, 172].
Related (sub-) applications are stop sign violation warning, signal violation
warning, left turn assistant and Stop sign movement assistant [6]. These (sub-)
applications belong to the applications named by the VSC.

• Lane change warning: Based on received CAM messages from nearby vehi-
cles, the driver is alerted when there is a vehicle in the blind spot while the
driver is about to change the lane. The application itself has been proposed
and described in various contexts, among others in [5].
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• Hazardous location notification: Connected vehicles or road side ITS sta-
tions signal (via DENM messages) to other vehicles about hazardous locations,
such as obstacles on the road, construction works or any other hazardous con-
ditions. Warning in the ego-vehicle are generated based on this information.

As stated before, ITS research is commonly focussing on demands of active safety and
related requirements. Examples for such requirements are that V2V communication
latencies should be below 100 milliseconds and lane-level position accuracy should be
reached etc. A good overview is given in [71, 88].

The proposed applications in this thesis have a different character than the ones
briefly outlined before. That is the reason why the majority of available require-
ments in given overviews are not helpful in the design phase of core algorithmic
approaches within this thesis. Requirements, which are more relevant in this work’s
context are listed in Section 2.2.

The most interesting application group of the aforementioned three groups is the
one that targets traffic management, control and efficiency. In most contexts, the
group includes applications where cooperation among vehicles is not necessarily fore-
seen (e.g. regulatory and contextual speed limit notification [88] or green light optimal
speed advisory [67]). The following list is limited to those applications where cooper-
ation and aligned strategies of vehicles is exploited to reduce emission, improve traffic
throughput etc. With this assumption in mind, the list becomes rather short. How-
ever, it must be stated, that there are recent developments, which aim at implement-
ing collaborative strategies including feedback loops in ITS such as [142, 165, 166],
as well as the work done within the Green Transport and Communications Networks
project funded by the Science Foundation Ireland (SFI) and the European research
project TEAM1:

• Cooperative or collaborative adaptive cruise control: Using V2V com-
munication, vehicles exchange information about locations, speeds and headings
with vehicles ahead and behind. Based on this information the application ad-
justs (or recommends) the speed. In addition, I2V communication is used to
inform about speed limits such that these are respected. One of the objectives
is to improve the overall traffic flow and to control overall traffic emission. The
application is developed within the TEAM research project. Ordóñez-Hurtado
et al. described an interesting version of the basic idea in [126].

• Vehicle-highway automation system (platooning): The approach is an
extension of the cooperative or collaborative adaptive cruise control. Vehicles
exchange information with other vehicles in the vicinity to form a dense, high-
speed platoon. The objective of the application is to lower air resistance of
vehicles, safe energy and lower emission. The application has a long history

1See www.collaborative-team.eu
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in ITS research and has been implemented by various research groups. [15]
provides a dedicated survey on platooning projects in ITS.

• Collaborative driving and merging: The applications aims at improving
traffic safety and increase traffic flow by helping two or more vehicles, which
interact in a lane change or lane merging scenario. The application provides
aligned driving recommendations to involved drivers [79].

• Collaborative eco-friendly navigation: The application includes a routing
service and a route guidance engine. A centrally deployed routing engine cal-
culates routes for all vehicles, which request a route. The routes are aligned
in a way that optimizes the overall traffic throughput. The basic idea of the
algorithm is introduced in [84]. It is compared to the routing approach in this
thesis in Section 6.4. Implementations are done within the context of the TEAM
project [79] and the Green Transport and Communications Networks project.

• Collaborative smart intersection for intelligent priorities: With help of
V2I communication, the application aims at improving (public) transport ser-
vice, by giving priority to selected vehicles (here public transport vehicles). The
basic idea has been implemented already using other (less flexible) technologies
such as optical sensors and induction loops. In this application, vehicles send
their intended destination to an intersection. The traffic flow is regulated by
the traffic light based on the number of vehicles that will follow in each direc-
tion [79].

• Parking allocation: Schlote et al. introduce a stochastic allocation scheme
for connected vehicles to parking garages in [142]. The application provides
recommendation for parking garages aiming at filling the different garages with
vehicles in a balanced way.

2.2. Specific design constraints in ITS

As stated earlier, the main focus in ITS research has been put on the development
of active safety applications (and the enabling communication technology). Thus,
requirements collected so far (such as in [88, 71]) have an according focus. These
kind of requirements are not repeated here.

Solutions for network resource allocation problems in the context of the internet
are at a mature stage and do typically involve large scale decentralised control and
optimization problems. This latter feature makes algorithms from this community
attractive in a transportation context. Relevant ideas in this direction include the
Kelly framework [90], RED [156, 27] and AIMD congestion control [149].
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Figure 2.1.: Communication links between ITS stations.

However, when applying control and optimization algorithms in the context of ITS
applications, domain-specific considerations should be considered - and respected. In
this section, an overview on these particular constraints of ITS are presented. They
have a great impact on the actual design and deployment of the central algorithmic
mechanisms.

2.2.1. Processing capabilities

The basic architecture of ITS is shown in Figure 2.1. It includes the Vehicle ITS
Station (VIS), the Roadside ITS Station (RIS), the Central ITS Station (CIS) and
the Personal ITS Station (PIS). A general overview on the ITS (communication)
architecture is available in the ETSI standardization documents2 and many other
publications. Regarding the processing capabilities, it is assumed, that the computing
power of VIS, RIS and PIS is limited, while the CIS may have access to powerful
machines and are capable to perform large and complex tasks. This needs to be kept
in mind, when deciding where computing intensive jobs should be performed.

2.2.2. Communication aspects

As shown in Figure 2.1, various communication links in ITS exist. They are named
from a1 to e2. In the following the most important ones are discussed.

2See http://www.etsi.org/technologies-clusters/technologies/intelligent-transport
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There are various means of communication technologies to send information from the
central authority (here CIS) to the VIS (a1). The most efficient way is probably via
broadcast communication. In fact, infrastructure-to-vehicle (I2V) broadcasts are the
most common and well-established communication link so far. The required tech-
nologies are already available in most vehicles, such as the traffic message channel
(TMC), which is broadcasted using FM radio. A central feature of broadcasting is
that the total communication effort is scalable as it does not depend on the number
of vehicles in the fleet.

Obviously, another possibility to establish this link is by I2V unicast communication.
That requires direct communication from the central infrastructure to individual users
using cellular networks. Here, the communication effort depends on the number of
vehicles directly. Sending information from the CIS to the VIS could also be done by
traversing the RIS (b1 and f2). The communication link between CIS and RIS (b1) is
commonly implemented using cellular communication or by wired broadband links.
The link between RIS and VIS (f2) is established by an ITS G5 vehicular ad-hoc
network.

The communication into the opposite direction (Vehicle-to-Infrastructure, V2I) is
implemented by using cellular networks (a2) or via a roadside stations (f1 and b2).
Obviously, the communication effort increases linearly with the number of vehicles.
In some cases, the communication is implicitly available only. That is, when vehicles
affect features of the environment, which could be monitored by the CIS. An ex-
emplary example for that is when infrastructure sensors such as induction loops, air
pollution sensors are used, which provide information about vehicles’ states or effects.

The information exchange between VIS (c1, c2) and VIS or VIS and RIS (f1, f2) is
again performed via ITS G5. It is assumed, that the communication might involve
multiple via-nodes. That means that a message from one VIS to the other, or from
one RIS to another one VIS (and the other way around) might involve multiple nodes
in between, which store and forward the message (multi-hop communication). More-
over, it is assumed, that V2V communication is stateless.

In general, the exchange of information between entities could be divided into uni-
directional and bidirectional communication: bidirectional V2V (or V2I) refers to a
situation where vehicle i communicates with vehicle j if and only if j can communicate
with i. It must be stated that in such vehicle ad-hoc networks connectivity is very
dynamic as nodes are constantly moving, such that links are established and broken
very often. Also, VISs and CISs have to share limited capacity of the local commu-
nication medium. Therefore, communication in VANETs is often unidirectional and
the system developed should be able to handle this constraint.
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2.2.3. Scalability

According to Neumann, a system is said to be scalable if it can handle additional
users or entities without reasonable loss of performance or increase of administrative
complexity [119]. Scalability is a crucial aspect in ITS design as one system shall
be able to run with few and many participating vehicles. Furthermore, it must be
assumed that the number of participating vehicles is not know. Such consideration
have great impact on the general system architecture and on central control and op-
timization algorithms.

For example, while it might be possible to run complex calculations on powerful
central machines for a few vehicles, it may be impossible if there are hundreds of
thousands of vehicles. At the same time, the communication channel may turn out
to be a bottleneck for large numbers of vehicles, if - for example - vehicles require a
direct exchange of information with all other vehicles.

In the context of core application algorithms, two aspects are most crucial in regard
to scalability. First, the number of vehicles is unknown. Two, the number of vehicles
is varying. In this sense scalable algorithms are those, which work satisfactorily over
large uncertainty ranges with fixed gains and parameters.

2.2.4. Non-homogeneous levels of vehicle participation

ITS is characterized by varying levels of vehicle participation as vehicles leave or
enter the network at any time. Control and optimization approaches must be able to
cope with that. The varying number of vehicles have a deep impact on the system
behaviour. In consequence, common feedback control approaches are not applicable.

2.2.5. User acceptance

Not all valid control and optimization approaches are useful in ITS as they must be
accepted by the participants.

In this context, only most critical aspects are named: First, users could not be forced
to act in a defined way. I.e. when an optimization method defines a behaviour which
is not accepted by the end user (like going a route which is much longer than the
shortest one), the system has to cope with the case, that the user acts differently than
desired and does not comply to the relevant instruction or recommendation. There
a several studies targeting compliance and acceptance of advanced driver assistant
systems (ADAS) especially in the context of routing, such as [21, 19]. Users may act
non-conformant on purpose or by accident. In the context of the applications intro-
duced in this work, applications should give the freedom to the driver to overrule the
recommended actions at any time.
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Second, users are expected to be very sensitive regarding privacy issues, here by
sharing sensitive information with others - especially with a central authority.

2.2.6. Robustness and uncertainty

Robustness is the ability of the system to cope with malfunctioning parts of the sys-
tem. Consequently, a basic requirement to all systems and algorithms is robustness.
A failure of the system in the context of ITS could be a malfunction, a broken or
intentionally misbehaving ITS station or a communication link.

There are various works that look into robustness features and there are multiple
approaches in place: First, there are (coding) techniques, which help to detect and
correct errors happened (to a received message). Second, the critical parts of a sys-
tem (e.g. a central controller) might be replaced by another entity in case it breaks
- the concept is called redundancy. Generally, a distributed character of the system
architecture, where there is no central, critical system part like described in [70] in-
creases the robustness of the system.

Also, the allocation (or optimization) system needs to cope with uncertainties, which
are common for real-world applications in the context of ITS. Examples for works that
handle uncertain parameters are [120, 102], where the road capacity is said to be un-
known [120], where the demand for road network resources is assumed to be unknown
and [106], where the utility functions of travellers is unknown and heterogeneous. A
general overview of this topic in optimization is given in [14].

2.2.7. Delays in the feedback loop

Delays in a feedback loop cause major issues when designing a system controller. In
ITS, there are communication delays and processing delays. Generally, communi-
cation delays in the context of road traffic applications could be neglected (in the
context of the prosed applications) when modern communication technologies and
direct communication links are assumed. At the same time, data from real world
sensors (like loop detectors) could often not be accessed in a high frequency. Such
real-world limitations might be explained by the fact that such systems were not
designed for real-time control applications.

But there are also limitations defined on an application level. One example for that
is routing: Assume a central routing system, which recommends routes where only
links are passed with low pollution values. The delay problem here is, that vehicles
might reach the relevant links on its route when conditions have changed.
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2.2.8. Time discretisation and synchronization

All applications in ITS face a discrete time setting. This is an important state-
ment, since most dynamic systems are described in continuous time using differential
equations. In case solutions from the continuous time domain are transferred into a
discrete time setting, Souza et al. outline in [155] the problem of classical discretisa-
tion methods: they often destroy the sparsity pattern of the original system.

When applying decentralized algorithms, time synchronization is a general issue [168].
Nevertheless, it could be assumed, that there are various solutions for the problem -
especially for ITS related problems. Commonly, it is implemented by using the time
provided by GPS, where time differences of only a small number of nanoseconds must
be assumed [7]. Another way for time synchronization is done by communicating to a
time server on the internet, where there is an accuracy in an order of milliseconds [114]
implemented using the Network Time Protocol (NTP). For most of the applications
in ITS (and all addressed in this thesis) these time differences cause no problem. Still
there are also methods available for P2P-based synchronization. A comprehensive
survey is provided in [167]. Given the numerous possibilities to synchronize the clock
over all vehicles, it is assumed that the time synchronization is no constraint in the
context of ITS.

2.3. Review of potential system architectures

Based on the ITS specific constraints outlined in the previous Section 2.2, four basic
architectures are discussed: a centralized, a fully decentralized using V2V commu-
nication only, a partially decentralized using V2V and V2I communication and the
partially decentralized design without V2V communication. Figure 2.2 illustrates
these basic deployment groups.

In this section, all four configurations are discussed by referring to the aforemen-
tioned design constraints and requirements. Additionally, some selected optimization
mechanisms are named which fit to the relevant setting.

2.3.1. Centralized architecture

The centralized setup is shown in Figure 2.2 (a). It is assumed, that a central au-
thority communicates directly (unicast) to vehicles and that these give individual
feedback. In combination with bidirectional communication with vehicles, this setup
implies that the central infrastructure may do all the computation, may have perfect
knowledge about vehicles’ states, capabilities and could send individual controls to
connected vehicles. While this comes with severe privacy concerns, the setup allows to
implement a great number of control and optimization approaches (i.e. sub-gradient,
Newton, primal-dual-interior point and other methods). Generally, all optimization
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(a) (b)

(c) (d)

Figure 2.2.: Basic system architectures: (a) depicts the centralized setup, (b) the
fully decentralized without any V2V, (c) the partially decentralized without V2V and
(d) the partially decentralized with V2V. The transmission mast icon symbolizes an
infrastructure entity, such as a traffic management centre or some local authority. The
small circles represent vehicles equipped with a VIS. Arrows denote communication
flows. Dashed lines stand for implicit, continuous lines for explicit communication
flows.
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methods could be implemented in such a scenario. Furthermore, the speed of con-
vergence is not affected by the architectural constraints. At the same time, the
communication effort is very high as a lot of information needs to be exchanged. It
increases linearly with the number of vehicles. Another drawback is, that in case the
central authority is not working properly (not considering a redundant setup) the
approach fails completely.

2.3.2. Fully decentralized architecture with V2V
communication

The fully decentralized or fully distributed architecture defines the complementary
setup to the centralized one. The basic idea of the architecture is shown in Figure 2.2
(b). Communication is limited to links between neighbouring nodes. In the context of
V2V communication by ITS G5, the neighbourhood is defined by the communication
range, which could be assumed to be between 100 and 300 m [72].

V2V communication is not necessarily symmetric (see [160]). A central problem of
such a setup is that vehicles have no knowledge about the global state [168] of the
system, which should be controlled (e.g. a defined air pollution limit). It should be
kept in mind that this is not necessarily a problem in all scenarios or applications,
i.e. when resources are strictly limited like the number of parking spaces in the city.
In such a scenario, the constraint could not be violated.

A suitable method for solving optimization problems in a fully decentralized way is
consensus. Consensus problems have a long history in distributed computing [124]
and have broad applications in networked systems, such as flocking, swarming, for-
mation control, multi-agent coordination [56, 17, 82], distributed computing [160]
and sensor networks [125].

An example of a consensus idea is given in the following. Assume one wishes to
optimize the sum of all agents’ (like vehicles) utilities

∑
i ui, where ui depends on the

resource xi allocated to the particular agent. With the constraint xi ≤ C, one may
formulate a classic optimization problem:

maximize
∑
i

ui(xi)

subject to xi ≤ C.

(2.1)

Assume that the agent’s utility functions are strictly convex. Roughly speaking, the
approach follows the mathematical direction outlined below. The Lagrangian of the
aforementioned optimization problem is given by:

L(x1, x2, ..., xn, λ) =
∑
i

ui(xi)− λ(
∑
i

xi − C) (2.2)
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where λ is the Lagrangian multiplier. The Lagrange dual function g(λ) is defined as
the minimum value of the Lagrangian:

g(λ) = min
ui

L(x1, x2, ..., xn, λ) = min
ui

∑
i

fi(ui)− λ(
∑
i

ui − C). (2.3)

In order to minimize the Lagrangian, the derivative is taken and it is

f ′
i(ui)− λ = 0 ∀ i. (2.4)

The solution is given by finding the allocation such that λ∗ =
∂fi(u

∗
i )

∂ui
∀ i, subject to

the linear constraint being satisfied. This problem could be formulated as a consensus
problem, which leads a distributed solution, see [160] (assuming strict convexity of
the utility functions). The consensus problem can be formulated as:

ui(k + 1) = ui(k) + ϵ
∑
(i,j)N

(f ′
j(uj)− f ′

i(ui)). (2.5)

In this approach each node communicates to its neighbours until they reach con-
sensus. The limitation of this method is that the communication between the users
should be symmetric to hold the constraint.

Besides, fully decentralized systems have various (general) features: The processing
load could be partitioned among participating vehicles and communication is limited
by the number of vehicles in communication range. Thus, it is highly scalable. How-
ever, processing capabilities at vehicles are limited and V2V communication is much
more complex than V2I (or I2V, respectively). Furthermore, a fully decentralized
setup is flexible to the number of participating vehicles and is robust to failures of
individual nodes. Privacy is less critical as in a set-up with a central node, since the
vehicles in communication range are changing over time. Convergence is generally
rather slow.

2.3.3. Partially decentralized architecture without V2V
communication

The basic idea here is to have a feedback control loop among a central entity and
the distributed vehicles. In contrast to the centralized approach, it is assumed, that
vehicles do the main work and are only supported by the central instance. Figure 2.2
(c) shows the basic set-up of this approach. The core advantage compared to the
fully decentralized approach is that it is easy to share the overall system state with
all participating vehicles with help of central entities’ broadcasts.

Compared to the centralized approach, a positive aspect in regard to user acceptance
is that approaches could be implemented, where vehicles do not need to share sensi-
tive information - neither with other nodes in the neighbourhood, nor with the central
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authority. The basic architecture allows to implement a wide variety of control and
optimization approaches, while not all methods could be applied (like in the cen-
tralized case). Among others, possible approaches are ADMM and the sub-gradient
method.

2.3.4. Partially decentralized architecture with V2V
communication

The partially decentralized setup with V2V communication is shown in Figure 2.2
(d). While having a rather complex communication architecture, the setup is very
flexible: processing and communication could be shifted to where it is least costly.

The basic idea compared to the partially decentralized setup without V2V communi-
cation is that the link between the central authority and vehicles could be designed
in a more loosely way (e.g. broadcasts of the central entity happen less often or
with fewer details). At the same time, the approach aims at overcoming two cen-
tral limitations of the fully distributed setup: First, it is simple to let the central
instance share information about the overall system state. In effect the symmetric
communication requirement for V2V communication could be relaxed. Second - with
help of the central entity, which exchanges information with all vehicles - the speed
of convergence could be increased (compared to the fully decentralized approach).

An example for such an implementation is described in the following. Let the basic
problem be to allocate available resources, such that the aggregate utility of nodes
is maximized. The problem can be formulated as a consensus problem leading to
a decentralized solution. As said earlier, in the fully decentralized setup using the
consensus approach, there is the problem to hold the constraint of the optimization
problem as individual nodes could not know about the state of the overall system.
The integration of the central authority overcomes this problem as it communicates
with all nodes while it could be assumed, that it has information about the global
state of the system (i.e. air pollution levels, traffic throughput etc.).

One can now formulate the problem as a consensus problem in which an integral
control from the infrastructure is used to modify the approach (see also [95]):

xi(t+ 1) = xi(t) +
1

|S|
∑

j∈S∧j ̸=i

(u′
i(xi)− u′

j(xj)) + γ(C −
∑
j∈S

xj(t)). (2.6)

with S denoting the neighbourhood of the node i, including node i. The Equation
(2.6) defines the update function for the resource allocation. The second term of the
above formula guarantees that a consensus on the derivatives of the utility function
is reached. This part of the algorithm could be implemented in a fully decentralised
way. Vehicles would exchange the gradient of their utility functions u′ with other
vehicles - here the neighbours of vehicle i - and build the average. The third term
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is added to ensure that the the constraint
∑

xi = C is satisfied. Here, the limiting
value C - in case it is not a globally fixed value - needs to be made known to vehicles
at least once in the process. In many cases C is fixed, such that there is no need to
broadcast it periodically. In this case however,

∑
i ui is varying. Thus, it needs to be

made shared with nodes on a regular basis.

An extension of this approach is introduced in [75], where it is shown that the speed
of convergence could be improved by letting users communicate the maximum and
minimum values of the derivatives of the utility functions to the central infrastructure
at each time step. In return, these values are then broadcasted to all users who then
augment their neighbourhood information to incorporate the new values.
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Part I.

Cyber-physical mobility with PHEVs
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3. Controlling air quality with
PHEVs

Summary: This chapter introduces the TwinLin application, which is an example
for a cyber-physical ITS. It is shown how to integrate and how to exploit a large
number of vehicles to control air pollution. TwinLin utilises the advent of vehicle
communication technology and (full) hybrid vehicles to develop effective techniques
to regulate local air emission generated by road vehicles. The basic idea is to place
a feedback loop around all vehicles in a specific region, and use this loop to control
aggregate emissions and - in effect - local air pollution.
Important parts of the work have been published in [141], which is result of joint
efforts with Robert Shorten, Arieh Schlote, Emanuele Chrisostomi, Astrid Bergmann,
Thomas Hecker and Ilja Radusch. Furthermore, the approach has been presented
and demonstrated at the Innovation Ireland / Technische Universität Berlin Science
Colloquium in 2012.

3.1. Air pollution and the limits of state of the art
countermeasures

The TwinLin application shows how hybrid, networked vehicles form a cyber-physical
system (CPS). It addresses the problem of air pollution in urban areas. Before intro-
ducing the approach in Section 3.2, this section emphasizes the air pollution problem
and relevant state-of-the-art countermeasures.
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3.1.1. Air pollution in urban areas

Mobility is a central pillar of today’s economics [53, 127]. According to Eurostat,
4.5 % of Europeans employees work in the sector. Furthermore, it accounts for 4.6 %
of the Gross Domestic Product (GDP) in Europe. Moreover, it says that manu-
factures of transport equipment provide additional 1.7 % of the GDP and accounts
for 1.5 % of the overall employment [47]. At the same time, there are negative im-
pacts associated to mobility - especially in regard to road traffic - on global climate
change, political dependencies, air quality, noise, land use and so forth associated
with mobility. These could be summed up under the term external costs of traffic.
In Germany for example, it is estimated, that the external costs of traffic are 40 bil-
lion Euros. The majority of those (about 90 %) are associated to road transport [110].

The European Environment Agency calculates that greenhouse gas emissions caused
by traffic (including aviation and maritime transport) has increased by around 34 %
between 1990 and 2008. During the same time, greenhouse gas emission caused by
energy industries, has been reduced by about 9 %. In 2008, transport was responsible
for about 25 % of the total EU’s greenhouse gas emissions (CO2) - more than two
third of that are associated to road transport [4]. Clearly, the problem of greenhouse
gas emission is a motivation to develop more efficient solutions and many efforts from
the industry, the authorities are motivated by it.

However, the discussion about pollution caused by (road) traffic is not limited to
greenhouse gas emission. Common vehicles with internal combustion engines also
emit carbon monoxide (CO), volatile organic compounds (VOC), oxides of nitrogen
(NOx) and are causing photochemical smog and ground-level ozone (O3). More-
over, their emissions contribute to the ambient air concentrations of sulfur oxides
(SO3), primary sulfur dioxide (SO2), particulate matter (PM10) and particulate mat-
ter (PM2.5) [45, 154].

At the same time, there are two contrary trends. On the one hand, the level of
air pollution in many urban environments is increasing (especially in mega cities in
developing countries). On the other hand, the society in general is becoming more
and more sensible regarding air pollution issues. It needs to be kept in mind that
there are important differences between individual pollutants. While the emission
of CO2 should generally be decreased to lower its long-term and global impact on
the greenhouse effect, other pollutants such as CO or particular matter have a more
direct, local effect on the human health [26, 38]. This work introduces approaches to
solve the latter problem by shifting the location of the emission from crowded areas
to places, where the impact of pollution is less critical.
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3.1.2. Regulations and activities from automotive
manufacturers and authorities

There are many methods for urban air quality regulation. Selected ones are briefly
introduced in the following.

Some countries are controlling access to areas with high population densities already.
There are various approaches in place, such as low emission zones, pricing strategies,
license plate programs and emission certificates.

A low emission zone (LEZ) defines an area - commonly city centres - where only
those vehicles are allowed to enter which are classified as a low PM10 emitting ve-
hicles, while high polluting vehicles are banned from entering such zones. Germany
has been established 48 LEZs (called Umweltzone) [174]. On an EU-wide level, more
than 150 LEZs have been implemented [185].

An alternative kind of driving restriction is called the cell-based approach. The basic
idea here is to avoid letting vehicles to navigate through a third cell of the traffic
network when they wish to travel from one cell to another. That means, that vehi-
cles are allowed to drive within any cell, when it covers its departure or destination.
On the contrary, they are forced to circumnavigate some third cell in between. As a
result, those vehicles use ring roads. Athens, Amsterdam, Barcelona and Tokyo have
set up such systems [185].

Pricing- or incentive-based policies have been established in London, Milan, Singa-
pore and Stockholm. Here, the objectives to reduce pollution in the inner city is
attempted by charging cars for entering the city [185].

A license plate program has been installed in various locations, especially in several
South American cities like Mexico City (1989), Bogotá (1998) and Sao Paulo (1997),
San Jose (2005), La Paz (2003) and Honduras (2008). On given weekdays it is pro-
hibited to enter relevant parts of the city with vehicles which have certain license
plates (e.g. if the last digit of the license plate is even or odd). The city of Beijing
set up an equivalent restriction rule during the Olympic games in 2008 [185].

Further, the European Union plans to ban ICE driven vehicles from major cities by
2050 [86]. By 2030, it plans to reduce non-hybrid petrol or diesel-fueled vehicles by
50 % while carbon dioxide-free transport of goods in European metropolitan area is
subsidized [86]. Thus, it could be assumed the number of hybrid vehicles will increase
over the next years. The presented approach makes use of that. Moreover, it exploits
the fact that communication technology is currently conquering the automotive envi-
ronment and will soon be deployed to the majority of vehicles in the western world.
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Another instrument to control the overall emission is the European Union Emission
Trading System (EU ETS). The system is designed as a cap and trade approach.
That means that the overall emission shall be decreased by issuing a the limited
number of certificates that give the right to pollute to their owners. At the same
time, the allocation of certificates should be optimized by the possibility to trade the
certificates.

In parallel to such programs from the authorities, citizens demand cleaner vehicles
from vehicle manufacturers. They are under constant pressure to improve their ve-
hicles accordingly. One of the main instruments to accelerate the development of
cleaner vehicles is most probably tax for gas, which reinforces consumers interest for
cleaner vehicles. In Germany, the energy tax respects different types of fuels and they
are also related to their environmental impact. For instance, in 2013 in Germany,
tax on liquefied petroleum (LPG) was about 16.6 ct/kg, for compressed natural gas
(CNG) 18.03 ct/kg, 65.45 ct/l for petrol, and 47.04 ct/l for diesel [49]. Moreover,
the European Commission (EC) signed voluntary agreements with the European Au-
tomobile Manufacturers Association (ACEA), the Japan Automobile Manufacturers
Association (JAMA) and the Korea Automobile Manufacturers Association (KAMA)
to reduce CO2 emission to 140 g/km for the relevant associations’ fleets until 2008 and
to 130 g/km until 2015 [35]. All these facts cause that car manufacturers invest a lot
(about a third of their overall R&D budget) into activities to decrease fuel consump-
tion or emission [180]. The example is typical for many approaches, which address
singular vehicles. But in fact - at least in regard to many aspects - it addresses the
pollution problem just indirectly. Air pollution is caused by multiple factors and a
single vehicle is only one of it.

However, even though these measures are welcomed, they have serious weaknesses.
Roughly speaking, they suffer from three main drawbacks [140].

• Open loop measures: All of the mentioned instruments are open loop ap-
proaches. Thus they are not adaptive to actual conditions. That means that
the regulation does not consider if there is only one vehicle in a spatial area
(e.g. in the middle of the night), or if there are millions of vehicles in the same
area. Furthermore, they do not consider emission by other sources, such as
households or the industry. But the combination of particular circumstances
are often the reason for critical conditions. In Salt Lake City 2013, weather con-
ditions caused that soot from car exhaust and industrial emissions promoted
toxic smog, such that doctors were calling to declare a public health emergency.
In 2015, Paris prohibited vehicles to access the inner city because of air pollu-
tion [1]. State-of-the-art instruments as outlined above are open loop measures,
where the controller cannot compensate for changes in the system.

• Per vehicle measures: The degradation of air quality results from the aggre-
gate effect of vehicles. Enforcing per-vehicle measures (unless all vehicles are
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banned) that target singular but not all vehicles in an integrated way, takes (al-
most) no account of this effect. In fact, the impact of the increasing number of
cars (based on features of registered vehicles) outweighs the emission decrease
of the individual vehicle [58]. That means that the overall emission caused by
individual road traffic is increasing even though individual vehicles consume and
emit less. Thus, per vehicle measures are not suited to control the aggregate
level of pollution (which affects physical health or climate conditions).

• Invasiveness: All of the named instruments are highly invasive. They may
even have unintended consequences for the city. Forcing vehicles away from
particular zones may lead to congestion elsewhere and may cause negative socio-
economic effects for the relevant area.

3.2. Objectives

The European Parliament set-up the directive 2008/50/EC on ambient air quality
and cleaner air for Europe, which defines air quality standards and thresholds per
pollutant to protect human health and the environment as a whole [130]. The direc-
tive defines thresholds for sulphur dioxide, nitrogen dioxide and oxides of nitrogen
and carbon monoxide, benzene, particulate matter, (PM10 and PM2.5) and lead ozone
and related NO and NO2 [130].

In the context of this work, the pollution control problem could be described in the
following way: Develop a control system such that the aggregate emission of HEVs
is controlled in way such that given air pollution limits li are not exceeded. This
basic objective could also lead to an optimization problem, where the objective is
to minimize the aggregate emission of vehicles. The basic motivation for the control
approach (in contrast to the optimization objective) is the following assumption: it
is beneficial to allow vehicles to emit pollutants as long as the given limit is not
exceeded. Even though the aggregate emission in such a setting is assumed to be
greater than in a minimization setting, the advantage of allowing more emission is
that it generally provides more freedom, which could be exploited to increase the
utility in regard to other aspects of the system (e.g. economic benefits, increased
user acceptance, etc.).

Generally, air pollution has multiple features (sulphur dioxide, nitrogen dioxide and
oxides of nitrogen and carbon monoxide, etc.). Accordingly, given limits target mul-
tiple pollutants. However, the objective here is limited to target a scalar value only.

More specifically, the objective is to control CO pollution to a reference value w∗

with w∗ ≤ lCO. The system is controlled to w∗ (and not to lCO) to guarantee that
the actual pollution limit is not (or only during very few and short times) exceeded.
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3. Controlling air quality with PHEVs

The basic idea of the embedded control loop is illustrated in Figure 3.1.The control
algorithms are deployed to the central entity, here the Central Control Center and is
fed with the difference e(t) = w∗ − yb(t− 1). The output of the control algorithm is
the control variable u(t), which is broadcasted to all HEVs in a specific region - the
Controlled Region.The aggregate emission of the vehicles in this region is defined by

yp(t) =
N∑
i=0

yq,i(t). In case there is no additional polluting source such as households

etc., it is y(t) = yp(t) with d(t) = 0; otherwise it is y(t) = q(t) + d(t). The measured
air pollution is called ym(t). The feedback element calculates the filtered emission
value yb(t) = λym(t) + (1− λ)ym(t− 1), which serves as the feedback signal.

The TwinLin application aims at providing a solution that overcomes the drawbacks
of state-of-the-art countermeasures outlined in Section 3.1. Accordingly, it should:

• respect the aggregate effect of vehicle emission,

• grant that critical emission levels are not violated,

• be highly adaptive to actual air pollution levels and should be able to react fast
to changing conditions,

• not be invasive in the sense that it should not force users to act in a specific (in
particular non-attractive) way.

Figure 3.1.: Emission control loop.

Figures 3.2 and 3.3 depict the general objective to control the aggregate effect of
vehicles. Assume, that vehicles are the only source of pollution and that there is a
pollution level that should not be exceeded (depicted in both Figures 3.2 and 3.3
by the dotted line). The bold grey line indicates the emission by vehicles. Without
any aggregate control, emission follows the number of vehicles (Figure 3.2). The
high level objective of the aggregate control approach TwinLin is to keep the given
emission threshold as shown in Figure 3.3.
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Figure 3.2.: Typically pollution levels follow vehicle density.

Figure 3.3.: By controlling the aggregate emission pollution is decoupled from vehicle
density.
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The key idea of the TwinLin application is to use the batteries of hybrid vehicles to
uncouple the gasoline combustion from the emission geographically. In other words,
the application allows that the location and time of vehicle emission is different from
the time and location of the energy consumed for mobility. Compared with fully elec-
tric vehicles, which shift the emission (if any) rather statically to power plants (and
to relevant production facilities1), hybrid vehicles are able to switch from ICE to EV
mode and could thus decide where their emission has the smallest impact. That is
highly valuable since vehicles are often driving through high density areas like inner
cities, where additional emission is not wanted. By switching into EV mode, they
shift the emission to regions where they could run in ICE mode (like industrial areas
or sparsely populated regions).

In contrast to fleets of fully electric vehicles and vehicles with internal combustion
engines only, a non-invasive control approach using full hybrids is possible, which al-
lows to control the manner in which pollution is delivered into the environment [140].
By orchestrating the way in which a fleet of such vehicles switches modes, one is able
to regulate pollution levels. The switching is orchestrated based on a function of
aggregate pollution levels.

Based on estimated pollution level measures, a feedback loop is created that allows
hybrid vehicles to change the powering mode according to emission characteristics.
With such an orchestrated switching approach, aggregate emission (and pollution)
could be controlled such that it remains below a safe, pre-described threshold.

3.3. Requirements and assumptions
Before discussing possible control approaches for the TwinLin application, this section
provides a brief overview on basic assumption and requirement. They are based on
the design constraints outlined in Section 2.2:

• Aggregate emission: Defined pollution levels should not exceed pre-described
levels in certain geographical area.

• Best effort behaviour: The application should be able to cope with vehicles
entering and leaving the controlled region.

• External influences: Vehicles’ behaviour should respond to (uncontrolled)
sources of emission.

• Fairness: Dirty cars (e.g. cars of Euro emission class 1) should not be able to
pollute more than clean vehicles.

1In this thesis, the emission related to the full life cycle of vehicles - which goes beyond the emission
related to the actual movement - is not regarded. In a general discussion about electric or hybrid
vehicles, it must not be neglected that this does also cause pollution of its components [57].
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• Stability and convergence: The application shall converge to a state where
the desired pollution limit is met. It shall preserve this state over time.

• Privacy: The application should secure privacy of individual vehicles (drivers).

• Scalability: It is required that the system could handle a small number of
vehicles as well as a large number of vehicles.

• Freedom of choice: The application should consider that fact, that partic-
ipants should have the freedom to misbehave (in the sense that they do not
comply to the recommended behaviour). In the context of the application,
there might be some users who users, who wish to use one mode only and who
would thus not follow a recommended behaviour. The requirement is that the
application must not fail because of singular non-compliant participants.

The implementation of the concept comes with some assumptions. The most impor-
tant ones are listed in the following.

• Vehicle intention: The objective of each vehicle is to use as little battery
power as possible. This assumption seems counter-intuitive at the first sight.
But there are some aspects that support this assumption. For example when
access to certain parts of the city is restricted to zero emission vehicles, it might
have the effect that HEVs wish to reserve relevant battery power to be able to
access the zone in EV mode. More important is that this assumption comes with
a worst case scenario in regard to the control problem: Vehicles with another
interest than driving as often as possible in ICE mode (in the controlled area)
could only lower the aggregate emission but not worsen it.

• Shares of HEVs: It is assumed that a considerable amount of full hybrid
vehicles is deployed. In the simulations introduced later in this chapter, all
vehicles are capable to switch from ICE mode to electric mode.

• Communication capabilities: All of the considered vehicles are able to re-
ceive messages sent by the traffic management centres (or the relevant infras-
tructure). Communication networks cover all relevant locations at any time.
There is no explicit V2V communication and no bidirectional V2I communica-
tion needed.

• Air quality information: The central entity broadcasts control information
based on air quality measures. It has access to perfect air quality data. Pollu-
tion levels in a geographic area can be measured or estimated without explicit
communication from the vehicles.

• Static pollution limits: Pollution limits are assumed to be fixed over time.
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3. Controlling air quality with PHEVs

3.4. Traditional control approaches

The first control strategy uses a discrete implementation of the classical PID controller
which is given by Equation (3.1):

pPID(t) = Kpe(t) +Ki

∫ t

0

e(t) +Kd
d

dt
e(t) (3.1)

with e(t) = l∗ − yb(t), see Figure 3.1. The problem can viewed as a classical Lur’e
problem [89, 150] when the system is (1) modelled by a sector-bounded plant with
a non-linear, time-varying behaviour, (2) a noise term is added to the plant’s out-
put to account for stochastics and (3) an averaging filter is applied to the feedback
signal. The stability of such systems can be guaranteed by selecting proper control
gains [150].
However, applying the Lur’e framework is not satisfactory: it models a determinis-
tic system with an additive noise term while the system to be controlled here is a
true stochastic one. Therefore, an exact analysis (for a simple integral controller)
has been developed in [140] and further analysed in [139]. Both references include
the proof of stability assuming that the integral controller gain is K < 1

yICE
p

with
yICE
p =

∑
i y

ICE
q,i (t) (where yICE

q,i denotes the vehicle’s emission which runs in ICE
mode, see also Figure 3.1).

Simulations described in Section 3.8 will show further characteristics of the algorithm.
Even though gains of the controller are fixed, the approach is capable to handle
varying numbers of participating vehicles.

3.5. Multiple increase multiple decrease and random
early detection

Alternative algorithms, which could be utilized to address a similar problem setup
are the multiple increase multiple decrease (MIMD) and the Random Early Detec-
tion (RED) control algorithms. These approaches are widely used in the context of
internet technology, e.g. [159, 52]. Generally, the algorithms are used to implement
a better control and to avoid congestion. Network engineers wish to use the given
resource (the network) in a most efficient way. That means the limited bandwidth
shall be allocated to senders in a way, that the overall utility is maximized. In other
words, network congestion shall be avoided while utilizing the available bandwidth
most efficiently. The general setup is thus very similar to the pollution control prob-
lem.
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3.5.1. Multiple increase multiple decrease (MIMD)

The first algorithm coming from the networking community is MIMD. Applied to
the given context, the general goal is to keep the filtered emissions yb(t), t = 0, 1, ...
within some interval [ymin, ymax], see Figure 3.4.2

Figure 3.4.: Aggregate emission controlled with MIMD boundaries ymax and ymin.

With the assumption in mind that vehicles might choose the EV mode more often
than assumed here, the resulting yb(t) is an upper bound for the emission. To this
end two factors ad and ai satisfying 0 < ad < 1 < ai are chosen to apply the AIMD
algorithm. In effect, the probability p is updated according to:

p(t+ 1) =

⎧⎪⎨⎪⎩
adp(t) if yb(t) > ymax with 0 < ad < 1

aip(t) if yb(t) < ymin with ai > 1

p(t) else.
(3.2)

MIMD is designed for quick convergence and fast reaction to changes in the system
and disturbances. However, the parameters ad and ai have to be adapted to the
specific system. If they are too close to 1 then convergence will be very slow. If they
are too far apart from 1, oscillations could be observed. A possible countermeasure
is to choose a good filter for the emissions.

2The discerning reader may question the approach. Namely, why it is not aimed at minimizing
the aggregate emission. In this approach, emission is allowed as long as the aggregate emission
does not exceed critical limits. The motivation for that is that there might be parallel objectives
which could be better achieved if vehicles are allowed to emit as much as possible.
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3.5.2. Random early detection (RED)

An alternative approach to avoid congestion problems in the internet (while utilizing
the available resources most efficiently) is the RED algorithm [156]. The basic idea
of RED (which is intended to be deployed at network routers) is to adjust the proba-
bility to accept incoming packets based on the filling level of the router’s buffer. This
is done in a way that the acceptance rate decreases with an increasing buffer filling
level. Applied to the ITS scenario, RED adjusts the probability of a car switching
into EV mode according to a non-linear function of the average pollution levels yb.
An exemplary RED probability curve is depicted in Figure 3.5.

Similar to the MIMD algorithm, it is not only an upper bound ymax defined but also
a lower bound ymin and the control objective in RED is to maintain pollution levels
between these two thresholds. The argumentation for the approach to allow as much
emission as possible could be transferred from the MIMD section (Section 3.5.1).

The motivation for the approach is the hypothesis that there exists - for a range of traf-
fic densities - an equilibrium probability p∗ corresponding to y∗ with ymin ≤ y∗ ≤ ymax

and that it is stable and that the system converges to it.

The system deployment architecture is again very simple: It is assumed that there
is an infrastructure, which knows about the latest, measured pollution values ym(t).
The probability that this is broadcasted to all the vehicles is adjusted according to
an update function, such as defined by Equation (3.3) [140].

pEV (t+ 1) =

⎧⎪⎨⎪⎩
1 if yb(t) > ymax

0 if yb(t) < ymin

pmax(t)
yb(t)−ymin

ymax−ymin
else.

(3.3)

The stability of RED has been widely studied and proven in the context of inter-
net congestion control [157]. See for example [27], where RED is emulated in a
distributed fashion. Unfortunately, no firm guidelines exist on configuring RED pa-
rameters (ymax, ymin, RED function f). That means that the probability curve is
based on a range of vehicle densities.

Not all setups can be accommodated using a single curve; it would require adjustment
of f based on feedback. There are approaches to do this, see for example [52, 29]. In
this regard however, a concern is the performance of the algorithm in the presence of
rapidly varying traffic densities.

A key character of a well-configured RED control is that it implements a fast con-
verging and adaptive control system.
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pEV (t+ 1)

yb(t)ymaxymin

pmax

0

1

Figure 3.5.: Adjustment of p(t) according to the (averaged) pollution measure mf (t)
and with a RED-like feedback control loop.

Regarding the fairness aspect, the classic RED implementation, explicit fairness mea-
sures are not considered [55]. However, it is fair if senders have homogeneous param-
eters [103, 8]. Extensions of the classic RED approach exist which implement fairness
also with heterogeneous clients, such as [103, 8].

The implementation here could be done in two ways, which lead to the same re-
sults: first, the infrastructure is running the update function f based on air pollution
measurements and broadcasts the inferred probability p. The second way for an
implementation is that the infrastructure broadcasts the air quality measures and
vehicles run the update function f themselves.

3.6. Additive increase multiple decrease (AIMD)
The AIMD control approach is similar to the MIMD and RED algorithm introduced
in Section 3.5.1. Again, the objective is to maintain the control value between pre-
defined levels. The AIMD algorithm is defined by Equation (3.4).

p(t+ 1) =

⎧⎪⎨⎪⎩
αp(t) if yb(t) > ymax with 0 < α < 1

p(t) + padd if yb(t) < ymin with padd > 0

p(t) else.
(3.4)

The basic idea for AIMD algorithm introduced in [31] consists of two parts: the ad-
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ditive increase part and the multiplicative decrease part. Applied to the TwinLin
application, the probability to drive in ICE mode is constantly increased by an ad-
ditive term as long as the pollution threshold is not exceeded. In the multiplicative
decrease part, the probability is lowered by some multiplicative factor. Stability,
convergence and fairness of AIMD have been widely discussed including the initial
AIMD publication [31]. A central benefit of AIMD is that it is scalable in the sense
that AIMD parameters do not depend on the number of participating vehicles.

The implementation of the algorithm for the TwinLin application is very different
to traditional control approaches and to the implementation of the aforementioned
algorithms MIMD and RED. The main reason for that is, that the way it is imple-
mented here could be extended to implement network utility maximization based on
the findings from [183]. It is briefly described in the following. The starting point
for the implementation is, that it should aim at controlling the emission of vehicles
over a particular time window of e.g. 10 seconds. Accordingly, a set value for the
sum of emissions from all vehicles over that time window is defined. Each time the
air pollution exceeds this limit, the central infrastructure broadcast a relevant event
notification. Receivers of this broadcast (the hybrid vehicles) apply AIMD to an in-
dividual emission threshold. They update (lower) their (private) emission threshold
by multiplying it with α. In case no broadcast is generated - as the overall emission
threshold is not exceeded - vehicles increase their emission threshold with the addi-
tive term when the time window has ended. With a start of a new time window,
the updated emission limit (or budget) is fully available again. Independent from
the available budget, all hybrid vehicles switch to ICE mode at the beginning of the
new time window. They last in ICE mode as long as they do not receive the binary
information from the central infrastructure saying that the overall emission threshold
is exceeded or as long as they have not exceeded their private emission budget.

3.7. Short comparison of proposed algorithms

As a short summary of the the previous discussion of PID, MIMD, AIMD and RED,
the Table 3.1 is presented for a quick comparison.

PID MIMD AIMD RED
Fairness + + ++ +
Best effort - 0 + 0
Stability & Convergence ++ + ++ ++
Communication Effort - 0 ++ +
Scalability - - + 0

Table 3.1.: Comparison of selected control algorithms in for aggregated pollution
control. The “+” stands for a positive assessment, “0” for a unclear or non-applicable
assessment and “-” for a negative assessment.
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3.8. Simulations
This section describes the simulations performed to assess the pollution control ap-
proaches outlined in Sections 3.4, 3.5 and 3.6. The traffic simulation tool SUMO
is used. If not stated otherwise, simulations aim at controlling CO emission. Note,
that the approaches could easily be applied to any other pollutant or scalar set value.
Emission is calculated using the HBEFA model or the emission modelling from [24],
respectively.

3.8.1. Vehicle emission without control

The first simulation is performed without applying any control strategy. It is assumed
that all vehicles run in ICE mode. It serves as a reference and underlines the basic
motivation to uncouple the extend of emission from the number of vehicles in the
network.

The simulation setup is based on an entirely artificial road network. Road traffic is
generated in a grid-like network, where streets intersect orthogonally. It is illustrated
in Figure 3.6. For the purpose of the simulations, cars enter at five different points

Figure 3.6.: Simple road network used for initial simulations.

in the network and drive along random routes. For 10,000 seconds the number of
vehicles in the network is increased until 2000 cars have entered. The simulation
continues for six hours. It is assumed that all cars are petrol electric hybrid cars with
weight below 2.5 tonnes and with combustion engines larger than 2000 cc (this corre-
sponds to an average passenger car). Further, a emission-class mix is defined for the
vehicles which is based on the average distribution in Germany: Euro emission class
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4 by 88 %, class 3 by 9 %, class 2 by 3 %, and class 1 by 0.4 %. All this information
is included in the simulation scenario setup for the purpose of emission modelling.
The evolution of the number of cars over time in the network is depicted in Figure 3.7.

Figure 3.7.: Number of vehicles over simulation time for the simulation described in
Section 3.8.1.

Figure 3.8 shows the evolution of emissions over time in this uncontrolled scenario.
As initially stated, the amount of emission follows the number of vehicles in the
network. This relationship would also hold, if there were some hybrid vehicles running
in EV mode in a random fashion. With the help of the aforementioned control
strategies, this relationship is broken. This will be shown with help of simulations
introduced in the following sections.

3.8.2. Integral control of vehicle emission

The first control approach simulation uses an integral control strategy applied to the
same simulation scenario as described in the previous section. A set value of 50 grams
of CO emission per minute is defined. The evolution of the emissions and the corre-
sponding evolution of the broadcasted probabilities is shown in Figure 3.9. Note that
the picked pollution target values were selected arbitrarily but can easily be adapted
to any other level.

The second simulation of the integral control approach is based on the same sim-
plified grid as before. The main difference to the previous simulation setup, that
congestion could be observed in the network. This simulation shows the impact of
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Figure 3.8.: Evolution of vehicle emission, who run in ICE only. It could easily be
seen that it follows the number of vehicles in the simulation (see Figure 3.7).

Figure 3.9.: Evolution of emission and broadcasted probabilities of the first integral
control simulation described under the Simulation 2 heading.
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traffic conditions on the performance (in fact it still works well) of the integral control
approach. The number of vehicles over a simulation time of 2500 seconds is shown
in Figure 3.10.

Figure 3.10.: Number of vehicles over time in the simulation setup where congestion
is observed.

While the control value is maintained (see Figure 3.11), the critical reader may ask
why the number of vehicles driving in ICE mode is increasing while the emission
is maintained during the same time, see Figure 3.12. The reason for that is the
observed congestion. The underlying emission model assumes that emission depends
on vehicles’ velocities. As shown in Figure 3.13 the congestion lowers the velocity of
vehicles. Accordingly the mean emission of CO decreases as well (Figure 3.14).

The next simulation is based on a setup which is equivalent to the first simulation
setup described within this section. The only difference is, that there is an extra
source of CO emission added, which is not controlled. From minute 180 to 270, it
contributes 30 grams of CO per minute. The performance of control approach with
the external pollutant is depicted in 3.15. The light grey coloured series shows the
aggregate emission (including the external source of emission), the black coloured
series shows the emission of hybrid vehicles only.

3.8.3. Vehicle emission controlled by MIMD

Based on the same simulation setup as before (with and without external source of
emission), the central controller uses a MIMD controller now. In contrast to the
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Figure 3.11.: The approach works well with varying traffic conditions - the control
value is maintained.

Figure 3.12.: Number of vehicles driving in EV and ICE mode over simulation time
in the congested scenario.
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Figure 3.13.: Average velocity over simulation time. It is decreasing as the network
becomes more and more congested as long as the number of vehicles increases (see
Figure 3.12). When the number of vehicles decreases, the average velocity increases
again.

integral control approach, the algorithm aims at to keep the value of the emissions
between 40 and 60 grams every minute. Again, it is the central controller, which
updates updates and broadcasts probabilities. Figure 3.16 shows the probabilities
broadcasted and the aggregate emission without any external emission sources, Fig-
ure 3.17 with the external pollutant.

3.8.4. Vehicle emission controlled by RED

The next simulation uses an RED-like approach as introduced in Section 3.5.2. The
central controller updates the broadcasted probability aiming at to keep the value
of the emissions between 40 and 60 grams every minute - equivalent to the MIMD
simulation before. The same network and flow of vehicles serves as the basis for the
simulation again. Figure 3.18 shows the evolution of broadcasted probabilities and
aggregate emission for the setup without the external pollutant, Figure 3.19 with the
external pollutant (again with the same characteristics as before). The performance
of RED is similar - even slightly better - than the MIMD approach.

3.8.5. Vehicle emission controlled by AIMD

As outlined in Section 3.6, the implementation of the AIMD approach differs from the
implementation of RED, MIMD and the integral control. It is assessed with help of
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Figure 3.14.: Average emission of vehicles in ICE mode. The general evolution follows
the average velocity (see Figure 3.13) as the emission model assumes that the emission
depends on the vehicles’ speeds. The great variance in emission at the end of the
simulation is caused by the decreasing number of participating vehicles.

Figure 3.15.: Aggregate CO emission of the controlled hybrid vehicle fleet with ex-
ternal emission source using the integral controller described in Section 3.8.2.
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Figure 3.16.: Evolution of broadcasted probabilities and aggregate emission using
MIMD (Simulation 3 described in Section 3.8.3).

Figure 3.17.: Broadcasted probabilities to drive in ICE mode and aggregate emission
including external source of emission using MIMD again (Simulation 3 described in
Section 3.8.3).
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Figure 3.18.: Evolution of aggregate emission and probabilities of an individual vehicle
using the RED-like approach.

Figure 3.19.: Vehicle specific probabilities to drive in ICE mode and aggregate emis-
sion including external emission source.
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Figure 3.20.: Distribution of vehicles on a work day in the city centre of Berlin. It
follows a characteristic density distribution of vehicles in urban areas.

simulation again. It is assumed that the distribution of vehicle density in the network
follows a common characteristic in urban environments during working days. This
feature is the basis for the following simulation scenario: the characteristic distribu-
tion of traffic load in Berlin has been taken from [59] and [60]. Figure 3.20 shows the
distribution of passenger cars on the road over one working day. The distribution of
European emission standards classes (EURO 4 by 88 %, EURO 3 by 9 %, EURO
2 by 3 %, and EURO 1 by 0.4 %) among passenger cars given for Berlin [65], is
reflected in the distribution of vehicle in the simulation scenario as well. Equivalent
vehicles (regarding weight and fuel type) per group are assumed; no heavy vehicles
are considered. In addition, an even distribution of vehicles’ velocities between zero
and 60 km/h is assumed (which is similar to the Berlin velocity distribution [161]).

To work with a realistic number of vehicles, the distributions are applied to the mean
number of vehicles per day in Berlin allocated to road network links, which is given
by Berlin [60].

In this simulation, the objective is to limit the emission to a set value of 6000 mg
for time window of 10 seconds. The additive term in AIMD is set to 1 mg CO, the
multiplicative term to 0.9.

Figure 3.21 illustrates the sum of emission within a time window. The horizontal

72



3.8. Simulations

Figure 3.21.: CO emission controlled using AIMD.

line depicts the emission threshold. In most cases the threshold is hold. In case it is
exceeded, the infrastructure broadcasts a congestion event to vehicles, see Figure 3.22.

It is assumed, that all vehicles choose to run in ICE mode as long as their emission
budget is not exceeded. They do switch to EV mode when their budget is exceeded
or, when they receive the broadcasts (congestion events) from the central infrastruc-
ture.

Figure 3.23 shows the evolution of private emission budgets over simulation time of
three vehicles. These vehicles were randomly chosen. The structure of the series is
typical for AIMD. Note that the outliers in the private emission budgets (e.g. shortly
before timestep 400 for the emission budget illustrated in blue colour) is caused by
the setup of the simulation: From time to time, vehicles exit the simulation and enter
it again. While they are outside, the emission budget is set to zero. When they enter
again, their emission budget is restored to the value before they exited the simulation.

Figure 3.24 shows the number of vehicles in ICE or EV mode. The aforementioned
behaviour is clearly shown: At the beginning of a time window vehicles run in ICE
mode while most vehicles have switched to EV mode while in the end.
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Figure 3.22.: Timing of congest events broadcasted by the centeral infrastucture.

Figure 3.23.: Private emission limits of vehicles over simulation time in the context
of the AIMD simulation.
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Figure 3.24.: Evolution of vehicle numbers in ICE or EV mode in the context of the
AIMD simulation.

3.8.6. Controlling emission in small areas

Looking at all simulations done before, one may argue that the local air pollution
may vary heavily in the controlled region. To fight this problem, the controlled area
is divided into multiple, smaller zones, which could be controlled separately. In the
following simulation, the controlled area around Rosenthaler Platz in Berlin is split
up into nine (3x3) zones of equal size. The approach aims at controlling the air pol-
lution in all sub-zones to one common value, such that the emission in the overall
area is balanced. In Figure 3.25 the development of emissions in each zone is shown
when per sub-zones are not individually controlled. As expected, the level of pollu-
tion differs among zones heavily. Figure 3.26 shows the development when each zone
is controlled with an individual controller: The level of pollution is harmonized here
among all the zones.

The approach could be adapted easily to control the air pollution to different values,
e.g. one may wish to control air pollution in the vicinity of kindergartens, schools,
hospitals to different levels than in less critical areas.

3.9. Utility functions and a concept of fairness
All algorithms and simulations have shown the effectiveness of pollution control
strategies by achieving a desired level of pollution. This result was obtained by
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Figure 3.25.: Development of air pollution values in each sub-zone in the case where
the complete area is controlled by one controllers only. The air pollution is not
balanced over all areas of the controlled region.

Figure 3.26.: Development of air pollution when each sub-zone is controlled by an
individual controller. Air quality is harmonized in the complete region.
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allowing only some hybrid vehicles to travel in ICE mode, according to a probability
distribution that takes into account the distance between the current pollution level
and the desired one.

Clearly, there are multiple ways in which cars can collaborate to achieve the desired
pollution levels. The freedom can be exploited to address particular objectives. In
the following, an approach is introduced to implement fairness aspects. In order to
do so, a utility function for each vehicle is used to encapsulate the desired level of
fairness between individual drivers. Accordingly, the utility of a vehicle is equivalent
to its emission. Utility fairness thus means, that all vehicles shall be allowed to emit
the same amount of pollution.

In the context of the implementation of PID, MIMD, AIMD and RED controllers,
this amounts to tailoring the probability communicated to each vehicle according to
the properties of that vehicle (e.g., the type of vehicle or the remaining charge in the
battery) or with minimal communication requirements.

3.9.1. Emission class fairness

In the first example, the objective is to equalize the pollution per vehicle over all
simulated emission classes. In other words, clean vehicles should be allowed to travel
in ICE mode more often than dirty cars. Accordingly, each vehicle adjusts the prob-
ability of travelling in EV or ICE mode by considering its own nominal emission level
(i.e., whether it is Euro 1, 2, or 3 or 4). The overall probability pi of the i’th vehicle
to travel in ICE mode is

pi = p · p̃class , (3.5)

where p denotes the broadcasted probability (a higher p leads to more vehicles running
in ICE mode) equal to all vehicles and where p̃class depends on the emission class of
the vehicle. According to the choice of probability (p̃class is lower for dirty vehicles
than for cleaner vehicles), dirty vehicles are less likely to be allowed to travel in ICE
mode than cleaner vehicles. Figure 3.27 shows the adapted probabilities of travelling
in ICE mode for each vehicle class. It could be seen that probabilities vary with the
level of pollution. In general, dirty vehicles, i.e. those belonging to class Euro 1, are
less likely to be allowed to travel in ICE mode than cleaner vehicles (which belong to
Euro emission class 4).

3.9.2. Individual emission fairness

A refinement of the emission class fairness approach presented before is to take into
account the actual pollution produced by each vehicle and to use this as a basis for
the utility calculation for each vehicle: Generally, cars that spend more time driving
in the network produce a more emission. This issue can be addressed in one of the
two following ways:
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Figure 3.27.: Probabilities of travelling ICE mode depend on the emission class of the
vehicle. The probability to travel in ICE mode is lower for dirty vehicles (belonging
to Euro emission class 1) than for cleaner vehicles, which belong to Euro emission
class 4.
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1. Give car i a budget of Ci ≥ 0 of some pollutant. The vehicle is allowed to
expend this budget during a trip or during a certain time. Such budget could
for example be bought by the driver in a pay-as-you-go fashion or there could
be a subscription scheme to do this. The idea then is that the driver can use
his ICE complying with the pollution control algorithm until he or she has used
all his budget. This can be done in a strict fashion, where the compliance with
the algorithm is strict until the budget is used. Another way of doing this is to
adapt the broadcasted probability according to Equation (3.6).

pi = p · p̃individualEmission (3.6)

with

p̃individualEmission =

∑t
i=0 yi(t)

Ci

. (3.7)

If no budget remains, the driver has to use his electric drive or has to leave the
zone or stop the vehicle in both cases.

2. The above approach relies on a infrastructure as it is needed to define bud-
gets. In order to develop a distributed system without any infrastructure, a
budget-free approach is required: Let each car calculate a moving average of
its emissions ȳi(t + 1) = λyi(t) + (1 − λ)ȳ(t). Then a factor p̃pollution can be
computed according to a common function or a function that depends on the
characteristics of the individual car. The individual probability is then calcu-
lated according to

pi = p · p̃pollution. (3.8)

The following simulations apply the first approach. The simulation set-up described
in Section 3.8.1 is used again. Each vehicle receives a budget of 20 grams of CO to
emit over all of its journey. The broadcasted probability is adjusted by each vehicle
according to Equation (3.5). In Figure 3.28 it can be seen that the integral con-
trol algorithm still works well in this scenario. The corresponding evolution of the
broadcasted probability is depicted in Figure 3.29. The evolution of individually
calculated probabilities is shown in Figure 3.30. Figure 3.31 shows the evolution of
individual probabilities according to Equation (3.6). In order to validate the result,
Figure 3.31 shows the average individual probabilities per emission class. Es desired,
cleaner vehicles (Euro emission class 4-vehicles) might drive much more often in ICE
mode as dirty vehicles.

In order to show the fairness effect, the result is compared to the scenario where no
fairness is implemented. Figure 3.32 shows the result of the reference scenario. It
could easily been seen that the differences between vehicles belonging to different
emission classes are very big. I.e. Vehicles of Euro emission class 1 emit about seven
times more than vehicles belonging to emission class 3 or 4. When applying the
fairness approach, the average emission is balanced among emission classes as shown
in Figure 3.33.
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Figure 3.28.: Uncontrolled and controlled pollution in the individual pollution fairness
scenario.
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Figure 3.29.: Evolution of broadcasted probability, which is common for all vehicles.
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Figure 3.30.: Evolution of individual probabilities, it is calculated according to Equa-
tion (3.6).

Figure 3.31.: Corresponding ensemble averages per Euro emission class: the average
probability is different for each emission class.
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Figure 3.32.: Average emission per vehicle per second grouped into emission classes
without any control.

Figure 3.33.: Average emission per vehicle grouped into emission classes when the
fairness extension is applied.
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3.9.3. Case study: Integral control of vehicle emission
implementing utility fairness

The basic idea of the approaches described in the previous section has been, that the
vehicles of the hybrid fleet toss a coin according to the probabilities it has received
from the infrastructure. In order to implement fairness it was proposed to include
a factor which adapts the broadcasted probability considering the emission class of
the vehicles or other vehicle-specific characteristics. This factor was vehicle-specific.
However, finding this factor is very complicated and perfect fairness - in the sense
that all vehicles are allowed to emit exactly the same - is almost impossible using this
approach. In this extension, a perfectly fair implementation is introduced by referring
to the concept of utility (again, the vehicle’s utility is equivalent to its emission).

In contrast to the probability that defines whether vehicles should drive in EV or
ICE mode, the utility (emission) is broadcasted here directly. As it is assumed, that
the controlling infrastructure does not have any information about number of vehi-
cles, an (integral) controller is employed to find the proper value for the value to be
broadcasted y∗.

It is assumed, that vehicles know about their own (private) characteristics and could
- based on the received emission value y∗ - deduce their individual probability to
drive in EV or ICE mode, respectively. The broadcasted value y∗ corresponds to the
expected value E(yi) = wi · yICE

i with the probability pi to drive in ICE mode. The
emission of a vehicle running in ICE mode is assumed to be yICE

i . It was said earlier,
that yICE

i is known to the individual vehicle i. Thus, vehicles could easily calculate pi.

The simulation of the approach is applied to the following scenario: it is based on
a road network imported from OSM (around Rosenthaler Platz in Berlin, see Fig-
ure 3.34). The distribution of vehicle density is illustrated in Figure 3.35.

Figure 3.36 shows the evolution of average emissions of some randomly selected vehi-
cles. Independent from the emission class or velocity of the selected vehicles, it could
be seen that the average emission of vehicles converges. In this sense the approach
leads to a perfectly fair result.
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Figure 3.34.: Imported road network around Rosenthaler Platz in Berlin.

Figure 3.35.: Number of vehicles in the simulation over time.
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Figure 3.36.: The average emissions of vehicles converge - independent from their
individual emission class or velocity profile.
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4. Integrating the electric grid while
driving PHEVs

Summary: This chapter introduces the second cyber-physical ITS application. It is
shown how to integrate a large number of vehicles with an electric grid, which suffers
from unbalanced energy supply and demand.
Central parts of the work are results of joint work with Emanuele Crisostomi, Yingqi
Gu, Ilja Radusch and Robert Shorten. It has been published in [73, 77].

4.1. Renewable energy sources and electric vehicles
in the smart grid

The smart grid is a hot topic in research and industry in recent years. The need for a
smarter electric grid is mainly reasoned by the increasing fluctuation of energy supply
caused by the ongoing integration of renewable energy sources - its share increased
by 81.3 % between 2002 and 2012 [48] in Europe. In Germany about 25 % of energy
has been generated from renewables in 2013. Until 2020, the share of wind energy
shall exceed 20 % of the overall energy supply [146]. In Denmark, wind provides more
than 30 % already today and it is foreseen to increase the share by more than 50 %
of the overall demand by the year 2020 [113].

One of the most promising answers to the fluctuation of supply is the temporal storage
of electric energy. Many researchers have proposed to use batteries of electric vehicles
for that. Even though the number of electric vehicles is still low in general, there
are countries like Norway where more than 10 % of sold cars are electric. Germany
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aims at having one million electric vehicles (including PHEVs and range extenders)
deployed until 2020.

The main idea is to integrate the vehicles’ batteries with the electric grid in order
to damp electricity over- or undersupply. Roughly speaking, energy generated from
renewable sources is stored when availability exceeds the energy demand and released
again when needed. Amongst the available storage systems, the ability of EVs to act
as an aggregated virtual battery for such purposes is of the most important arguments
in favour of EV adoption. One of the main benefits of such a solution is that it would
be automatically available without requirements of big investment in extra storage
devices [105], [173] and [166]. All these proposed solutions wish to design the power
supply in a smarter way.

Next to the energy supply aspects, one may also look at the demand side. Demand
side management is a key pillar in the design of smart grids [108]. It could be di-
vided in two basic principles: energy efficiency and conservation on the one hand
and demand response programs or load shifting on the other [37]. In the context of
this thesis the latter is of interest. It aims at shifting the demand from peak peri-
ods to off-peak times. McKinsey has found six aspects for implementing response
programs: rates, incentives, access to information, utility controls, education or mar-
keting respectively and customer insight and verification [37]. Load-adaptive pricing
is the central idea and probably the most efficient instrument proposed. In paral-
lel, it is (technology-wise) relatively easy to implement. However, pricing strategies
might have critical socio-economic impacts. Moreover, it must be avoided that the
new pricing schemes lead to new peaks in traffic demand. Finally, it requires utility
controls (e.g. smart control of air conditioning) based on signalling from the grid
operator comes mainly with technological challenges.

The advent of electric vehicles (and plug-in hybrid vehicles) does not only provide
extra capacity that could be used for electricity buffering but it will also cause a huge
demand with great variability. The most obvious way to adapt demand is to utilise
energy when it is available. Clearly, in the case of EVs this is hardly possible as
drivers would not accept electric vehicles which could only be charged during specific
times. On the contrary, the grid should always serve the mobility needs of users as a
primary objective.

To the best of my knowledge, all proposed approaches which integrate electric ve-
hicles (and their batteries) with the smart grid so far target the charging process.
Available approaches are valid; however in the case of PHEVs, it is also possible to
control the vehicle while it is driving. At every instant of time vehicle owners have
the choice whether to utilize the EV or ICE engine (or both in case of mild hybrids).
This is the basic starting point for the SPONGE approach.
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The SPONGE application exploits the flexibility of PHEVs to run in EV or ICE
mode again. By doing this in a smart way, it couples the needs of the grid with those
of the vehicle owner.

Different to the TwinLin application (presented in the previous Chapter 3), where a
feedback loop has been set up around vehicles within a geographical area to control
a local pollution, SPONGE connects vehicles in a temporal dimension: vehicles’ be-
haviour is controlled over a longer time window (such as a day) with the effect that
batteries are filled as required by the grid at a particular time.

Specifically, using energy forecasting models, it is possible for PHEVs to act as an
energy sponge. They capture renewable energy as it becomes available and may re-
lease it again when it is required by the grid. To do this, weather forecast services
can be used to make predictions of how much energy will be available from solar or
wind power plants in the near future (e.g., next 24 hours). Based on these forecasts,
cooperative strategies can be implemented to make space in a fleet of vehicles (in the
batteries) for forthcoming energy. Essentially, vehicle owners allow the EMU (engine
management unit) of the vehicle to be orchestrated (in a manner that is transparent
to users) by a service that takes into account the electric grid’s needs. By doing this,
users fully utilise the clean energy as it becomes available and prevent clean energy
from being wasted by ensuring that there is always enough capacity available for
storage. Furthermore, they help balance energy supply and demand through active
scheduling of energy sourcing for vehicles in a pro-active manner. It is also shown
that this strategy has the potential to reduce the complexity burden of charging.

After outlining some basic limitations of given V2G approaches (Section 4.1) and a
formal description of the problem statement (Section 4.2), three possible set-ups are
outlined (Sections 4.3 - 4.5). A critical discussion of the approach is included later
in this thesis in Section 10.3.

4.2. Problem statement and assumptions

For convenience the following set of assumptions are made. Each day k is separated
into two time periods; a time period when vehicles are charging, and a time period
when vehicles are not charging (and while they are possibly in transit). Furthermore:

1. It is assumed that a group of N PHEVs are participating in the application.
That means that they might absorb available energy or may provide energy
to the grid alternatively. As the overall discussion goes along the same lines.
Nonetheless, the vehicle charging case is targeted if not stated otherwise.

2. Each participating vehicle (PHEV) is assumed to be able to run in EV-only or
ICE-only mode (full hybrid vehicles). However, mild hybrid - which are able to
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run both engines in parallel - could be utilized as well. In the remainder of this
work, full hybrids are addressed if not stated otherwise.

3. A reliable day-ahead forecast of available renewable energy is available. This
available energy to be provided by the grid is denoted by wgrid(k). Although, the
future horizon of optimisation can be longer than one day, weather forecasts
might not be reliable enough to support optimal decisions over longer time
periods, see [81, 191].

4. Vehicles can report their energy consumption over some period to a central
entity.

In the following three different methods are introduced: SPONGE (Section 4.3),
Exact SPONGE (Section 4.4) and Optimized SPONGE (Section 4.5).

4.3. Smart procurement of energy: SPONGE
In the SPONGE case, the objective is to ensure that

N∑
i=1

Di(k) ≥ wgrid(k + 1). (4.1)

The electric energy dissipated by the i’th vehicle is denoted by Di(k). During the
k’th day, the fleet acts like a sponge and shall make available at least enough space
to absorb the available energy that is expected during the next charging period.

A central entity computes the desired electrical energy consumption and broadcasts
some signal which is received by participating vehicles. Based on this signal, they are
able to orchestrate the switching between EV and ICE mode, such that the regulation
constraint is satisfied. The signal can be the probability to travel in EV mode rather
than in ICE mode, or - in the case of mild hybrid vehicles - it can be the proportion
of the traction torque that should be provided by the EV engine rather than from the
ICE engine. The problem expressed by Equation (4.1) is called the basic SPONGE
problem.

4.4. Smart procurement of energy: Exact SPONGE
The objective in the Exact SPONGE case is to make PHEVs travel in EV mode
and deplete their batteries until the freed capacity match the expected energy that
will be available from renewable sources exactly. This problem is denoted as Exact
SPONGE. Its mathematical formulation is as follows:

N∑
i=1

Di(k) = wgrid(k + 1). (4.2)
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4.5. Optimised access: Optimal SPONGE

The main advantage of the Exact SPONGE approach is that when the fleet of ve-
hicles connects to the grid for recharging, there is no need for any charging control:
every vehicle just charges until their batteries are full. The complete available energy
will then be utilized, while all vehicles’ batteries are fully charged.

4.5. Optimised access: Optimal SPONGE

The Optimal SPONGE case responses to the situation where certain vehicles shall be
prioritised in terms of access to the incoming energy wgrid(k+1). This prioritisation
could be done according to an individual utility function fi(Di(k)). In accordance
with this assumption, the above problem can be reformulated in an optimisation
framework as:

maximize
N∑
i=1

fi(Di(k))

subject to
N∑
i=1

Di(k) = wgrid(k + 1).

(4.3)

The problem is most interesting when the fi’s represent a notion of utility. Further,
the information about the utility functions is considered to be private and not to be
revealed to a central entity or to other vehicles. The objective is to solve the problem
in a privacy preserving manner. Note that the fi’s may be incorporated to represent
various use cases such as the following:

1. OEM’s may partner with utilities to provide a service where the price of energy
is part of PHEV’s owners car purchase plans. Those paying more upfront, may
have prioritised access as it becomes available.

2. The fi’s could represent the price paid by an individual vehicle owner for energy
access.

3. The fi’s could be used to penalise vehicles with a lower load factor (fewer
passengers).

4. The fi’s could be used to penalise vehicles that drive close to schools, hospitals,
etc.

In effect this presents a solution where - without any further control of the charging
process - the complete available energy is utilized while the utility of charging vehicles
is maximal.

Note that in some cases the optimisation problem might not has a feasible solution.
For instance, when there are no vehicles on the road. Obviously, PHEVs cannot
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deplete their batteries to free capacity for the forthcoming energy. In such cases
where the problem does not have a solution, a "best-effort" solution is of interest,
where the closest feasible solution is achieved instead, see for instance [164].

4.6. Methods
There are many ways in which the problems specified in the previous section may be
solved. One simple method that can be adopted is described in the following. To this
end it is assumed that over the period when vehicles are not charging, denoted by
θ(k), the aggregate electrical energy consumption of the fleet is required to be w(k, t)
with ∫

θ(k)

w(k, t)dt = wgrid(k + 1), (4.4)

where t denotes time (while k indexes days relevant for energy providing forecasts,
t denotes the time relevant for the control loop). It is assumed that each vehicle is
synchronised with a clock (possibly a GPS clock), and reports its consumption over
the τ ’th clock period as Di(τi) to a centralised authority. This centralised authority
aggregates the energy consumption from all PHEVs and broadcasts a signal to the
vehicles depending on whether the aggregated consumption exceeds w(k, t) or not.
The probability whether the i’th vehicle travels in fully electric mode in the τi +1’th
period depends on this broadcasted signal. The following two application use cases
(fair energy consumption, utility maximization) can be used to orchestrate the fleet
behaviour in an intelligent way.

4.6.1. Use case 1: Fair energy consumption (SPONGE and
Exact SPONGE)

The fair energy consumption use case refers to the scenario when all vehicles partici-
pate in the SPONGE program in the same manner; namely, that they have the same
probability to travel in EV mode (or ICE mode respectively). In the (fair) SPONGE
case a simple proportional controller can be used.

Algorithm 1 SPONGE Algorithm

if
∑N

i Di(k) < wg(k + 1) then
pEV
i (k) = g1(wg(k + 1)−

∑N
i=1Di(k))

else
pEV
i (k) is free to choose.

In this case, at every interval of time (e.g., every minute), a vehicle travels in EV mode
with a probability pEV

i (k) which is an increasing function g1(·) (see Algorithm 1) of

92



4.6. Methods

the gap between the desired target of energy wgrid(k+ 1) and the currently available
space in the vehicles

∑N
i=1Di(k). Note that if enough space has been vacated, vehicles

are allowed to travel in any way they desire. Also note that, as already anticipated,
even if all pEV

i (k)’s are set to 1, the goal might not be accomplished if not enough
vehicles are travelling in the time interval of interest.

The SPONGE problem usually takes place on a day-scale: for instance, vehicles are
scheduled to spend a given quantity of energy during the day, and are then recharged
at night time, when idle. However, in a practical scenario, it is more convenient to
match the energy over a number of time windows during the day. This has a num-
ber of benefits: if the enough space has been vacated after a few hours, then cars
travelling in the afternoon would be excluded from the programme. On the other
hand, if the matching problem is split up in several time windows, then every single
car, travelling at any time is equally involved in the programme. Another advantage
is that the matching problem could be adjusted in every new time window taking
into account new weather forecasts and previous matches. Accordingly, k refers to a
shorter time window - e.g. five minutes - in Algorithm 1.

The request that vehicles have to travel in EV mode with some probability can be
implemented in practice either by making a share of the vehicles travel in EV mode,
or by adjusting the traction provided by the EV and ICE engine.

As for the Exact SPONGE case illustrated in Section 4.4, then a simple PI-controller
can be adopted in the following manner to implement a fair solution:

Algorithm 2 Exact SPONGE Algorithm.

if
∑N

i=1 Di(k) < wgrid(k + 1) then
pEV
i (k) = g2(wgrid(k + 1)−

∑N
i=1Di(k))

else
pEV
i (k) = 0

Recall that the main difference to the previous case is that the control objective is to
exactly deplete the batteries of quantity wgrid(k + 1), while vehicles are not allowed
to over-deplete their batteries. Although such a solution might penalise drivers (i.e.,
they are forced to travel in ICE mode to avoid over-depleting their batteries), it is
very convenient for the grid, as it is possible to predict exactly how much energy
will have to be delivered to the fleet of vehicles. But there may be good reasons for
drivers to preserve a store of electric energy - some aspects are outlined in Section 10.3.

Note that the proposed approaches can be used to tackle many practical scenarios of
interest. For instance, it could be assumed that a company provides a free battery-
charging service to the PHEVs of its employees whenever there is enough power
generated from some connected solar/wind plants. Although such a scenario gives
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rise to fair solutions, still personal constraints of single employees are not taken into
account. In this perspective, the scenario can be made more complicated as described
in the following subsection.

4.6.2. Use case 2: Utility maximisation (Optimized SPONGE)

Different to aforementioned scenarios, the optimisation outlined here required differ-
ent (but still aligned) behaviour of users - i.e. different probabilities to drive in ICE
or EV mode should be computed for different users while taking personal constraints
into account. For instance, the decision to travel in EV mode represents a potential
cost to the owner that can be represented as an increasing function of Di, i.e., of the
energy spent to travel in EV mode. For example, the cost of travelling in EV mode
can be formulated as the likelihood to not have electrical power when it is needed,
e.g., because some areas might be accessible only in EV mode for pollution reasons
(for example, the so-called Umweltzonen in Germany1). Note that a similar discus-
sion can be made in terms of discomfort of travelling in ICE mode.

This scenario allows the central infrastructure to explicitly take into account per-
sonal needs of PHEVs’ owners. These are represented by individual utility functions
fu,i(D̄i) = ai · D̄i

2
+ bi. There are many ways to solve the mathematical problem that

arises. One possible way is to obtain the solution by formulating the problems as
regulation problems with constraints, and to use these constraints to solve optimisa-
tion problems as they arise. One possible solution using and adapted version of the
AIMD algorithm [183] is the approach described in 3.

Algorithm 3 Optimal SPONGE Algorithm.

if
∑N

i=1 Di(k) < wgrid(k + 1) then
pEV
i (k + 1) = min

(
1, padd + pEV

i (k)
)

else
pEV
i (k + 1) = β · pEV

i (k)

with probability λi(D̄i) =
f ′
u(D̄)

D̄
= a · D̄2

i ,
otherwise
pEV
i (k + 1) = min

(
1, padd + pEV

i (k)
)

k = k + 1

4.7. Simulations
Simulation results to show the efficacy of the proposed idea are presented briefly in
the following. The simulations are performed using the traffic simulator SUMO [12]
and the given TRACI interface again.

1http://gis.uba.de/website/umweltzonen/umweltzonen.php

94

http://gis.uba.de/website/umweltzonen/umweltzonen.php


4.7. Simulations

4.7.1. SPONGE and Exact SPONGE

A map of a rural area near Hamburg, Germany, was extracted from Open Street
Map to be used as the underlying street network (see Figure 4.1). The simulation
runs for 1000 seconds (about 17 minutes) with about 600 PHEVs. A great share of
vehicles start from random locations but share the same destination. This refers to
the case when employees go to work using their PHEV vehicles. In such a setup the
infrastructure (the employer) regulates the driving mode in order to meet the target
of energy that will be available at the workplace to recharge the vehicles.

It is assumed that vehicles travel in ICE mode when they enter the simulation and
that they are free to choose in which mode (ICE or EV) they wish to run when
no indications from the infrastructure are received. Such indications make vehicles
choose in a probabilistic manner to run in EV mode such that space in the batteries
is freed. Once the target energy is matched, the infrastructure does not broadcast
information any more and vehicles are allowed to travel in the mode they prefer. In
this simulation it is assumed that vehicles choose - with equal probability - to run in
EV or ICE mode. Figures 4.2- 4.5 show the simulation results for the first two algo-

Figure 4.1.: Road network from an area near Hamburg, Germany imported from Open
Street Map.

rithms (Algorithm 1 and Algorithm 2). There are four time windows of 250 seconds
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Figure 4.2.: The overall constraint is met after about 900 seconds.

each. It is assumed that vehicles should (at least) free a capacity of a scalar value,
here 300 (some normalized value, visualized by the horizontal line in Figure 4.2).

The fleet of vehicles reach a situation to meet the infrastructure need before the end of
the simulation (after about 900 seconds). When reaching this point, vehicles are free
to choose their mode. That is the reason why the capacity increases and overachieves
the infrastructure need, see Figure 4.2). Figure 4.3 shows the number of vehicles in
the experiment running in ICE mode (blue, dotted line) and EV mode (green line).

Figure 4.4 shows how the capacity develops when the second approach is applied.
Different to the previous simulation the approach guarantees that the grid’s need is
not overachieved but exactly matched.

Figure 4.5 shows again the according number of vehicles running in EV or ICE mode.

Note that the same pattern is repeated in every time window, until at the end of the
simulation the relevant overall target is met. The advantage of dividing the 1,000
seconds into a number of smaller time windows of 250 seconds, is that both the vehi-
cles that start their journey at the beginning and those at the end of the entire time
frame, participate in the SPONGE programme.
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Figure 4.3.: Number of vehicles running in ICE mode (blue, dotted line) and EV
mode (solid green line).

Figure 4.4.: The infrastructure need is exactly met.
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Figure 4.5.: Number of vehicles running in ICE mode (blue, dotted line) and EV
mode when applying the Exact SPONGE approach.

4.7.2. Optimal SPONGE

The simulation results of the third approach (utility optimisation, see Section 4.5) are
shown in Figures 4.6-4.9. The exact equality between vacated capacity in vehicles’
batteries and expected forthcoming energy (Figure 4.6) is achieved by assigning dif-
ferent probabilities to travel in EV mode to different vehicles - according to individual
utility functions. It is assumed that the convenience of vehicles in travelling in EV
mode could be described through a convex quadratic function - here fi(x̄i) = aix̄i

2

with x̄i being the share of time running in EV mode up to the current simulation step.
Parameters ai are different for every vehicle. They are chosen in a random fashion
from the interval [0,1]. The evolution of the utility functions of some randomly se-
lected vehicles is shown in Figure 4.7. The optimal solution of the Problem (4.3) can
be obtained by solving a consensus problem on the derivatives of the utility functions
(more mathematical details together with a convergence proof can be found in [183]).
However, Figure 4.8 shows that the utility functions converge. Finally, Figure 4.9
shows that the optimal solution is obtained by giving a different probability to travel
in EV mode to each vehicle. The AIMD algorithm lets the probability of each vehicle
to travel in EV mode linearly increase until the constraint is matched (and where a
congestion signal is broadcasted). At that point, some probabilities decrease (back-
off) in a multiplicative fashion to keep satisfying the constraint. Vehicles participate
to the back-off step with a probability that is proportional to the derivative of their
own utility function divided by the argument of the utility function (i.e., ∝ f ′

i(x̄i)/x̄i).
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Figure 4.6.: Figure (a) shows that the overall constraint is again exactly satisfied
at the end of the simulation. It is now achieved by maximising the sum of utility
functions (values of the single utility functions are shown in Figure 4.7).

In this way, the optimal solution is obtained in a distributed way (i.e., without requir-
ing V2V communication, or V2I communication). The only communication link goes
from the infrastructure to the vehicles. The central entity broadcasts to all vehicles
when the congestion event occurs. More details on the mathematical theory of the
aforementioned algorithms, and more examples can be found in [183] and [33].
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4. Integrating the electric grid while driving PHEVs

Figure 4.7.: Development of utility functions of some randomly selected vehicles.

Figure 4.8.: The figure shows the utility derivatives of vehicles in the Optimal
SPONGE case using AIMD. The optimal solution has been achieved as the deriva-
tives of utilities converge.
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Figure 4.9.: The figure emphasises that the utility maximisation problem is solved
by assigning different probabilities of travelling in EV mode to different vehicles, ac-
cording to their utility functions. The probabilities of some randomly chosen vehicles
are illustrated. Note that some vehicles are reaching their destination before the end
of the simulation and exit the SPONGE programme in advance.
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trade system

Summary: This chapter introduces an application, which is applied to a fleet of hy-
brid vehicles. It is assumed here that they aim at a common goal. That includes that
vehicles accept to experience disadvantages in favour of advantages of other vehicles
in the fleet. Such a set-up provides new extensions in regard to optimization.
Furthermore, a method is introduced which exploits direct V2V communication, while
aforementioned approaches in previous chapters were limited to communication links
between a central infrastructure and vehicles (I2V communication). A second op-
timization method is introduced which is an extension of a an approach that was
developed to implement fairness previously described in Section 3.9.1.
Central parts of the topic are result of a joint work with Mahsa Faizrahnemoon,
Emanuele Crisostomi, Arieh Schlote, Ilja Radusch and Robert Shorten published
in [76] and [75], which won the best scientific paper award at the European ITS
Congress 2013. Section 5.3.2 refers to the work in the paper which was mainly driven
by Mahsa Faizrahnemoon.

5.1. Objectives

The main objective of the TwinLin application introduced in Chapter 3 was to control
air pollution in a specific geographic region by switching engines from ICE to EV (or
vice versa). In contrast to that, the emission of a particular (closed) fleet should be
controlled here - independent from their location. In parallel to the control objective,
it is shown how emissions could be optimized at the same time.
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A cap and trade emission system as it it introduced in the following could be inter-
preted as an extension of the Kyoto Protocol or the Corporate Average Fuel Economy,
which is used in the US to provide incentives to vehicle manufactures to develop fuel-
efficient models. In this sense it is assumed that fleet operators receive a budget
(here a CO2 emission budget). An exemplary allocation scheme may be based on the
number of vehicles in the fleet.

The objective here is to present a method to regulate the aggregate effect (emission)
of such a fleet of vehicles, such that the utility (benefit) to the vehicle owners (e.g.
the fleet manager) is at all times maximized. While in this case the aggregate effect
targets emission, the approach is presented in a general way and could be applied to
many other objectives. In the application example, it is shown how a fleet of hybrid
vehicles emits CO2 respecting the given budget. At the same time, it is shown how
to minimize the emission of a second pollutant - here CO. Accordingly, it is assumed
that the fleet managers’ utilities decrease with CO emission.

The basic assumption is that a fleet operator is faced with the choice of how to al-
locate the given budget between vehicles to maximize the utility. Clearly, there are
many ways to achieve this, and this non-uniqueness creates an opportunity to regu-
late and optimize simultaneously [162, 163, 138].

Two basic algorithmic approaches for doing that are presented in this Chapter. Both
are suited to be applied to the automotive domain as they respect specific constraints
and requirements of ITS presented in 2.2.

5.2. Problem statement and assumptions

It is assumed that there is a fleet of N PHEVs. Each PHEV i has an individual
utility function fu,i. In the given context fu,i(ci) defines the CO emission of a vehicle.
There is the overall constraint relevant for the complete fleet, which says that the
sum of (CO2 emission) budgets ci per vehicle should be equal to a given and static
budget C.
This leads to the following optimization problem

min

N∑
i=1

fu,i(ci) (5.1)

subject to
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N∑
i=1

ci = C, (5.2)

where the functions fu,i(ci) map the scalar ci to a utility scalar, and satisfy basic
continuity assumptions. ci is the pollution budget assigned to vehicle i and is - in
case the pollution budget is fully utilized - equal to the emission of vehicle yq,i. Note
that in other contexts the optimization may be a maximization. The utility func-
tion fu,i(ci) used here corresponds to the cost of the i’th vehicle using the allocation ci.

Clearly, a rich repertoire of techniques exist to address with such problems and many
of these have been successfully applied in other application domains [160]. With given
reasonable assumptions on the fu,i(ci) optimization approaches with a centralized set-
up is always possible. Nevertheless, despite the availability of such techniques, solving
problems that arise in an ITS context are not necessarily applicable due to a number
of factors as outlined in Section 2.2.

Before proceeding with the description of how to find an optimal allocation of ci,
some important assumptions are listed in the following:

• The utility functions fu,i(ci) are concave and increasing while the precise nature
of the fu,i(ci) may be unknown. However, individual vehicles have access to a
measurement or a-posteriori calculation based on observable variables of fu,i(ci)
at each time step. That means that vehicles are have access to their own
(private) utility information, i.e. by measuring their emission.

• All vehicles can communicate directly (or indirectly through a measurement)
with a centralized infrastructure.

• The centralized infrastructure may broadcast information to the vehicles, but
not communicate directly with each vehicle.

5.3. Algorithms
The previously introduced Equations (5.1) and (5.2) define a classical optimization
problem. It could be solved with Lagrange multipliers. Let H(c1, . . . , cn, λ) be the
Lagrangian associated with the problem

H(c1, . . . , cn, λ) =
N∑
i=1

fu,i(ci)− λ(
N∑
i=1

ci − C). (5.3)

The solution to the maximization problem is given by finding the allocation so that
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λ∗ =
∂fu,i(c

∗
i )

∂ci
(5.4)

= gi(ci) (5.5)

with i = 1, . . . , N subject to the linear constraint (Equation 5.2) being satisfied.
The form of this equation suggests two approaches for solving the optimization prob-
lem.

First, it can be solved using feedback in combination with local on-vehicle compu-
tational power. Namely, by regulating the outputs of the vehicle functions gi(ci) in
such a way that they follow λ - with λ being broadcasted by a central infrastructure
such that it becomes known to all vehicles. The task of the central infrastructure
then becomes to find the appropriate multiplier λ∗. This can be solved by embedding
the multiplier as part of a feedback loop as it is done in sub-gradient methods. This
approach requires neither V2V nor I2V capabilities. It can deal with uncertainty in
the utility functions, and requires almost no centralized computation.

A disadvantage of the approach is - like in any other centralized set-up - that it is
not robust to failure of the centralized node. In addition to that, selecting proper
control gains can be an issue.

The second approach is based on the fact that optimality is also reached when all ve-
hicles achieve consensus regarding values of the functions gi(ci) = ∂fu,i(ci)/∂ci. This
observation was first exploited by Stanojevic in [160] in the context of symmetric
communication graphs. Later it was extended by Knorn for the asymmetric case and
to the case where the outputs of all distributed nodes gi(ci) are adjusted as part of
a feedback loop [95]. The main benefits of these approaches are that no I2V capa-
bilities are needed and that they can also deal with uncertainty in utility functions.
In addition no centralized computation is required, and thus the technique is robust
with respect to node failure.

In the following two subsections, the two approaches are briefly outlined.

5.3.1. Feedback control and local computation

The basic idea of the approach is to use an internal control to find the Lagrange
multiplier λ∗. Accordingly, the central infrastructure uses the integral control update
function (5.6)

λ̄(t+ 1) = λ̄(t)− γ(C −
N∑
i=1

ci(t)), (5.6)
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where it is assumed that the central infrastructure either receives the information
about the ci from each vehicle (via V2I communication) and calculates or measures∑N

i=1 ci. It is assumed, that each vehicle receives the broadcasted λ(t) and updates
its utility (implicitly) according to:

ci(t+ 1) = ci(t)− ϵi(λ̄(t)−
∂fu,i(ci(t))

∂ci(t)
). (5.7)

This corresponds to a sub-gradient method from optimization, see [25, 118]. The gains
can be selected using methods from non-linear control theory. Figure 5.1 summarizes
the control loop that is implemented by the application.

Figure 5.1.: Control loop in cap and trade system.

5.3.2. Implicit consensus with input

Stanojevic has shown in [160] that utility maximization problems can be formulated
as a consensus problem leading to a completely decentralized solution. However,
consensus based solutions require symmetric communication graphs to guarantee that
it holds

∑N
i=0 ci(t) = C for all t. To overcome this problem, Knorn integrates a basic

feedback error signal C −
∑N

i=0 ci(t), which is shared by the central infrastructure to
yield a modified integral control of the following form [95]:

ci(t+ 1) = ci(t) + ϵi(f
′

u,i(t)−
1

ni

∑
j

f
′

u,i(t)) + γi(C −
N∑
q=1

cq(t)) , (5.8)

where j ranges over all neighbours of i and ni is the number of neighbours j that can
send information to vehicle i. f ′

u,i defines the derivative of fu,i. In an ITS setup, it is
a situation where each vehicle i exchanges the value of its utility derivative with its
neighbours j (which are in communication range) and integrates the information to
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5. Optimized emission in a cap and trade system

update the individual emission (budget).

The first term of Equation 5.8 achieves a consensus on the utility derivatives f
′
u,i(t).

The second term ensures that the global constraint is satisfied. It exploits the broad-
casted information from the central infrastructure which defines whether the global
constraint is met. The stability and convergence properties of this algorithm, and the
choice of ϵi and the γi, can again be determined using standard ideas from systems
theory, see for example [96].

The contribution here is to present a modification of the algorithm to speed up con-
vergence. For doing so at each time step, vehicles communicate the maximum and
minimum values of f ′

u,i(ci(t)) from the set of derivative utilities known (from vehicle
i and its neighbours) to the central infrastructure. The infrastructure then identifies
the global maximum and minimum value. These two values are then broadcasted to
all nodes (vehicles). They augment their neighbourhood set with these values and
integrate in the consensus calculation (first part of Equation 5.8).

Clearly, it would also be possible to share the individual derivatives instead of the
maximum and minimum values with the infrastructure. The hope here is to (1) have
potential to decrease communication efforts and (2) preserve privacy.

This algorithm has the following two main features:

• As before other policies can be implemented by replacing the f
′
u,i(ci(t))’s in

Equation 5.8 with an appropriate, alternative function. For example, if fu,i(ci)
would be used instead of partial derivatives, the policy implemented is a utility
fairness policy.

• The burden placed on the infrastructure is slightly less than the first algorithm
presented in the previous Section. The only task of the infrastructure is to
broadcast a simple error signal (instead of updating Lagrangian multipliers).

5.4. Simulations

The following simulations illustrate the efficacy of both algorithms. In the first two
simulations, a fleet of 20 hybrid vehicles have a total budget of CO2 they are allowed
to emit. The objective is to minimize the total quantity of emitted CO. Furthermore,
as in [95] vehicles can regulate the quantity of emissions by deciding which fraction of
the desired speed is supplied by the ICE or by the electric motor. This is consistent
with a power split hybrid vehicle. Furthermore, emissions are calculated using a
simple average speed model, with data taken from [23]. The scenario has an urban
setting where vehicle speeds vary between 5 and 50 km/h. Then the amount of
produced CO is related to the quantity of CO2 according to:
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• CO = f(CO2) = 2.3073 · CO2
2 + 12.25 · CO2 − 2.0531

for petrol Light Duty Vehicles (LDVs) with an ICE equivalent of emission class
EURO1

• CO = f(CO2) = 0.8755 · CO2
2 + 2.1907 · CO2 − 0.24558

for petrol LDVs with an ICE equivalent of emission class EURO2

• CO = f(CO2) = 3.3209 · CO2
2 + 2.5657 · CO2 − 0.7812

for petrol LDVs with an ICE equivalent of emission class EURO3

• CO = f(CO2) = 0.53745 · CO2
2 + 1.3241 · CO2 − 0.1064

for petrol LDVs with an ICE equivalent of emission class EURO4

where f(CO2) corresponds to fu(c). The objective is thus

min

N∑
i=1

fi(CO
(i)
2 ) (5.9)

subject to

N∑
i=1

CO
(i)
2 = C, (5.10)

where C is the overall CO2 budget allocated to the fleet; CO
(i)
2 = ci is the amount of

CO2 allocated to the i’th vehicle. Note that this problem is equivalent to the basic
optimization problem described by Equations (5.1) and (5.2).

5.4.1. Utility minimization within a single class of vehicles

In the first simulation, a fleet of 20 vehicles belonging to EURO emission class 4,
with slightly different parameters that are characteristic of the particular vehicle
(e.g., brand, age). Figure 5.2 shows how the CO2 budget is shared among the fleet
of vehicles in order to minimize CO emissions. The parameters are γ = 0.001 and
ϵ = 0.01. Figure 5.3 shows that the fleet’s overall budget is met.

5.4.2. Sensitivity of parameters

The following simulation shows the impact of different choices for γ and ϵ. The
according simulation is performed with 2,000 vehicles. The objective is to show that
if no information is communicated regarding the number of vehicles, the parameters
which could be optimal with a smaller number of vehicles may give rise to undesired
levels of emissions before the final goal is achieved. The convergence of the CO2

emissions to the budget is depicted in Figure 5.4. It is easy to see, that the evolution
of emission is completely different.
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Figure 5.2.: The figure shows how the CO2 budget is shared among the fleet of vehicles
in order to minimize CO emissions. At the same time, the CO2 budget is respected,
as shown in Figure 5.3.

5.4.3. Utility minimization among different classes of vehicles

The third simulation embeds a fleet of 20 PHEVs again. It is assumed that the ICE
in the vehicles belong to EURO 1, 2, 3 and 4 emission class. The objective is again
to share a CO2 budget among vehicles, while minimizing the overall emission of CO.
As the emission of CO is very different from vehicles belonging to different classes,
the approaches could not be applied without further adaptation. That is because the
optimal solution would allocate unrealistic quantities of CO2 to some vehicles, i.e.
selected vehicles would not be able to travel at all while others would not be able to
utilize their allocated budget.

For this reason, the proposed distributed algorithm is adapted such that the unknown
quantities of interest (i.e., CO2 budget) are forced to belong to the feasible sets for
each vehicle. Note that the range of individually feasible CO2 budget depends on the
specific EURO class of the vehicle.

Figure 5.5 (a) illustrates how the same CO2 budget is now shared among the different
classes of vehicles, while Figure 5.5 (b) shows that the total level of CO2 matches the
desired one - and that the amount of CO is minimized at the same time.
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Figure 5.3.: While the CO2 budget is shared among the fleet of vehicles in order
to minimize CO emissions (Figure 5.2) this Figure shows how the CO2 budget is
respected.

5.4.4. Utility fairness

The objective of the previous simulations was to minimize the production of CO while
keeping the total amount of CO2 equal to some predefined threshold.

However, a key aspect regards the fairness of the previous solution. Note that while
utility is maximized in these simulations, the solution suggested by the optimiza-
tion may be very unfair. In some situations it may be of interest to make all vehicles
produce an equal amount of pollution. This is easily accommodated in the framework.

This is shown in the next simulation, where vehicles produce the same quantity
of CO, while still respecting the total CO2 budget. While such a solution is not
overall optimal for the environment (i.e., more CO than before is overall produced),
it provides a solution that is fairer for vehicle owners. In the following, the two
previously introduced algorithms are discussed. For simplicity, it is assumed that the
utility function of node i is given by an (increasing and concave) function of the form
fu,i = αi log ci. The choice of this function is motivated by dispatch type problems
where economic utility is an increasing function of allocated emissions. Recall, for
such applications, it is gi(ci(t)) = fu,i(ci). Figure 5.7 (a) depicts the performance of
the algorithm Feedback control and local computation and Figure 5.7 (b) shows the
unmodified algorithm Implicit consensus with input (b), and the performance of its
modification Algorithm 2 (c).
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Figure 5.4.: Values of the optimal parameters depend on the number of vehicles, as
wrong tuning of parameters may give rise to unsatisfactory responses.
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(a)

(b)

Figure 5.5.: Figure (a) shows how the CO2 budget is shared among the fleet of vehicles
of different EURO emission classes. At the same time, the CO emission is minimized,
as shown in Figure (b).
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Figure 5.6.: The CO2 budget is shared in such a way to equalize the production of
CO per vehicle. The speed of convergence of the approach Feedback control and local
computation is depicted. It is slow compared to the alternative approaches, shown in
5.7.
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(a)

(b)

Figure 5.7.: Compared to the performance of the Feedback control and local compu-
tation algorithm shown in 5.6, the speed of convergence of the unmodified algorithm
Implicit consensus with input shown in (a) and its modification (b) is much faster.
In (a) vehicles communicate with one vehicle in the vicinity; in (b) they can commu-
nicate with one nearby vehicle and two additional randomly chosen vehicles.
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Part II.

Balancing and de-synchronization
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6. Emission-aware and balanced
routing

Summary: There are many approaches to address system-wide features by vehicle
routing. Examples for such are traffic congestion, pollution, total travel time etc.
To the best of my knowledge, state-of-the-art solutions do not consider realistic re-
quirements, such as securing user privacy or their freedom of choice. The routing
applications introduced in this chapter considers these aspects.
The basic approach is a collaborative routing strategy under feedback to control air
pollution. This approach is extended by a stochastic routing approach which balances
features of the network.
The development of the routing applications is result of joint work with many authors.
In particular, these are Stefan Lobach in regard to the pollution-aware routing appli-
cation (Section 6.3) and Rodrigo Ordóñez-Hurtado, Wynita Griggs, Ilja Radusch and
Robert Shorten in regard to the stochastic extension of the routing application (6.4,
published in [78]).

6.1. Routing under feedback

The air pollution problem caused by road traffic has been outlined earlier (Sec-
tion 1.1.3) and the TwinLin application (Chapter 3) was one solution to address
the problem employing the power of PHEVs.

An alternative instrument does not require PHEVs but could be applied to any vehicle
type: emission-aware routing. To implement that, the same architecture is exploited
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Figure 6.1.: Control loop for emission aware routing application.

as before: A feedback loop is constructed again around a central infrastructure, which
is capable to broadcast information and participating, networked vehicles. Figure 6.1
is illustrating it. The control objective is that pollution should not exceed some
predefined threshold l∗. The central infrastructure (control centre) broadcasts the
costs wj ∈ W for each edge j in the network to all vehicles. This information is
considered by a routing algorithm, which runs de-centrally at vehicles. yp =

∑N
i=1 yq,i

defines the emission of all vehicles. It is assumed again that the central authority is
capable to measure the air pollution ym (where ym = yp, if no other source of emission
is considered, d(t) = 0) and may deduce information about vehicles’ emissions. The
feedback element applies a filter or some other preprocessing step to the measurement,
such that yb is fed back to the control algorithm.

6.2. Requirements and according edge cost function

Besides the general requirements targeting all proposed ITS applications (outlined in
Section 2.2), routing applications have extra requirements that need to be considered.
In contrast to previous applications, where switching the powering mode of a PHEVs
is the main instrument, it could not be assumed that drivers are indifferent regarding
different routes. That is because they vary in length and duration and thus are not
equally attractive to users. Accordingly, the following considerations need to be kept
in mind:

• Proposed routes should not be much longer than the shortest available route
such that routes are acceptable to drivers.

• Routes should be allocated to drivers in a fair way in the sense that clean
vehicles (i.e. vehicles with low emission) are not penalized. However, system-
optimal and emission-aware routing do penalize clean vehicles on a general level.
That is because - from a system-centric point of view - one wishes to have dirty
vehicles as short as possible in the network. Thus, one would generally aim at
allocating shortest routes to the dirtiest vehicles.
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• Routes should be pollution-aware in the sense that critical pollution thresholds
are not exceeded.

Generally, all routing algorithms depend on edge costs w, which commonly incorpo-
rate the edges’ length, speed limits etc. These (ordinary) calculated edges’ weights
are denoted wc. To influence routing, edge costs are adapted to the specific objec-
tive, namely that defined pollution limits are not exceeded. Pollution limits exist for
various (here n) pollutants. Let li be the level for a pollutant i. It is the quotient of
the measured pollution and the predefined pollutant threshold (which should not be
exceeded). The adapted edges’ weight wa is calculated according to Equation (6.1).

W (e) = wa = wc(αkϕ)
1
n

n∑
i=1

li
. (6.1)

The factor ϕ scales the impact of pollution information. Implicitly, it is assumed,
that all pollutants are equally interesting (or have equal impact on the overall air
pollution) as a simple average is build. This could be easily adapted if a non-equal
weighting of pollutants is more appropriate. The factor α is incorporated to imple-
ment some sort of fairness. The basic idea here is that fairness should be based on the
individual contribution to air pollution. That means that a vehicle, which is cleaner
than other vehicles receives shorter routes. In this sense, α is adapted based on the
characteristics of vehicle k, here the emission class. Thus, the cleaner a vehicle is,
the smaller α gets (the lower the emission class, the higher is α).

Equation (6.1) has two desired features:

• The impact on the edges’ weights increases exponentially with the level of pol-
lution. This is reasonable as low levels are hard to avoid.

• The impact of pollution is equal to ϕ, when the measured emission is equal to
the predefined thresholds. That means that a shortest path algorithm using
the pollution aware edge weights W (e) will choose a route with no emission at
all if it is ϕ times longer than the polluted route. This effect is in line with the
general idea of pollution aware routing.

However, the latter example indicates a problem that might lead to route recommen-
dations, which are not accepted by users as they imply detours. It is assumed here,
that detours are accepted if they are less equal than ϕ times the shortest path. All
found routes are rejected if they do not fulfil this condition. Clearly, this constraint
implies, that the degree of local emission reduction is limited. However, it will be
shown in the following simulations, that with routes allocated, which are at maximum
ϕ = 1.5 times longer than the relevant shortest path, local pollution values can be
influenced considerably.
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6.3. Simulations: Pollution-aware routing

The pollution-aware routing application has been implemented and simulated. Again,
the traffic simulator SUMO is used. The simulation scenario is based on the city of
Berlin. Figure 6.2 shows the underlying road network imported from OSM. The objec-
tive of the application here is to lower pollution around Alexanderplatz. Accordingly,
the pollution threshold for this area is set much lower than for the other areas (cells).
The relative level of pollution (actual pollution divided by pollution threshold) of the
cells with lower limits should increase much faster and traffic should be routed away
from these cells. Thus, by defining pollution limits of the individual grid cells, some
system operator can actively influence the traffic flow and control emission locally.
The area where the pollution limit should be lowered in the simulation is illustrated
by the green rectangle in Figure 6.2. For realistic pollution information, a dispersion

Figure 6.2.: Pollution around Berlin Alexanderplatz should be controlled [107]. The
small green box is the area to be controlled. As the emission dispersion model is
based on the cells - here 8 x 7 cells. The controlled area intersects two of these (blue
framed).

model is integrated with SUMO. The emission dispersion model used was developed
by Schmidt and Schaefer and is introduced in [143]. The model is fed with emissions
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by vehicles, which are provided by the traffic simulator SUMO. The model calculates
the dispersion in a (fixed) horizontal grid. On a vertical level, the model differentiates
between three layers: the 50 meters thick surface layer, the mixed layer of variable
height and the t-layer, which is the upper part of the lower troposphere that goes up
to 5000 meters. While all of these layers might be important for air movement and
pollution transport, only the actual pollutant concentrations of the surface layer is of
particular interest. This is because the main interest is the impact on human health
in the given context.

The grid that the model is working with consists of square cells of 4 km2 - Figure 6.2
shows the grid of cells. The model calculates the dispersion of given traffic emissions;
it is also capable to calculate fixed single point emission sources and household emis-
sions.

The emissions issued by the vehicles running in the SUMO traffic simulator is in-
corporated into the model periodically (each 30 simulated minutes). Thus, SUMO
simulates traffic and determines the accumulated emissions for each cell for a time
window of 30 minutes. The dispersion model assumes that the emission is equally
distributed in the 30 minute time window. Based on this input, the simulator calcu-
lates how the emissions disperse during that time. This information (the pollution
information per cell after 30 minutes) is then fed back into the emission aware routing
application. This loop is repeated every 30 minutes.

The dispersion model is not only fed with the emissions from SUMO but also with in-
formation about building densities, water content, average altitude, vegetation, wind,
and weather conditions. All of these information were provided for the city of Berlin.
The given data refers to records from a day in late September 1997 with a daily av-
erage temperature of 22 degrees Celsius, a water temperature of 20 degrees Celsius,
atmospheric pressure of 1012 millibars, a cloud cover of 30 percent and no wind. All
of these features influence the dispersion [107].

The edges’ weights are calculated according to Equation (6.1) with ϕ = 1 and vehicle
(Euro emission class) specific α, according to Table 6.1.

Emission
class

1 2 3 4 5 6 EV

α 64 32 16 8 4 2 1

Table 6.1.: Values for α based on Euro emission class.

As shown in Figure 6.2, the green area around Alexanderplatz intersects with two
grid cells from the dispersion simulator (highlighted with a blue border). Hence, if the
pollution limits are altered for these two cells, the application should re-route traffic
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away from them, such that the emission is lowered and meets the pollution constraint.

In the first simulation, the pollutants CO, NOX , PMX , CO are regarded in an inte-
grated way according to Equation (6.1).

In order to find suitable numbers of vehicles in the network, the following consider-
ations were made: according to [83], about 8000 cars are passing Alexanderplatz on
a business day per hour, about two third of them pass in north-south and others in
east-west direction. In the given context, only vehicles with origins or destinations
outside of the green rectangle are of interest. All others are not considered, as it is
impossible to route these away from this area. Accordingly, the number of vehicles
(8000) should be reduced. Another reason to reduce the number of simulated vehicles
is that a high density traffic leads to unrealistic congestion in the simulation when
working with plain imports from OSM. A traffic density of 2400 vehicles per hour
turned out to lead to most realistic conditions in terms of average speed, congestion
etc. With these numbers traffic flows as shown in Figure 6.3 (a) are generated for the
simulation. Specifically, vehicles start from a random destination in one of the four
rectangles and head to some random destination in the respective opposite rectangle.
The simulation is done for a simulation time of five hours. For fairness analysis,

(a) (b)

Figure 6.3.: (a) shows the origins and destination of vehicles passing Berlin Alexan-
derplatz. (b) illustrates traffic densities if no adapted routing is applied [107].

vehicles of different emission classes are considered. According to the Kraftfahrzeug-
Bundesamt [98], about 40.3 % of personal vehicles belong to emission class Euro 4,
19.6 % to Euro 5 and 0.1 % to Euro 6 with 70 % of the cars driving with gasoline,
29 % with Diesel and about 0.02% are electric vehicles. Vehicles belonging to Euro
1, Euro 2 and Euro 3 emission classes are not considered as they are - due to the
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Berlin Umweltzone - not allowed to pass Alexanderplatz. For reference, Figure 6.3
(b) illustrates the road usage without any adapted routing. The boldness of the roads
depicts the number of cars travelling via this road during simulation time. It is easy
to see that the roads around Alexanderplatz are highly frequented. The road usages

(a) (b)

Figure 6.4.: Figure (a) shows the road usages with 40 % of vehicles using the emission
aware routing application. Figure (b) shows the road usages if all vehicles drive
according the calculated routes from the application [107]. The results could be
compared to the case where no adapted routing is applied, see Figure 6.3.

changes when the adapted routing is in place. Figure 6.4 shows the impact when the
application is applied and used by 40 % of the vehicles (Figure 6.4 (a)) or when all
vehicle use it, respectively (Figure 6.4 (b)).

Figure 6.5 shows the level of pollution (in regard to aggregate emission levels) if no
emission-aware routing is applied. Even though the aggregate pollution thresholds
are not exceeded (after five hours, the pollution intensity is about 65 % for the right
cell and about 25 % for the left cell), the simulation results reveal weakness of the
approach based on Equation (6.1). For reference Figure 6.6 is shown: Recall that the
figure shows the results from a simulation run where no adaptive routing is applied.
Both figures (a) and (b) show the pollution evolution for the aggregated, averaged
pollution. Furthermore - and more interesting in regard to the weaknesses of the
approach - it includes the development of pollution intensities per pollutant.

The limits of the approach could be seen in Figure 6.7, which shows the result from
a simulation, where the adapted routing application is applied. Even though the
control approach is applied the results show that while the controlled, aggregated
pollution value holds the constraint (Figure 6.7 (a)), the level of NOX exceeds its
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(a) (b)

Figure 6.5.: Level of pollution (quotient of measured pollution and pollution thresh-
old) for each cell after one hour (a), and after five hours (b) [107]. The Figure
visualizes the result from a simulation without applying the control application.

threshold (Figure 6.7 (b)). This could be directly explained by the initial assumption
that traffic emissions are equally made of the pollutants CO, NOX and PMX . The
assumption is also part of the key approach defined by Equation (6.1). Figures 6.6
(a) and (b) show that this is not the case. While CO and PMX emissions is below
10 % of relevant thresholds at all times, NOX emissions rose to 175 % of their limit.
But since Equation (6.1) averages the pollution intensities the system only worked
with "masked" feedback.

To countermeasure this problem, one may adapt the system, such that only the most
critical pollutant is regarded and controlled. Thus, the simulation is repeated - now
looking at NOX pollution only. Figure 6.8 compares the effects on NOX pollution
of the adapted set-up (in regard to the critical threshold) with the results from the
routing application when the aggregate emission is controlled. The figure shows, that
the control of NOX works well with the adapted approach (even if only 50% of ve-
hicles were using the application). Contrary to that, the NOX constraint is not held
when the aggregate emission (100% ECS routing) is controlled.

As said earlier, emission classes of vehicles were recorded for fairness analysis. Ac-
cording to the adaptations of α (see Equation (6.1) and Table 6.1) it was desired that
"clean" vehicles must not receive longer detours than "dirty" vehicles. Figure 6.9
shows that this objective is achieved.

Thus, in this particular case, feedback makes more social sense than optimization,
which would result in an unfair allocation of routes. This dilemma is one of the
starting points for the proposed system in Section 6.3.
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(a)

(b)

Figure 6.6.: The figure shows the level of pollution in regard to the given threshold
for the left (a) and the right cell (b) of interest (see Figure 6.2) regarding the three
recorded pollutants CO, NOX and PMX and the integrated, aggregated pollution
level. The dashed line depicts the pollution threshold relevant for the aggregated
pollution value as well as for the singular pollutants. The results show a simulation
run, where no adapted routing was applied [107].
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(a)

(b)

Figure 6.7.: Both Figures show the development of pollutant for the (more critical)
right cell. Figure (a) shows the level of aggregated pollution (the integration of CO,
NOX and PMX according to Equation (6.1)). The constraint for the aggregated
pollution (the dashed line) is hold. Figure (b) shows the level of pollution for the
pollutant NOX . The NOX pollution threshold (the dotted line) is not held [107].
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Figure 6.8.: The constraint for NOX is held if more than half of the vehicles use
the adapted routing application when the edge weights are adapted based on NOX

pollution measures only [107].

In addition to this dilemma, another possibility for advancement of the approach is
the following: even though the emission-aware routing concept as presented above
leads to an improved air quality in highly polluted areas, it could be assumed, that
the system inherits flapping effects [123] like all other navigation systems that incor-
porate edge weights based on real-time information. The following Section 6.4 will
introduce an approach to target the flapping problem (when congestions arise and
disappear periodically) and avoids the fairness dilemma.

Figure 6.9.: "Clean" vehicles (vehicles with larger emission class numbers) receive
shorter detours than "dirty" vehicles [107].
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6.4. Stochastic balancing in routing

In the previous Sections 6.2 and 6.3 a pollution-aware routing system was introduced.
It turned out that it comes with two drawbacks: (1) a fairness dilemma and (2) flap-
ping problems. The fairness dilemma says that from a system-optimization point
of view (in the sense of emission minimization), it would be beneficial if short (at-
tractive) routes were allocated to "dirty" vehicles such that the overall emission is
minimized. However, from a driver’s point of view, it would be unfair if drivers of
"clean" vehicles are penalized by receiving less attractive routes. By flapping, it is
meant that the optimal (and allocated) route switches between alternatives back and
forth (also known as ping-pong effect). Flapping effects occur, when all vehicles use
common shortest path algorithms based on real-time edge costs.

In the approach presented in the following, a slightly different routing objective is
chosen in regard to the scale. Here, a routing application is proposed that focusses on
locally restricted routing. That means that the approach is not applicable to a city-
wide or nation-wide routing. With such an adapted objective, the fairness dilemma
could be neglected as the route’s length are not dramatically different.

System-optimal routing approaches, which solve the flapping problem have been ad-
dressed in the literature before. I.e. Jahn et al. [84] proposed a central routing engine
which calculates routes in an aligned way for all vehicles simultaneously. Such an ap-
proach has very different features compared to individual shortest path calculations
used in ordinary navigation systems. For instance their calculation work on static
data only. That means that the routing engine is fed with information regarding
all vehicles, including information about individual origins and destinations. The
algorithm does neither consider vehicles which enter the system over time, nor in
general the changing conditions of the network. Moreover, it requires perfect control
of all vehicles. These characteristics are the opposite to the requirements outlined in
Chapter 2.2 and which guide the development here.

The basic idea of the stochastic balanced routing application shall be outlined with
help of the following scenario: Assume there is a sudden local obstruction (e.g. an
accident, a local pollution hotspot, etc.), which is on the route of vehicles. In the
given context, a simplified view of the general routing problem is addressed. This
is because it targets only those parts of the routes, which are in direct vicinity of
the obstruction - it is called local routing. Further, it is assumed that affected vehi-
cles proceed to follow the initially planned route when they have left the affected area.

The ad-hoc road capacity decrease initiates re-routing of affected vehicles to man-
age the reduced vehicular flow in the vicinity of the obstruction. This should be
done in a way that such that flapping effects are avoided. In effect vehicles (with
might share the same origin and destination) choose different routes and a balanced
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traffic load is established. Figure 6.10 illustrates the approach. It is different to
common shortest path algorithms (such as Dijkstra-algorithm), which would identify
a singular optimal route (here either sA, sB or sC , see Figure 6.10 (b)) for all vehicles.

The problem is solved here by using a stochastic approach which leads to heteroge-
neous vehicle routes. Alternative routes are suggested to drivers in a manner that
balances any kind of feature (e.g. pollution, congestion, etc.) along route options;
here sA, sB or sC . As routes are only generated for a locally restricted area, neither
communication and transport delays nor the issue of fairness arise.

(a) (b)

Figure 6.10.: In Figure (a), the initially planned route is highlighted. It is assumed,
that all vehicles wish to travel via the nodes NO and ND. At some point in time an
obstruction occurs on link lA, which connects NO with ND. In Figure (b), two extra
routes are found, which connect NO with ND. The algorithm controls the load on
route sA and balances it on the alternative routes sB and sC .

The approach could be divided into two steps. First, (multiple) alternative routes are
computed for each vehicle. Then, a route from the multiple alternatives is chosen,
such that a balanced result could be monitored. Both steps are briefly outlined in
the following, while further simulations are included in Chapter 9.3 to validate the
approach.

In order to implement the stochastic balancing, it is necessary to have multiple rout-
ing options from which vehicles choose one in a smart and aligned fashion. Finding
multiple route alternatives is known as the k-shortest path problem, where k stands
for the number of alternatives. Approaches could be grouped into algorithms, which
allow loops (edges could be passed twice or even more often) and those, where this is
not allowed [46]. In the context of this work, loops do not make any sense. However,
the latter group of k-shortest path finding algorithms are commonly impractical, as
they are not efficient regarding computing costs [2]. This experience was also made by
Lobach [107], who implemented an adapted version of the k-shortest path algorithm
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proposed by Yen [189] and applied it to the Berlin road network with the scenario
described in section 6.3. However, since the routing problem is restricted to relatively
small road networks in the given context, common k-shortest path algorithms could
be applied. In addition to that, recent research has found more efficient route algo-
rithms to find multiple (reasonable) routes from one origin to one destination, such
as [62, 2]. Generally speaking, the problem of finding multiple routes for one origin
destination pair is complex, but there are available solutions.

Assuming that multiple (reasonable) routes have been found, the next step for the
vehicle is to choose one, such that traffic or pollution (or any other feature of interest)
is balanced. It was already stated, that the basic idea is to do that in a stochastic
way. Equation (6.2) defines the probabilities to choose route si.

P (X = si) = 1− ci
n∑

i=1

ci

(6.2)

ci defines the costs associated with route i. The costs may correspond to pollution,
traffic density, congestion etc.

The simple simulation is performed using the hardware-in-the-loop simulation plat-
form. The platform as well as the simulation of the balanced routing application
is described in Chapter 9. Anticipating the results from there, it is stated that the
approach balances traffic (or any other features) well.

6.5. Remarks

Finally some concluding remarks in regard to the proposed applications are briefly
outlined.

6.5.1. Pollution-aware routing

It has been shown that emission-aware routing application implements a feedback
loop around a central entity which has access to current network features (such as
raffic flow, road link capacities, etc.) and networked vehicles. Pollution values are
constantly measured and influence vehicle routes. Vehicle-specific emission features
are considered. The route calculation is performed in a distributed way locally at each
vehicle. The simulation results have shown that adapted routing helps to influence
aggregate emission (and thus local pollution). However, the application implements
a dilemma: "dirty" vehicles receive less attractive (longer) routes than "clean" ones.
This is desirable from a fairness perspective but leads to an increased overall emission.
Furthermore, the application leads to flapping effects (ping-pong effects). At the same
time, the application meets most of the previously outlined requirements:
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• Privacy: Vehicles share no information with other vehicles or a central en-
tity. It is assumed that a central entity (such as a traffic management centre)
measures pollution values and broadcasts this information to vehicles. This in-
formation is incorporated in the local (on-board) routing engine. Thus, it could
be granted, that the application is not critical to any private information.

• Scalability: The number of vehicles does not affect the complexity or perfor-
mance of the system as all calculations are done locally on-board.

• Communication effort: Communication is limited to the pollution infor-
mation broadcasted from one central authority to vehicles. It could easily be
controlled by an efficient selection of broadcasted data.

• Stability and Convergence: Due to the named flapping effects (ping-pong
effects), pollution levels do converge on average over time only.

6.5.2. Stochastically balanced routing

Main drawbacks of the previous routing application are the existence of the fairness
dilemma and the occurrence of flapping effect. Latter one leads to constrained con-
vergence. The stochastically balanced routing application solve this problems. Note
that - in contrast to the emission aware routing application - the approach is appli-
cable to locally constrained routing only. At the same time, the application meets
the general requirements:

• Privacy: It is assumed that vehicles share common information about the net-
work status in regard to the balancing objective. That means that there might
be a central infrastructure, which broadcasts real-time information about the
level of pollution, traffic flow or any other objective of interest. The informa-
tion is shared in a way that routing algorithms could apply them (i.e. on a
per-edge level). In regard to privacy this information is not critical. The cen-
tral infrastructure does not need any per-vehicle information, such as origins,
destinations, emission classes etc. Such critical information is used in on-board
systems only.

• Scalability: The approach is perfectly scalable as the communication effort
does not depend on the number of vehicles. As the approach is locally restricted,
the information to be shared about network states are limited. Processing
at the central entity does also not depend on the number of vehicles. Most
complex calculations are done in a distributed way locally at each vehicle. The
complexity here is also independent from the number of participating vehicles.

• Communication effort: The communication effort is dependant on the size
of the relevant network to be considered. Thus, it has an upper bound.
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• Best effort: There is the requirement that vehicles should be able to enter and
exit the system. This is not an issue.

• Stability and convergence: The approach converges to a stable equilibrium.
This could also be seen in the simulation results shown in Chapter 9.
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Summary: The basic idea of the balanced routing application introduced in the previ-
ous chapter is also the starting point for the balanced allocation of charging stations to
electric vehicles. Motivated by the need to provide services to alleviate range anxiety
of electric vehicles, the application targets the problem of balancing charging demand
across a network of charging stations for electric vehicles. The objective is to reduce
the potential for queueing at charging stations.
The development of the balanced charging application is result of joint work with
Emanuele Chrisostomi, Arieh Schlote, Ilja Radusch and Robert Shorten, which has
been published in [74].

7.1. Queueing at charging station

Even though the history of electric vehicles is very long, they are still rarely seen in
public road traffic. Due to several reasons such as increased environmental awareness,
strategic political and economic considerations, noise pollution and technical progress,
the concept of electric vehicles is experiencing a revival lately. Furthermore, electric
vehicles are expected to play a major role in making the road transport system more
environmentally friendly [132].

While benefits of zero emission vehicles are obvious, their mass deployment and adop-
tion by users are uncertain due to a number of factors: (i) the limited availability of
rare earth metals to construct the vehicles and batteries, (ii) safety concerns related
to electromagnetic emissions, (iii) long charging times and (iv) the limited range. In
this context the latter two issues - often discussed under the evocative title of range
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anxiety - are of particular interest as they are addressed by the application intro-
duced in the following. Much of the current research and development is focussing on
new battery types, optimal vehicle charging, in-vehicle energy management systems
aiming at increasing vehicles’ ranges. There are other approaches which propose a
smart integration of electric vehicles with common internal combustion engines in a
car sharing system [94]. Decreasing the charging time of electric vehicles’ batteries
is approached by fast charging stations, which can service average vehicles in about
30 minutes. Battery swapping is another approach prototypically implemented by
Tesla recently [116]. Even though swapping is even faster than refuelling a common
internal combustion engine, the concept is not expected to be deployed on a very
large scale like (fast) charging stations.

However, in the presence of queuing, 30 minutes to recharge a vehicle at a fast
charging station can rapidly become several hours - a scenario which is probably not
accepted by any users.

The proposed solution avoids unbalanced demand for charging stations (and thus to
avoid queuing) by exploiting V2X communication technology to implement a feed-
back loop again. The objective is to dynamically assign electric vehicles to charging
stations in a manner that balances load in a geographic area. This algorithm can be
considered as a hybrid of two related approaches: first, routing algorithms to balance
the load on the charging network so that both the demands on the grid are balanced
(as well as the expected waiting time at each charging point), and two, placing charg-
ing stations so as to balance the expected load on each charging point. The developed
approach here is motivated by the limitations of both of these.

At the same time it respects the previously mentioned ITS specific requirements
(scalability, privacy preserving, best effort behaviour, stability and convergence). It
is shown that the proposed stochastic, decentralized solution is superior in many
aspects while it reaches an almost equivalent performance as the optimal solution.

7.2. Related approaches: Routing for EVs and smart
placing of charging stations

The problem of balancing the charging load across a set of charging stations can be
tackled in a number of ways. Two basic instruments serve as a basis for the proposed
solution. That is (1) routing to balance traffic load according to charging stations’
availabilities or - the opposite case - (2) placing charging stations to service the ex-
pected demand from electric vehicles (or PHEVs) in a balanced fashion.

The first approach can be formulated as a classical routing problem where network-
wide information is used to balance load [133]. Unfortunately, load balanced routing
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strategies place severe constraints on drivers by forcing them to take particular routes
or charging stations. As in the case of pollution-aware routing, the willingness of
drivers to follow recommendations is a significant issue in the design of such systems.

The second approach is a kind of dual of the routing approach: While vehicles were
controlled previously and adapt to given charging station availabilities, the second
approach adapts the placement of charging station based on given traffic densities.
It can be formulated as a partitioning problem on a graph and can be solved by
combining traffic density information with graph partitioning techniques such as the
Voronoi partition. Such charging station positioning problems are already addressed
in the operations research community [187].

While both approaches are interesting from a theoretical perspective, they suffer
from a number of practical drawbacks: (1) traffic densities are temporal in nature.
Consequently, an optimal placement of charging stations depends on changing traffic
conditions, i.e. optimal places for charging stations during morning traffic might be
completely different to the places optimal for evening traffic and (2) load balanced
routing strategies place severe constraints on drivers by forcing them to take partic-
ular routes - or respectively - by forcing them to head to particular charging points.

Therefore, the goal is to investigate other balancing solutions: as before, the objec-
tive is to balance charging demand across a number of charging stations. The system
should be adaptable to changing traffic densities. It should be implemented without
centralised communication between infrastructure and vehicles. Furthermore, the
system should not force drivers to take particular routes or to drive to particular
charging stations. A further objective is to realise the system in a plug-and-play
manner, which means that charging stations can enter and leave the system as they
wish, without placing a reconfiguration requirement on a centralized infrastructure.
Further, the solution shall come with minimal communication requirements that can
be implemented using cellular networks. A key objective be scalable in the sense that
the system can handle varying vehicle and charging stations numbers.

7.3. Stochastic balancing for electric vehicle charging

The starting point for the approach is the analogy with the mobile cellular network:
electric vehicles correspond to mobile phones and charging points to base stations.
Similar to the association of phones to base stations in communication range, electric
vehicles are associated to charging points in the vicinity. In this sense, the city area
is divided into cells as it is illustrated in Figure 7.1. The partitioning can be realised
in many ways (e.g. using Voronoi diagrams). However, the main focus here is the car
assignment problem within a cell which takes place over faster time-scales than the
partitioning problem. The basic idea is to partition the relevant area into a number
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of cells where the quotient of the number of vehicles and charging stations is roughly
constant. Note that the partitioning does not need to be fixed but may change with
temporal or seasonal traffic patterns.

Within each cell, vehicles are associated to one charging station. Furthermore, within
each cell, each (electric) vehicle is assigned to a charging station in a dynamic fashion
with the objective to balance expected charging time within each zone.

As vehicles travel from one cell to another, a hand-over procedure is initiated and
vehicles are assigned to a new charging station in the next cell. An alternative as-
signment strategy is to allocate vehicles with charging station only in case it requests
a station. The latter strategy is discussed in more detail in the following. The advan-
tage of both approaches is that there are no restrictions on vehicle mobility patterns;
and the cells can be varied dynamically to reflect traffic density patterns.

Figure 7.1.: Partition of the Berlin city centre in cells.

A stochastic algorithm is proposed to achieve the following: within a cell, charging
stations broadcast a "green" signal, indicating their availability to service (to charge)
new electric vehicles. The broadcasting frequency is inversely proportional to the cur-
rent queue length. The queue corresponds to the actual queue of vehicles waiting to
be served at the relevant charging station. Alternatively, one may use the number of
associated vehicles, the fraction of currently utilized charging stations (assuming here
that charging stations may serve multiple cars at the same time), the expected time
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of occupancy and many others. Similarly, it is assumed that vehicles are capable of
receiving and processing green signals with a frequency that is inversely proportional
to the current filling level of their battery. If, at a given time, a vehicle receives and
processes a green signal from a charging station, the vehicle is assigned to it. The
objective of such a protocol is to associate (1) vehicles that are more in need of charge
with (2) the charging points that have the shortest queue. The approach allows a
fully decentralised set-up The actual implementation of the protocol is described in
more detail in the following subsections. Figure 7.2 illustrates the basic idea.

Figure 7.2.: General overview of the balanced charging application setup: Charging
stations broadcast "green" signals indicating their availability to service EVs in a
frequency which is inverse proportional to the queue at charging station A and B.
The figure indicates that the charging station do not broadcast in the same frequency.
EVs process received signals inverse proportionally to their battery filling level.

Such decentralised solutions are very attractive for a number of reasons: apart from
general benefits (such as robustness in regard to node failures, less critical regarding
privacy and security) the decentralised solution facilitate the possibility of imple-
menting plug-and-play policies, where charging stations could be added and removed
from the overall system without requiring a reconfiguration of other system’s parts.
This will be illustrated in a dedicated example.

One might question the implementation of the set-up in a probabilistic way rather
than use a deterministic approach. The main benefit of the stochastic approach is
that it could be implemented without requiring a communication network between
charging station, which are not aware of queues at other stations. This leads to a
truly decentralised solution.
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7.3.1. Charging station subsystem

In the following a brief introduction of the system to be deployed at the charg-
ing station is introduced. At every time step the ith charging point communicates
(broadcasts the green signal) its availability to accept a new vehicle with probability
p
(i)
CS, which is a function of Ni – the number of vehicles currently queuing the charging

station. Further, if no vehicle is waiting to be charged at the charging station, it shall
be maximal, thus p

(i)
CS = 1. As the queue grows, p(i)CS should decrease monotonically

to 0. As charging stations with a shorter queue are more likely to accept a new car
than ones with a longer queue, such a mechanism is able to balance the number of
vehicles associated with each charging point.

An exemplary function for p
(i)
CS meeting this requirements is:

p
(i)
CS = 10−Ni (7.1)

The choice of Equation (7.1) is arbitrary; but it has some desired features. (1) A free
charging station with a queue length Ni = 0, broadcasts the availability to accept a
new vehicle at every instant. That means the probability that a vehicle is associated
to this charging station is maximized. (2) The probability to associate a vehicle with
a charging station where few vehicles are waiting is higher than the probability to
associate it with a charging station with a longer queue. I.e. given two charging sta-
tions i and j with Ni = Nj+1, then the charging station j broadcasts the green signal
on average 10 times more frequently than i. The ratio 10:1 is arbitrary. However, it
ensures that stations with shorter queues are much more likely than ones with fewer
spaces to have new cars assigned.

The idea is that such a mechanism could be able to balance the number of vehicles
associated with each charging point.

7.3.2. Electric vehicle subsystem

After having introduced the subsystem to be deployed at the charging station in the
previous section, a brief overview on the corresponding vehicle subsystem is provided.
Once the i’th electric vehicle is searching for a charging station it is assumed that this
vehicle may process broadcasted green signals with a probability of p(i)EV computed
by Equation (7.2).

p
(i)
EV = 1− e(i)

M
(7.2)

It is assumed, that green signals are discarded if the vehicle has no need to be charged.
The current capacity of energy in the i’th vehicle’s battery is denoted by e(i). M
is a maximum capacity of batteries. For the sake of simplicity, it is assumed that
all vehicles have the same battery types. Equation (7.2) ensures that EVs with low
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charge are more likely to process green signals than vehicles with plenty of residual
charge. That is done to avoid spending essential energy while waiting for an available
charging point.

7.4. Analysis of stochastic balancing
A brief analysis of the algorithm is provided in the following. For simplification, three
main assumptions are made:

• Simultaneous offers (collisions) are neglected or are resolved: If two
EVs i and j sense a green signal from a charging station, then only one is
assigned to it. Similarly, if an EV senses multiple green lights, then it is assigned
to only one charging station (e.g. the closest one).

• Higher order effects are neglected: In the first part of the analysis it
is assumed that the probability that an EV will get recharged from charging
station i is

p
(i)
CS

m∑
j=1

p
(j)
CS

, (7.3)

which is obtained by neglecting high order terms (i.e., considering only terms
that are linear with respect to the probabilities).

• Stationary: In deriving waiting times for EVs and charging stations (see below
in Section 7.4.2), a stationary assumption is made: in steady-state, the number
of vehicles queuing at the charging stations is constant.

7.4.1. Convergence

As indicated before, the system is best described as a Markov chain and can be anal-
ysed in this framework. The analysis for a special case of three stations, which are
capable to serve three EVs each, is given in the following.1

First, a step size for the chain (in seconds, here 1 second) is selected and the average
arrival and departure rates are defined, here 0.003. This corresponds to a situation
where every 333 seconds a vehicle arrives (and departs) at a station which can service
three cars. Further, this corresponds to an average charging time of 1000 seconds or
about 16 minutes - assuming all charging stations are fast charging stations. Then
for nm = 3 charging stations a state of the Markov chain is a vector of length nm,
which reports the number of EVs awaiting service at each station. The probabilities

1The method could also be applied to a larger number of vehicles but is difficult to write in a
compact form.
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of transition between the states can be computed from the arrival and departure rates
and the probabilities of a vehicle ending up in each of the station, as approximated
for example by Equation (7.3). The Markov chain is irreducible and aperiodic [122].
If the number of customers in each station is bounded, then the number of states is
finite and one can use the transition matrix to compute the stationary distribution,
which yields information about what fraction of time the chain spends in each state.

Figure 7.3 shows the fraction of times where the difference of the longest queue and
the shortest queue in the system is equal to zero, one, two and three. This is com-
puted from the aforementioned stationary distribution. It can easily be seen that
states with a high difference in queue lengths (unbalanced situations) occur very
rarely.

Figure 7.3.: Stationary distribution of queue length differences.

Besides this exact analysis for three charging stations, one may apply an approximate
analysis and a plausibility argument. It is assumed that over each time step, each
station i loses a fraction β of its vehicles Ni. In addition, each station obtains a
fraction of arriving vehicles (the second term of Equation (7.4)).

Ni(t+ 1) = βiNi(t) +
αi∑nm

j=1 αj

[
nm∑
j=1

(1− βj)Nj(t)

]
(7.4)
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The α’s are given from the probability functions described earlier (Equations (7.1), (7.3)).
This model has been used to analyse resource allocation network problems in the
internet [148], and it is known that the states converge exponentially fast to the
[α1, α2, . . . , αnm ] [93].

7.4.2. Waiting times

Another critical feature of the application is the waiting time before cars are assigned
to a charging station. Thus, in the following analysis, the waiting time does not
target the time until the process of charging is triggered but the time a vehicle needs
to wait until it is associated to a charging station. That is the reason why information
about the actual charging times does not need to be considered.

Waiting times of electric vehicles

A network of nm identical charging stations is considered. At a certain time step one
vehicle i requires battery recharge. Then the average waiting time tEVi

wait before being
assigned to a charging station is given by Equation (7.5):

tEVi
wait =

1

piEV · (1− pred)
, (7.5)

where

pred =
nm∏
j=1

(
1− p

(j)
CS

)
, (7.6)

which defines the probability that no charging station broadcasts a green signal. The
waiting time of vehicle i tEVi

wait is generally independent from the particular charging
times or features of charging stations (i.e. whether they are fast charging stations or
not).

Thus, the i’th EV gets assigned if it receives at least one green signal (probability
1− pred) and if it is capable of sensing it (with probability p

(i)
EV ). As the two events

are independent, this occurs with probability p
(i)
EV (1 − pred). The expected waiting

time is given by Equation (7.5). Recall that the waiting times are defined by the
frequency of the re-calculation of pEV and pCS. I.e. assume that both probabilities
are recalculated every 5 seconds, then a calculated waiting time of 3 corresponds to
15 seconds. The quotient piEV in Equation (7.5) is included to account for the fact
that vehicles which request charging service should be regarded only.

Charging station waiting time

A network of nm identical charging stations is considered again. It is assumed that
EVs require charging, and that a new request is made as soon as the previous one

143



7. Balanced charging for EVs

is satisfied. Then, the average waiting time tCPi
wait of the charging station i before

receiving a new vehicle is given by Equation (7.7):

tCSi
wait =

1

p̄EV · (1− pred)

nm∑
j=1

pjCS

piCS

(7.7)

where p̄EV is the probability associated with an average request of energy according
to Equation (7.2). The first term in Equation (7.7) generally accounts for describing
the in-vehicle part - namely that a vehicle is associated to a (which-soever) charging
station - the sum defines the inverse probability that it is associated to the charging
station i. Equivalent to the calculation of the EV’s waiting time, recall that the
waiting time is defined by the frequency of recalculations of variables.

To conclude: the average time before a particular vehicle is assigned to a charging
station is given by Equation (7.5). Here, it is further considered that the vehicle
must be assigned to the particular charging station i rather than to another one
(with probability given by Equation (7.3)).

7.5. Simulations
In the following, five simulations (including a prototype implementation using the
integrated simulation environment VSimRTI [145]) are presented to illustrate the ef-
ficacy of the balancing approach.

Two autonomous applications are developed: one in-vehicle application and one de-
ployed at the roadside station (IRS) - here attached to a charging station. They are
integrated to form the balancing approach. The basic idea of the communication flow
between the two is illustrated in Figure 7.4. All updates of calculations - applying

Figure 7.4.: Communication flow between vehicles and charging stations.

Equations (7.1) and Equation (7.2) - are performed once a second. Furthermore,
broadcasts of green signals are issued with a frequency up to 1 Hz.
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For the protocol implementation, a simple generic V2X message type is developed.
As described earlier, the charging station computes the probability to broadcast its
availability to accept a new vehicle (an advertisement, the green signal). The charg-
ing station broadcasts the green signal each time frame according to the probability
defined by Equation (7.1). At the vehicle side, the application calculates the prob-
ability to listen to such advertisements. In return to the received green signal, the
vehicle sends a notification of interest to exactly one of the advertising charging sta-
tions (i.e. to the closest one). The charging station, which receives the notification of
interest, chooses one vehicle (here the vehicle who first sends a message) and sends
a confirmation to that vehicle. All other incoming requests of vehicles are ignored,
while the selected vehicle is added to the queue and a new broadcasting probability
is calculated.

7.5.1. Balancing performance

The first simulation performs the stochastic balancing with ten charging stations.

The simulation setup is as follows: The simulation runs for 16 hours with ten charg-
ing station. In the beginning of the simulation, all charging stations are assumed
to be empty. Vehicles enter the simulation and demand charging according to two
Poisson distributions: To fill the queues at charging stations, the inter-arrival time
is 90 seconds for the first 5 hours of the simulation. Once the queues are full, the
arrival and departure rates are equalised by selecting an inter-arrival time of 100
seconds. Moreover, a fixed charge rate of 0.01kW/s per vehicle is assumed. The
time required for charging is individually set for all vehicles according to a Poisson
distribution with λ = 0.001 (thus the expected time of charging being equal to 1000
seconds or 16 minutes). This corresponds to assuming an average request of 10 kWh
of energy. Thus, the number of vehicles entering and departing (the ones which have
been charged) is balanced.

Figure 7.5 shows the distribution of vehicles at charging stations (the average number
and the according variance).

In the second part of the simulation, the average number of charging vehicles is
usually within three or four cars per charging station (i.e., 30-40 overall) and that
the variance is always extremely low (about 0.36 on average).

7.5.2. Stochastic vs. deterministic balancing

The second simulation compares the proposed stochastic algorithm with a determin-
istic one. The deterministic implementation serves as a reference as its balancing
performance is perfect and it is implemented in a way that the deterministic ap-
proach directly assigns entering vehicles to the charging station having the shortest
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Figure 7.5.: At the beginning of the simulation, charging stations are assumed to be
empty. After a few hours, the average population of cars oscillates between 30 and 40
cars overall. The figure shows the number of charging vehicles per charging station.
The variance of queue length over the ten charging stations is 0.36.

queue.

Similar to the previous simulation, the charge request of energy ranges between 1
and 10 kWh, so that the maximum time for recharge (corresponding to a request of
10kWh of energy) is 1000 seconds (16 minutes). The simulation here runs for eight
hours. It is also assumed that at the beginning of the simulation (8 AM) all charging
stations are empty (note that Figure 7.6 is showing a temporal detail of the devel-
opment and not the complete simulation time). Figure 7.6 illustrates the results of
both approaches.

While the deterministic method is optimal regarding balancing performance, it re-
quires a large amount of communication between all participants (cars, stations,
cloud). However, as presented in Figure 7.6, the average number of vehicles waiting
at charging points using the stochastic algorithm is very close to that obtained from
a centralised solution. The two approaches also provide very similar performance in
terms of the variance of the solution (variance equal to zero corresponds to exactly
the same number of vehicles queueing at each charging point). Thus, the distributed
approach comes with multiple benefits but limited disadvantages regarding the bal-
ancing performance.
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Figure 7.6.: Stochastic vs. deterministic balancing. The decentralised stochastic
approach provides results very close to the deterministic centralised approach, both
in terms of average number of queueing vehicles at each charging station and in its
variance.

7.5.3. Waiting times of EVs

The next simulation (and its results) show that waiting times are within reasonable
limits, provided that the number of charging points is well sized with respect to the
number of EVs. The same setup as in the previous simulation is employed. Figure 7.7
shows the evolution of the waiting times of EVs - here from the service request to
the assignment to a charging station. Recall that charging stations broadcasts green
signals according to Equation (7.1), which is updated once a second in the simula-
tion. Green signal are also issues less equal that once a second (the charging station
i broadcasts one green signal per second if p(i)CS = 1).

Figure 7.8 is showing the according waiting time at charging stations. More precisely,
it is the time between the vehicle’s association to a charging station and the time
when the vehicle is fully charged. The charging duration is up to 16 min. Keeping
this in mind, the figure shows acceptable times on average. Variances could be low-
ered by integrating the amount of energy requested by associated vehicles into the
communication protocol as well as in Equation 7.1.
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Figure 7.7.: EV waiting time: Illustration of the average time between a vehicle’s
charging request and the moment it gets associated with a charging station. A proba-
bilistic algorithm facilitates vehicles that have a lower level of battery, but the waiting
time never exceeds two minutes in the simulation example.

Figure 7.8.: Illustration of the average waiting time of EVs at charging stations in-
cluding time for charging.
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7.5.4. Plug-and-play behaviour

A key benefit of the approach is that it provides the opportunity of handling a varying
number of charging stations in a manner that is completely transparent to vehicles
and stations. Such a feature is beneficial in many scenarios, e.g. charging stations
might be reserved for particular groups during office hours and be publicly available
at other times.

In this simulation it is shown that the algorithm can be used to achieve such a func-
tionality. It is assumed that there are only three charging stations in the network until
12 PM. From then on two extra stations are added and integrated which start offering
their service. Figure 7.9 illustrates that the maximum difference between the longest
and the shortest queue is usually very small (meaning that it is well-balanced), and
is particularly large only when the new charging stations become available. That is
because they are initially free. However, fairness is soon restored.

Figure 7.9.: Balancing performance in regard to the plug-and-play behaviour in terms
of maximum difference between the busiest and the freest charging station, which
could be interpreted as a fairness feature.

Figure 7.10 shows the development of average waiting times of EVs until they are
being associated to a charging station. It is shown that in the moment the two extra
charging stations are integrated (indicated by the vertical red, dashed line) the wait-
ing times are decrease.
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Figure 7.10.: The figure shows the aggregate time required before receiving a green
signal, which is greatly reduced when the two new charging points are available -
indicated by the red, dashed line.

7.5.5. Communication effort

As outlined in the protocol description, the complete vehicle assignment process has
three steps. Figure 7.11 shows the number of sent messages per allocation. It depends
on variable numbers of charging stations and electric vehicles.

Figure 7.11 shows that the number of exchanged messages increases linearly with
deployed vehicles and charging stations. The approach has been simulated for each
possible combination of numbers of electric vehicles and charging stations. The length
of one time step is equivalent to the interval in which charging stations re-compute p(i)CS

and - if applicable - broadcast the "green signal". All other messages are generated
in return to incoming messages, either of electric vehicles (notification of interest) or
charging stations (confirmation message).

7.6. Remarks
The issue of queueing has been hitherto ignored in the study of electric vehicles,
even though it can significantly impact the acceptability. Compared to deterministic
methods to reduce queueing, the approach is fully distributed and has a plug-and-
play character. At the same time the performance compares well. The algorithm can
be deployed easily without any needed modification to assign parking spaces in an
urban setting.
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Figure 7.11.: Development of the mean number of exchanged messages based on the
numbers of vehicles and charging stations.

Looking at general requirements, the application has the following features:

• Privacy: The only information that is shared is the interest to be charged.
This seems uncritical and happens only on demand.

• Scalability: The approach is distributed. All calculations are performed inde-
pendently at charging stations and do not depend on the number of vehicles in
the network.

• Communication effort: The communication effort does not depend on the
vehicles numbers. Furthermore, communication is done locally only.

• Stability and Convergence: As shown the queue length at charging stations
is balanced.
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8. Collaborative parking space
sharing

Summary: Parking is a key challenge in the context of urban road traffic. This chap-
ter introduces two applications to address it: First, collaborative sharing of landlords’
private parking spaces and second, trading parking spaces among individual landlords
and other parties which manage parking spaces for many vehicles. Both applications
show how to exploit given parking resources in a more efficient way.
The development of the second application is result of joint work with Jia Yuan Yu,
Wynita Griggs, Fabian Wirth and Robert Shorten. It has been published in [68].

8.1. The problem of parking

According to [151], about 30 % of today’s inner-city road traffic is caused by vehicles
searching for a parking spot. It was recently reported that over one year in a small
Los Angeles business district, cars cruising for parking burned 47,000 gallons of gaso-
line and produced 730 tons of carbon dioxide [151]. Meanwhile, the consulting firm
McKinsey recently claimed that the average car owner in Paris spends four years of
his or her life searching for a parking space [42]. The parking problem associated with
electric vehicles becomes even more acute. Due to the limited range of these vehicles,
the marginal cost of expending energy to search for spaces may, in some cities, be
prohibitively high. Thus, there is a real and compelling societal and economic need
which puts extra pressure on the parking problem.
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Increases in car ownership, inadequate public and private parking facilities, and syn-
chronised demand (see Section 1.2), have led to serious (mainly temporal) mismatches
in parking space supply and demand. Finding a parking space at certain times of the
day is a non-trivial challenge. Furthermore, it is not only costly in terms of wasted
time for the driver, but it also creates congestion and pollution affecting everyone.
Thus, relaxing the parking problem improves both economic efficiency and environ-
mental pollution.

Indeed, major companies and cities are responding to these challenges. For example,
many city authorities, in order to safeguard resident on-street parking from people
commuting to a city through the day, have initiated schemes such as resident permit
parking, and a number of commercial initiatives have emerged in the parking area.
SFpark 1, Park2Gether 2 and ParkatmyHouse3 provide examples of city authorities
and companies investing heavily in parking research and products within a smart
city context.

Starting from the basic idea of these concepts (to share private parking spaces to
realize a more efficient use of given spaces) two advanced applications are proposed.
The first application described in Section 8.2 extend the idea of given platforms by
letting landlords cooperate and rent out their spaces collaboratively to users. The
second application incorporates private landlords with singular spaces, multi-spaces
providers such as companies, users and employees. A feedback loop could be set up
to establish a fair allocation of spaces to users.

8.2. Car park sharing of private landlords

The objective of given parking sharing platforms such as the ones named before is to
use the number of given parking lots more efficiently. The basic assumption is that
there are free parking spaces even if there are vehicles searching for available spots at
the same time. That it is the case, when private parking spots could not be used by
other vehicle drivers than the parking space owner or renter etc. Named platforms
give parking spot owners the possibility to rent their spots to others for a given time
window. They provide the functionality to connect (commonly individual) parking
spot providers to users who require a space. Parking space providers could share
information about the location, the renting time, price information etc. via these
platforms. People who request a parking spot (potential users) could book a selected
space for a defined time window. Administrative and payment service are commonly
provided by the platform operator. But - until now - there is no link between the
providers. This is the starting point for the first application.

1see http://sfpark.org/about-the-project
2see https://www.park2gether.com
3see http://www.parkatmyhouse.com
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8.2. Car park sharing of private landlords

In order to increase the attractiveness of such parking space sharing systems, the fol-
lowing problem of available platforms is highlighted: vehicles, which have booked a
parking space may find the space occupied even though it should be available accord-
ing according the sharing agreement (given platforms ask users to call the platform
provider in such a case, see FAQ from Park2Gether 4). Focussing on the setting where
landlords wish to use his or her parking space, two scenarios occur: (1) landlords ar-
rive earlier than agreed and the space is (rightfully) occupied by the user and (2) the
landlord arrives as agreed but the user has not freed the relevant space on time. In
the survey outlined in detail in [135], it has been shown that potential users, who do
generally support the idea to share their private parking spaces are afraid of exactly
this scenario.

The basic idea to overcome this problem is to implement cooperation among indi-
vidual private car park providers (landlords). It is proposed that these collaborate
with other landlords in the vicinity (neighbours). Assume a landlord li owns a pri-
vate parking space and has rented it to some user uj on a particular day for some
time window. When returning, the car space may still be occupied. In this case, the
cooperation of landlords becomes beneficial as the owner may utilize available park-
ing spaces from collaborating neighbours and park his or her car on their grounds.
Assume landlord lA arrives at home at time t and finds his or her space occupied by
a user u1. lA will now search for an open space at collaborating neighbours. Assume
the space of landlord lB is free and lA parks his vehicle at lB’s space.

The benefit of the system is reasoned by the scenario when the second landlord lB
returns home. Since landlord lA occupies lB’s space, lB will also search for a space at
his or her neighbours - including the space of lA. In some cases, u1 has left lA’s space
in the meantime, such that lB could make use of it. In the conventional setup with
a one-to-one relationship (Figure 8.1 (a)) between landlords and users, at least one
of the two landlords lA and lB would not have had access to a parking space. With
collaboration both landlords get a space. Generally, the same situation may occur for
users when they arrive at a rented parking lot where the landlord (still) occupies his
space. Figure 8.1 (b) illustrates the basic idea, which implements a many-to-many
relationship between landlords and users.

The application could be deployed in many ways - it has no particular requirements to
the technical sub-system. A simple solution would be provide a smartphone platform,
where landlords and users exchange feedback on their timing constraints.

Problem definition and assumptions

The quality of service of car park sharing platforms should be increased by letting
car park owners (landlords) cooperate. This should be discussed in the context of the

4https://www.park2gether.com/faq#faq-4
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(a) (b)

Figure 8.1.: Figure (a) illustrates the common setup for a parking space sharing
system with a 1:1 relationship between landlords li and users uj. Figure (b) shows
the basic idea of the approach outlined with a many-to-many relationship between
landlords and users.

problem which occurs when landlords arrive home and could not access their private
parking space since a user has not yet vacated the space.

It is assumed that landlords offer their spaces to users in a time frame, which starts
at ts and ends at te. Thus, landlords plan to free their spaces during this time.
Furthermore, it is assumed that the landlord provides this information some days in
advance or defines a repetitive behaviour like on every Tuesday the space is free from
9 AM to 5 PM. However, from time to time, the landlord may not meet his own
schedule, e.g. when being sick (according to [85] it is 17.6 days per year in Germany,
which corresponds to about 10 % of working days). In addition, landlords may free
their space later than scheduled or arrive back early for various reasons. Similarly,
users of provided car spaces may arrive earlier than the space is provided or leave the
space later than agreed.

8.2.1. Brief analysis

The benefit of the collaborative parking space sharing concept is briefly explained
by comparing two scenarios: In the first scenario a user books a specific space from
a specific landlord in a one-to-one relationship. In the second scenario, landlords
collaborate and users book the right to use one of the parking spaces of collaborating
landlords. Equal numbers of landlords and users are assumed. Then, the probability
of the event that landlords need to find a parking spot on the street (as his or her
parking space as well as those of neighbours are not accessible) shall be low. Thus,
the probability corresponds to the probability that neither the landlord’s space is
available nor one of his neighbours’. It is assumed that the landlords’ home coming
times (arrival times) Tl,a have a Gaussian distribution. The same applies to the de-
parture time of users Tu,d, thus Tl,a ∼ N(µa, σ

2
a) and Tu,d ∼ N(µd, σ

2
d).
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The one-to-one scenario is analysed first. The event of interest X (that landlords
arrive home before the user has vacated the space) in this scenario occurs with prob-
ability P (X) according to:

P (X) = P (Ta < Td) (8.1)

In order to analyse the complete set of possible events, cumulative distribution func-
tions are regarded. Let Fa be the cumulative distribution of the arrival time of
landlords and Fd the cumulative distribution of departure time of users. The depar-
ture time of users is equivalent with the time when the parking space is vacated. Fa

is given by Equation (8.2), Fd by Equation (8.3).

Fa(Ta) =
1

σ
√
2π

∫ Ta

−∞
e−

1
2(

t−µa
σ )

2

dt (8.2)

Fd(Td) =
1

σ
√
2π

∫ Td

−∞
e−

1
2(

t−µd
σ )

2

dt (8.3)

It could be assumed that the expected time of the arriving users is commonly later
than the expected value of the departing users. This assumption is meaningful for
many reasons: the very initial idea is that a landlord rents his place to others during
the time he or she is not requiring his private space (e.g. while he or she is at work);
thus one may assume that the parking space is offered until the time that is (shortly)
before the expected time of the landlord’s return. This "buffer" time is called tl,p.
Furthermore, it is assumed that the user who rents the space expects to leave the
parking spot before the time until when the space is rented. This additional buffer
time is called tu,p. It holds µa = µd + tl,p + tu,p. In practice the time buffer may
comply to the commuting time, which means that the landlord as well as the user
could start and end work at similar hours.
Now, suppose that Tl,a ∼ N(µa, σ

2
a) and Tu,d ∼ N(µd, σ

2
d). Then,

P (Td > Ta) = P (Td − Ta > 0) = 1− P (Td − Ta ≤ 0) (8.4)

By independence of Ta and Td, Td − Ta is normally distributed as well [61], here

Td − Ta − µ

σ
∼ N(0, 1). (8.5)

with expected value

µ := E(Td − Ta) = µd − µa (8.6)

and variance

σ2 := V ar(Td − Ta) = σ2
d + σ2

a (8.7)
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Then, it is

P (Td − Ta ≤ 0) = P

(
Td − Ta − µ

σ
≤ 0− µ

σ
)

)
= Φ

(
−µ

σ

)
(8.8)

with Φ being the normal distribution N(0, 1). Thus it is

P (Td > Ta) = 1− P (Td − Ta ≤ 0) = 1− Φ

(
−µ

σ

)
. (8.9)

A simple example is given in the following: a time window of 120 minutes is regarded,
say between 4 PM and 6 PM - a plausible time window where users leave the space
and landlords arrive at home. It is assumed that Td ∼ N(µd, σ

2
d) = N(50, 6) and

Ta ∼ N(µa, σ
2
a) = N(70, 8). This means that it is expected that the user of the

landlord’s parking space leaves the space at 4:50 PM on average (50 min after the
time windows’ beginning) and that the landlord arrives at home at 5:10 PM on
average, both with according variances. Thus, the previously mentioned time buffer
is 20 minutes long. Let P (Td > Ta) describe the probability that the landlord arrives
before the user has left (such that the landlords could not use his or her parking
space). According to Equation (8.9), it is:

P (Td > Ta) = 1− Φ

(
−µ

σ

)
(8.10)

= 1− Φ

(
−(µd − µa)√

σ2
d + σ2

a

)
(8.11)

with

Φ(x) =
1√
2π

∫ x

−∞
e−

1
2
t2dt. (8.12)

In this example, P (Td > Ta) is 0.0228. When the time buffer decreases and/or vari-
ances increases, the probability increases as well. For instance, with Td ∼ N(55, 6)
and Ta ∼ N(65, 8), P (Td > Ta) becomes 0.1587. It is the same result if Td ∼ N(50, 12)
and Ta ∼ N(70, 16).

Thus, even in an ideal scenario, where a landlord and user share a parking spot, who
have fitting time constraints and relatively low variances regarding their arrival and
departure times, the probability that the landlord could not access his car park is
not negligible.

The one-to-one scenario should now be compared to a scenario when landlords col-
laborate in the way it has been described earlier. For a comparability, the same
assumptions are made but with two cooperating landlords and two users. There are
the following situations where landlords could not access their parking space or the
space from their neighbour (the other collaborating landlord) when coming home:
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• Both users of both parking spots are still occupying the spaces. This probability
is denoted Pu,u.

• One user is (still) occupying a parking space and the other landlord is occupying
the other. This probability is denoted Pu,l.

Pu,u is known from the previous analysis. It is Pu,u = P (Td > Ta)
2. Pu,l could also

be inferred from the previous analysis. It is equivalent to the probability that one of
the two users is (still) parking on one of the spaces (while the other has left already)
multiplied by the probability that the other landlord comes home earlier.

Thus, the according probability Pu,u + Pu,l is

Pu,u + Pu,l = P (Td > Ta)
2 + P (Td > Ta)(1− P (Td > Ta))(1− Φ(0)) (8.13)

By applying the same example as before (Td ∼ N(µd, σ
2
d) = N(50, 6) and Ta ∼

N(µa, σ
2
a) = N(70, 8), the probability is almost divided in half compared to the

scenario without collaboration, it is 0.01165992. The benefit of the cooperation is
increasing when the assumptions are relaxed, namely when the expected arrival and
departure times of landlords and users have a greater difference and when according
variances are greater. This will be shown in the following simulations.

8.2.2. Simulations: Collaborative parking networks vs. 1:1
allocations

In addition to the brief analysis outlined before, some simulations are performed.
These are done to assess the performance of larger groups of collaborating landlords.
By having multiple users and landlords, a uniform distribution of landlords’ arrival
times and users’ departure times is assumed for a two hour time window Tw.

Furthermore, it is assumed, that landlords have an average commuting time of t̄c,
which is uniformly distributed within the range [max(0, t̄c − tr), t̄c + tr], where tr
defines the size of the range. This commuting time corresponds to the time buffer
described in the previous subsection. Thus, the time window for the arrival time of
landlords is shifted by t̄c±α·tr, with α ∈ [0, 1] compared to the users’ departure times.

Then, the probability P (Td > Ta) that the landlord arrives home while the user is
still occupying the landlord’s parking space is equal to:

P (Td > Ta) = 1− E(Ta)

Tw

. (8.14)

The following simulation is done over a time of 200 days (which corresponds to one
year when looking at working days only) with 100 landlords and 100 users. The
commuting time is individually set for each landlord - a uniform distribution over
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a range from 5 to 15 minutes serves as basis. In this setup, the analytically calcu-
lated probability for a 1:1 relationship between users and landlords is 0.583̄ (using
Equation (8.14)). The dashed line in Figure 8.2 determines this reference probability
P (Td ≤ Ta) = 1−P (Td > Ta). Furthermore, the Figure shows the average probability
for landlords to find a spot either on the own parking space or on one of collaborating
neighbours for varying numbers of collaborating neighbours.

Figure 8.2.: Probability for landlords to get a parking space at own soil or from a
neighbour. The dashed line determines the probability to get a parking space in a
1:1 relationship between landlords and users.

One may question, why the probability to find a parking converges to a value around
0.8 (and not 1). The basic idea of the application is that a landlord A could utilize
parking spots from collaborating landlords (neighbours) - here landlord B, in case
one users is (still) occupying A’s parking spot. Furthermore, when B comes home
(assuming B arrives later than A), his or her space is occupied by A. The core idea
of the approach is that there is the chance that the user who occupied the space from
A has departed in the meantime, such that B could make use of it.

However, it could be the case that there are more (collaborating) landlords arriving
at home than users departing. In this scenario, there are landlords who have neither
access to their own space nor to one of their neighbours’ spaces. Figure 8.3 shows the
result of a simple simulation with 100 landlords and 100 users. Both landlords and
users depart according to a uniform distribution between minute 0 and 120. Land-
lords have a commuting time of 5 minutes. Figure 8.3 shows that there are times
where there are more landlords arriving than users departing, resulting in landlords
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who do not get access to any parking spot.

Figure 8.3.: Number of user departures and landlords arrivals constitute the maximum
number of free parking spaces in the system.

Figure 8.4 shows the impact of the average commuting time. In this setup, the
number of cooperating neighbours is assumed to be fixed, here six. From Figure 8.2
it could be seen that the benefit of having more collaborating neighbours than that
is not beneficial anyway. Figure 8.4 shows the result of the simulation. As expected,
the probability to get a space increases with the commuting time. The dashed line
illustrates the equivalent probability Pref for the reference scenario. It is calculated
according to Equation (8.15).

Pref =

⎧⎪⎪⎨⎪⎪⎩
1

Tw+1

Tw∑
t=0

t+tc
Tw

for t+ tc ≤ Tw

1
Tw+1

Tw∑
t=0

1 for t+ tc > Tw

(8.15)

8.2.3. The impact of reserved parking spaces

Another way to increase the probability to get a space (both at the landlord’s own
space or at one of his cooperating neighbours) could be achieved by reserving some
spaces for landlords. That means that some spaces are not rented to users at all.
Figure 8.5 shows the impact of the share of reserved spaces on the probability of
landlords to get access to some parking space (to his or her own or to one of his or
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Figure 8.4.: Probability for landlords to get a parking space at own soil or from a
neighbour having different commuting times.

her neighbours’ private spaces). The simulation is done with an average commuting
time (of landlords) of 10 minutes. Figure 8.5 shows that the impact of reserved
parking spaces on the quality of service - in the sense of access to a parking space at
the landlord’s or his or her neighbours’ spaces - does not increase much.

8.3. Trading parking spaces for better QoS

The second application incorporates operators of multiple parking spaces such as com-
panies, shopping centres, university campuses (all summarized as mini-cities) but also
(private) landlords. The scenario targets suburban environments where mini-cities
and residential areas are co-located. In such a set-up, it could be assumed that the
mini-city is short of parking spaces during particular time (i.e. business hours) while
many nearby residents vacate their private spots at the same time. Thus, in principle
there is an opportunity for the mini-city to use these vacated parking spaces of local
landlords in the vicinity. In the context of the application introduced here, these
parking resources are used in a trading mechanism implemented between a mini-city
and private landlords in the vicinity, which helps to utilize resources in a more effi-
cient way while preserving some defined quality of service.

Assume there is a mini-city with a total number of N parking spaces. It is surrounded
by M private parking spaces from landlords, as illustrated in Figure 8.6. In the given
application, it is assumed that landlords cooperate with the mini-city in a way that
landlords lease their driveways to the mini-city during business hours while the land-
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Figure 8.5.: Based on the share of reserved spaces (spaces not rented to users), the
probability of landlords who get access to a space (on own grounds or at cooperating
neighbours) increases.

lords expect to be away (e.g. at work). The time period in which the spaces from
landlords are leased is [0,W ].

The application is discussed within the three subsections. In Section 8.3.1, the basic
features of the system are regarded, name how to define proper numbers (N,M) of
different parking spot groups such that the system implements some specific quality
of service to mini-cities and landlords. In Section 8.3.2 shows how to establish a fair
allocation of parking spaces to its users. Simulations are supporting the statements
from these two subsections in Section 8.3.3.

8.3.1. Providing QoS to landlords in the the home-early event

The first question to address is how Q ∈ {0, 1, . . . , N} should be dimensioned in order
to guaranty sufficient QoS to landlords for the home-early event (see below).

Assume there are M landlords who offer parking spaces. For each landlord a non-
negative random variable T l

i,a is defined, which denotes the time at which he or she
returns to his or her parking spot i. It is independent and identically distributed. Un-
der normal circumstances, T l

i,a is greater than W ([0,W ] denotes the nominal rental
window for every parking space). However, landlords may choose to come home ear-
lier from time to time.

Further, it is assumed that each parking space has exactly one user per day; a non-
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Apartment Residents:

M parking spaces

University Campus:

N parking spaces

reserve Q parking 

spaces for residents

Figure 8.6.: The parking scenario: premium spaces are those on the university cam-
pus, whereas secondary spaces are those belonging to the apartment buildings.

negative random variable T u
i,d is defined, which denotes the departure time (from

parking space i) of this user. Again, it is independent and identically distributed. In
parallel to the assumption for landlords, under normal circumstances the user vacates
the space on time, which implies T u

i,d < W . Again, on rare occasions it is considered
that this is not the case.

The equivalent problem as discussed in the previous parking space sharing application
(Section 8.2) is regarded: A landlord gets home but his parking spot is not (yet)
vacated be the user. Recall that there are two events which lead to this problem:
The home-early event Ei is due to the landlord needing the space during the day
(while the user of the space is still there). The overstay event Oi is due to the fact
that the daytime user overstayed (and the landlord arrives home before the user has
vacated the space). The two events are defined as follows:

• Home-early event: Ei ≜ {T l
i,a ∈ [0,W ]} ∩ {T l

i,a < T u
j,d}

• Overstay event: Oi ≜ {W < T l
i,a} ∩ {T l

i,a < T u
j,d}

It is assumed that T l
i,a and T u

j,d are mutually independent.

The first step is to quantify the probability of Oi: p(Oi) ≤ p(T u
j,d > W ). It is the

probability of users staying longer than agreed.

Let FTu
d

denote the probability distribution of T u
i,d (the time when the user vacates

the space i) and let FT l
a

denote the probability distribution of T l
i,a (the time when the

landlord requests the space i). Under the independence assumption, it is:

p(Oi) =

∫ ∞

t=W

(FT l
i,a
(t)− FT l

i,a
(W )) dFTu

i,d
(t). (8.16)

164



8.3. Trading parking spaces for better QoS

Thus, the probability p(Oi) of the overstay event at a specific parking space i is equiv-
alent to the probability of arrived landlords’ after the agreed time window while the
relevant parking space user is still on the space (given by FTu

i,d
(t)). Equation (8.16)

is deduced from the p(Oi) = p(W < T l
i,a < T u

j,d). The proof is part of the publica-
tion [68].

In the following, the formula to define a proper dimensioning of the reserve parking
spaces Q from N for the home early event Ei (where T l

i,a ≤ W ) is developed where
some specific QoS met. The QoS is defined by the probability p(M,Q) of the event
that more than Q spaces are needed to accommodate all landlords who come earlier
than agreed (the event Ei):

p(M,Q) = p

(
M∑
i=1

XEi
> Q

)
, (8.17)

where XEi
denotes a Bernoulli random variable taking value 1 when event Ei occurs,

and value 0 otherwise. We first characterise the probability of the event E1 in terms
of the probability distributions of T l

i,a and T u
j,d.

The next step is to quantify the probability of the event Ei. Let FT l
a

denote the
probability distribution of T l

i,a and FTu
d

of T u
i,d. Under the assumption that T l

i,a and
T u
i,d are independent and identically distributed, it is

p (E1) =

∫ W

t=0

(FTu
d
(W )− FTu

d
(t))dFT l

a
(t) + FT l

a
(W )(1− FTu

d
(W )). (8.18)

Equation (8.18) is deduced from p({T l
i,a < T u

i,d}∩ {T l
i,a ∈ [0,W ]}). The proof is given

in the publication [68].

The probability that Q from N reserve spaces at the mini-city is not enough to serve
the landlords who come home early (event Ei) is calculated by:

p(M,Q) =
M∑

k=Q

(
M

k

)
ϕk(1− ϕ)M−k (8.19)

with ϕ ≜ p (E1). Equation (8.19) is straight forward. It sums up the probabilities for
all events where Q is not sufficient. The binomial coefficient is included to account
for permutation of the two possible incidents: (1) the k landlords who do not have
access to their parking spots in the home-early case (the probability is ϕk) and (2)
the M − k landlords who have (the probability is (1 − ϕ)M−k)). The sum starts
with Q as Q landlords will have access to the reserve parking spots - a scenario
which is not targeted here. Under the assumption that T l

i,a and T u
i,d are independent

and identically distributed, p(M,Q) is a random variable characterised by ϕ. The
probability can be mitigated by increasing the parameter Q. Given a QoS target
p(M,Q), Equation (8.19) can be used to determine the corresponding value of Q
needed to achieve it.
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8.3.2. Fair and optimal allocation of premium spaces to
mini-city users

One may assume that users (i.e. employees of the mini-city) who require parking at
the mini-city have monthly subscriptions, which allow to park at the mini-city. How-
ever, such a subscription does not necessarily guarantee a free parking space since
commonly more subscriptions are sold than there are actual spaces. That is, if users
arrive "too late" and the mini-cities parking spaces is already full.

Such "first come, first served" systems can be inefficient. Consider the example of
subscribers who have certain duties which lead to later arrival times (e.g. parents
who need to take their children to school). In the following part, an approach is
presented that establishes a fair access to parking spaces of the mini-city for all users
over a long-term period. In this context, fairness means that all users should have
the same chance to get access to one of the N − Q premium parking space at the
mini-city (independent from the arrival times).

Assume that the mini-city has been able to obtain enough parking spaces from land-
lords such that (N − Q) + M is greater than or equal to the number of mini-city
members who might require a parking space. The approach is similar to the AIMD
optimisation approach exploited in the SPONGE application described in Section 4.5.
The basic idea was first introduced in [183]. For simplicity of exposition, it is assumed
that Q = 0 here, but the results generalise in a straightforward fashion.

Fair access to parking spaces could be implemented in many ways. Here, it is as-
sumed that each user i has a cost function fi : [0, 1] → R, which depends on z ∈ [0, 1]
where z denotes the premium space allocation frequency of the relevant user. In
other words, z defines the probability that a user gets a premium parking space at
the mini-city. In the case where users’ cost function is equal, a fair allocation would
result in the scenario where all subscribers would have the same chance to get access
to a premium space.

Generally, the cost function could be used to represent various applications to respect
different needs of users, i.e. it might represent the amount a user is willing to pay
or depend on the vehicle’s emission class. Given individual cost functions, the aim
is to design a system that achieves overall minimal cost for users. Thus, the optimal
allocation of resources is:

minimize
z1,...,zn∈R

n∑
i=1

fi(zi) (8.20)

subject to
n∑

i=1

zi = N, (8.21)

zi ≥ 0, i = 1, . . . , n.
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The objective in the next step is to find the optimal allocation per user (z∗i ). The
proposed algorithm for solving the parking allocation problem can be summarised as
follows: It is assumed that - for each day - each user is allocated to one of the premium
spaces with a certain probability. In order to realize a distributed architecture, it is
again implemented a way that each vehicle tosses a coin to decide whether it shall
have access to a premium spot or not. This is done on a daily basis. The according
probability for the probabilistic assignment is calculated on every subsequent day
individually for each user i:

pi(t+ 1) ≜ p(Xi(t+ 1) = 1) = Γ(t)
X i(t)

f ′
i(X i(t))

. (8.22)

Xi(t) denotes the event whether the algorithm allocates a premium parking space to
user i (X := 1) or not (X := 0). Furthermore X i(t) denotes the average allocation to
a premium parking spot for the i’th user up to the t’th day. Γ(t) is a common value
for all vehicles and it is broadcasted by the mini-city. It is based on past utilisations.
Here, Γ(t) is chosen such that pi(t) ∈ (0, 1) for all i = 1, . . . , n and all t ∈ N. It is
determined in a time-varying manner as it also influences the demand for premium
spaces. The following example illustrates the performance of the algorithm.

Assume that all cost functions fi are continuously differentiable and strictly convex.
Thus, the optimal point z∗ ∈ Rn is unique. Furthermore, it is assumed that the
optimal point z∗ has only positive entries. This assumption guarantees that the al-
gorithm is well defined for every user.

The objective is to control access to premium spaces in such a way that the average
utilisation for each user approaches the optimal value z∗i ; for large t it should be

X i(t) ≈ z∗i (8.23)

with X i(t) =
1

t+1

∑t
j=0Xi(j) subject to the (loose) capacity constraint

∑n
i=1 Xi ≈ N .

That is, all premium spaces are occupied on average. Again, privacy of users should
be preserved. That means that X i and fi should not be revealed to any other users
during the course of the optimisation. The algorithm presented here extends the
ideas of [183], as it should be ensured that the utilisation variables Xi(t) sum to N ,
or at least to a value close to it. Moreover, the resource to be allocated in this setting
is atomic as opposed to arbitrarily divisible. These differences require changes to the
algorithm presented in [183].

At each time t, each user i determines a probability pi(t) and sets

Xi(t+ 1) =

{
1 with probability pi(t+ 1),

0 with probability 1− pi(t+ 1),
(8.24)
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where all users make this probabilistic choice independently of other users or previous
decisions. The evolution of the probabilities is governed by Equation (8.22). Note
that each user i can determine its own probability with the exclusive knowledge of
its own past utilisation X i(t) and his or her (private) cost function fi. If at a certain
time t each pi(t) is fixed then the expected utilisation of the premium spaces is

E

(
n∑

i=1

Xi(t+ 1)

)
=

n∑
i=1

pi(t+ 1) = Γ(t)
n∑

i=1

X i(t)

f ′
i(X i(t))

. (8.25)

To ensure optimal utilisation of the premium spaces and avoid overbooking, the
expected utilisation should be (slightly) below the given number of premium parking
spaces. Denoting this number by NE ≤ N , Γ(t) is adjusted so that the expectation in
Equation (8.25) tracks NE. As the expectation is unknown, one may use the observed
utilisation as an estimator for this. Taking a simple error regulation approach,

Γ(t+ 1) = Γ(t) + α

(
NE −

n∑
i=1

Xi(t)

)
. (8.26)

The overall system is now prescribed by the dynamics of Xi given by Equation (8.24),
the dynamics of pi given by Equation (8.22) and the dynamics of Γ as described in
Equation (8.26).

8.3.3. Simulations of fair allocation

In the following, simulations show the fair allocation of parking spaces based on the
approach outlined in the previous Subsection 8.3.2. The simulation has the following
features: there are 900 users who compete for 450 premium parking spaces. Assume
that each evening, users are assigned to a parking space as described above (with the
scalar Γ(t) determined using a PI controller). For simplicity, users have one of three
arbitrary strictly convex cost functions: f1(z) = z4/4, f2(z) = z6/6, and f3(z) = z8/8.

Figure 8.7 shows the average premium space allocation X̄c(t) achieved for each class
c of vehicles. It could easily been seen that the values converge to different values
per class (X̄1(t) ≈ 0.36, X̄2(t) ≈ 0.52, X̄3(t) ≈ 0.62).

Furthermore, Figure 8.8 shows that the average utilisation of premium spaces con-
verges to the target utilisation of 450.

Figure 8.9 shows the evolution of the controller gain, which is based on past util-
isations. The figure shows that the gain converges. It is determined with the PI
controller.

Finally, Figure 8.10 shows that the cost function derivatives do actually achieve con-
sensus asymptotically.
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Figure 8.7.: Instantaneous allocation X̄i(t) for three different vehicle classes. It could
be seen that the probabilities to be assigned to a premium space converge to different
values per vehicle class. It could be shown that the associated costs - calculated with
help of individual cost functions f1, f2 and f3 - converge to a common value.

Further discussion on the heuristic which suggests that the algorithm works in a
general setting is outlined in [68].

8.4. Remarks

Two implementations of a collaborative parking sharing theme have been introduced.
The first one introduced an extension to common car sharing themes by letting land-
lords collaborate. The approach is introduced in Section 8.2. The second application
targets a the special scenario of a mini-city (e.g. a company with many employ-
ees) which trades parking spaces with landlords in the vicinity. Features of the two
approaches are briefly discussed in the following.
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Figure 8.8.: The figure shows the average utilisation of premium spaces over time.
The horizontal axe defines the simulation time, the vertical axe the average number
of utilizes premium spaces. It is concentrated around the target value of 450, which
corresponds to the number of given premium parking spaces in the simulation.

8.4.1. Car park sharing with private landlords

The first application is simple extension of given parking sharing platforms. Landlords
with private parking space cooperate with other landlords and rent out their spaces
collaboratively. In contrast to other applications no feedback loop is implemented.
Features of the application are:

• Privacy: Users do not communicate with other users or an authority. It is not
tracked who or when a private parking lot is used.

• Scalability: Scalability is limited as the number of parking spots in a area
(which is in the vicinity of a landlord’s home) is restricted. I.e. landlords would
not accept alternative parking spaces which are miles away.

• Communication effort: The approach does not make use of any communi-
cation capabilities.

• Stability and Convergence: No feedback loop is implemented. Thus, stabil-
ity and convergence is not relevant in this application.

Topics in the context of user acceptance are further discussed in Section 9.4.2.
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Figure 8.9.: The figure shows the evolution of Γ(t) over simulation time. The hori-
zontal axe defines the simulation time, the vertical axes the gain’s value. It shows
that the gain, which is determined with the PI controller, converges.

8.4.2. Trading mini-city’s parking spaces for better QoS

The second parking application connects operators of multi-space car parks (mini-
cities), its users and landlords in the vicinity. In order to implement fairness it
establishes a feedback loop that leads to fair and optimal allocation of users to pre-
mium parking spaces of mini-cities. The proposed allocation is a general scheme,
which can be applied to many problems of the form of Equation (8.20) (i.e. assigning
spaces in overhead bins on passenger planes, seats in trains, etc.). At the same time,
the application meets most of the previously outlined requirements:

• Privacy: Users do not communicate with other users, nor do they reveal any
state information or cost information to a central authority (here the mini-city).

• Scalability: The number of vehicles does not affect the complexity or perfor-
mance of the system as all calculations are done in a distributed way.

• Communication effort: Communication is limited to broadcasts of a network-
wide constant, which is updated once a day.

• Stability and Convergence: It has been shown by simulations that the av-
erage success to get a premium space converges for each users with equal cost
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Figure 8.10.: Convergence to optimality. The cost function derivatives achieve con-
sensus asymptotically. The upper Figure shows the quotient from the first vehicle
class cost function derivatives and the second class. The lower plot shows the quotient
from the second vehicle class cost function derivatives and the third vehicle class cost
function derivatives. As desired, both quotients are around 1, which means that the
relevant cost function derivatives converged to the same value.

functions.

However, it needs to be kept in mind, that the analysis of the QoS to landlords
addresses the home-early event only.
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Testing and Conclusion
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9. Testing and acceptance of
applications

Summary: This chapter discusses user acceptance of applications introduced in the
previous chapters and introduces a testing framework dedicated for collaborative ITS
applications with a large number of participating vehicles. The framework support
both aspects: technical and user acceptance testing.
Important parts of the chapter are results of joint efforts with other authors. Selected
work on testing environments for ITS outlined in Section 9.1 was jointly conducted
with Andrea Tomatis, Markus Miche, Massimiliano Lenardi, Thomas Bohnert and
Ilja Radusch, see [171]. The work on the platform which integrates a traffic simulator
with real-world vehicles (Section 9.2) was conducted together with Robert Shorten,
Wynita Griggs, Rodrigo Ordóñez-Hurtado, Kay Massow and Emanuele Chrisostomi
and has been published in [69] and [78]. The prototype vehicle itself was setup together
with Robert Shorten, Arieh Schlote, Thomas Hecker and Astrid Bergmann. Moreover,
selected parts of the user acceptance discussion outlined in Section 9.4 are inspired
by joint work with Bartek Rytt [136, 137] and Kevin Rhinow [135].

9.1. Testing and acceptance of collaborative ITS
applications

In the previous chapters, ITS applications were introduced which depend on the inte-
gration and collaboration of many vehicles and drivers. Simulations were conducted
to validate the basic performance of the algorithms. However, such simulations can-
not accommodate for all of the complexities, uncertainties, technical issues, driver
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attitudes and responses that might arise in the real world [170]. But there are other
evaluation environments for ITS applications. All of them have with particular ca-
pabilities, strengths and weaknesses.

Testing environments range from full simulations (see Section 9.1.2), where all aspects
are simulated, to field operation tests (see Section 9.1.1), where the developed system
is assessed in the environment where it will be deployed to in the final step. This
section provides a brief overview on selected evaluation environment. In addition to
the aforementioned this includes a hardware-in-the-loop (Section 9.1.3) and a driving
simulation setup (Section 9.1.4) as well as a brief overview on the capabilities of user
surveys and interviews (Section 9.1.5).

9.1.1. Field operational tests

Testing ITS applications in field operational tests (FOT) employing a large number
of vehicles leads to most meaningful verification results as the system under test are
embedded into a realistic environment. Accordingly, FOTs should be the final valida-
tion environment of ITS developments [66]. At the same time it (1) comes with the
most challenging (technical and organisational) requirements and (2) has also some
functional limitations.

Technical challenges are related to the complex test setup, which requires a dedi-
cated test framework with test operators who monitor tests, a test data logging and
management system, dedicated on-board systems and so forth. Key outcome of the
funded FOT research projects PRE-DRIVE C2X, DRIVE C2X and simTD has been
such a testing infrastructure [171].

The functional limitations mainly relate to the limited knowledge about and control
of real-world features. In effect, test results may always be affected by features of
the system, which are not (or not precisely) known. That makes it also complicated
(if not impossible) to reproduce tests (and results). Furthermore, full control about
the environment is not possible. An example are traffic conditions on public roads,
where the influence is limited.

The most critical aspect of FOTs is related to the required (monetary and organiza-
tion) efforts. FOTs require enormous (monetary) efforts, especially when hundreds of
vehicles are needed to demonstrate general impacts on urban traffic flows, air pollu-
tion etc. Furthermore, FOTs require access and control of traffic infrastructure (such
as traffic lights) but also permissions from relevant authorities. In most cases this
is impractical and prohibitively expensive - even large, funded FOT projects such as
DRIVE C2X and simTD (where there were more than one hundred vehicles involved)
had to upscale results.

176



9.1. Testing and acceptance of collaborative ITS applications

However, all concepts outlined in this thesis assume a huge number of participating
vehicles. Therefore, FOTs are practically impossible to conduct.

9.1.2. Full simulation

In a fully simulated environment the complete environment of the system under test
(here the ITS application) is simulated. That may include vehicle dynamics, commu-
nication links and partners, sensors, actuators, the traffic network and infrastructure
etc. including all dependencies. Even though the setup of a simulation could become
very complex, the main advantage is the (theoretical) full control of all system’s parts
and the reproducibility of tests.

In the validation chain, the full simulation has two main objectives: First, it is
suited to pre-evaluate certain aspects of the implementation (e.g. correct interface
implementations) in order to minimize the extent of costly tests in a real-world en-
vironment. Second, the simulation is suited to run tests, which could not even be
evaluated during the FOT, e.g. traffic efficiency effects with thousands of vehicles.

However, a key limitation of the full simulation is the lack of a realistic driver be-
haviour and its impacts.

9.1.3. Hardware-in-the-loop

A hardware-in-the-loop (HIL) setup connects an (embedded) system using existing
interfaces with a HIL-simulator which mimics the real environment of the system.
Thus, a HIL system is a combination of physical and virtual prototype. The authors
in [51] define the HIL approach as "a setup that emulates a system by immers-
ing faithful physical replicas of some of its subsystems within a closed loop virtual
simulation of the remaining subsystems". The definition highlights the closed loop
character of a HIL: the (embedded) system is fed with data which emulates the real-
world environment. It responses and interacts with the emulated environment. The
main benefits are outlined in [51]: cost effectiveness, rapid prototyping, fidelity and
verisimilitude1, simulation speed, repeatability, non-destructive nature, comprehen-
siveness, safety and concurrent systems engineering.

HIL simulators are widely used in the automotive industry - especially in the context
of testing and validating ECUs [9] and other components. The latest HIL-platforms
also aim at driver assistant systems. One example for these is the VEHIL (vehicle
hardware-in-the-loop [66]) platform, which aims at testing Advanced Driver Assis-
tant Systems (ADAS), such as adaptive cruise control, stop-and-go, forward collision
warning, pre-crash systems, blind spot systems, etc. The HIL system X-in-the-loop is

1"Verisimilitude is a philosophical concept that distinguishes between the relative and apparent
(or seemingly so) truth and falsity of assertions and hypotheses." [181]
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a development from Karlsruhe University, which could embed a complete vehicle as a
system under test into a larger traffic scenario (e.g. crossings). The vehicle is "driven"
on a roller test bench. The HIL simulator VIL (Vehicle-in-the-loop) developed within
an dissertation for AUDI from Bock [18] follows a virtual reality approach to assess
driver behaviour in the context of ADAS. The test could be performed within pub-
lic space on open roads. The basic idea of the VIL approach is similar to the one
developed within the context of this thesis and introduced later.

9.1.4. Driving simulation

There are many real-time driving simulators on the market - in particular for re-
search and training. In the context of testing and evaluating ITS applications, they
are mainly used to assess driver behaviour and the acceptance of Human Machine In-
terface (HMI) design. All driving simulators aim at providing an environment for test
drivers which is as realistic as possible. Implementations range from simple graphics
on a computer monitor to high performance driving simulators with more than six
degrees of freedom, 360 degree visualizations etc. An example for an advanced driv-
ing simulator is the one from University of Stuttgart [10].

The main benefit of driving simulators is their versatility. They can be easily con-
figured to assess a variety of questions in the context of human factors research.
However, it is impossible to mimic the real world in all its complexity. Thus, there
will always be the issue of validity, i.e. to what extent behaviour in a simulator corre-
sponds to that in the real life. A handicap of such setups is that many users become
sick in those simulators [117]. Another constraint for using advanced simulators are
their costs, i.e. the aforementioned driving simulator from the University of Stuttgart
was acquired for more than 7 million Euro [10].

9.1.5. Survey and interviews

The question of user acceptance is most often tested with help of interviews and
questionnaires. Many research projects make use of this method like PRE-DRIVE
C2X [11], TEAM2 and MyWay3[129]. A main benefit is that it could be performed
without the need for a working prototype. Furthermore it is cost efficient. It is highly
efficient when assessing driver opinions and acceptance.

However, results from surveys and interviews where users have not experienced the
proposed solution are not very precise.

2See www.collaborative-team.eu
3See myway-project.eu
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9.2. Low-cost HIL simulation platform

Considering the aforementioned evaluation methods in the given context (the pro-
posed applications described within this thesis), a HIL platform and additional user
studies are best suited. Given HIL approaches in the automotive domain mainly
address the assessing of non-collaborative ADAS applications, where the aggregate
effect of many vehicles is not targeted. Given HIL solutions outlined in Section 9.1.3
are either not suited to assess the introduced applications or come with relatively high
burdens to integrate. Therefore, a light-weight and low-cost HIL platform is proposed
that focusses on the particular needs to assess collaborative ITS applications, while
it could be implemented and applied fast comes with limited costs. Nevertheless it
should be suited to let users experience large-scale collaborative applications such as
the ones outlined within this thesis.

9.2.1. HIL platform requirements

All proposed applications in this thesis exploit the collaboration of hundreds or thou-
sands of networked vehicles. With help of the HIL platform, users should be able to
experience collaborative applications (including the large scale effects and interaction
with many other vehicles) in a real-world environment. Similar to the approach from
Bock [18] (see Section 9.1.3), there should be at least one vehicle which could be
driven on public roads and which is equipped with the application.

The vehicle (including the driver) should be embedded in a real-time feedback loop
with a HIL simulator, which mimics traffic conditions and the collaborative behaviour
of thousands of vehicles. Since all proposed applications make use of vehicular com-
munication, the vehicle should be equipped with according technologies.

9.2.2. HIL platform description

According to the outlined requirements of a HIL platform - and the need for a low-
cost and light-weight solution - the platform described in the following has been set
up. A general overview of the platform architecture is shown in Figure 9.1.

The HIL simulator mimics hundreds of vehicles; the aforementioned micro-simulator
SUMO is used. The HIL simulation is fed with a road network imported from OSM.
The imported region corresponds to the location of the real-world vehicle. Vehicles
in the simulation are controlled using the given TraCI (Traffic Control Interface) in-
terface [176]. The interface is used to integrate the application, which is deployed
to every simulated vehicle and (if applicable), to the central authority ("the traffic
management centre"). Applications are affecting the behaviour of the vehicles, both
the real, experimental vehicles as well as the simulated vehicles in the simulation.
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Figure 9.1.: Main components of the platform. The red arrows highlight the dynamic
connections (i.e. the feedback loop) between the components.

The real vehicle including the vehicle gateway is described in detail in Section 9.2.3.
The vehicle has been equipped with an Android smartphone (Samsung Galaxy S III
mini). It relays, over a cellular network (3G), periodic information from the vehicle’s
on-board computer (e.g. the speed of the vehicle) to the HIL simulator with SUMO.
Furthermore, it receives messages from the HIL simulator and shows them on the
smartphone’s display to provide instructions to the driver (such as alternative route
recommendations). The JAVA application running on the device is called SumoEm-
bed and is described further below.

The implemented platform integrates one real-world vehicle in the testing scenario.
However, the number of integrated or embedded vehicles is not limited. The key
feature of the platform is the provisioning of the feedback loop which is setup among
the real vehicle and the simulated vehicles (and - if applicable - a simulated, central
authority). To establish that, information to synchronize the real-world vehicle’s
state with the simulation (and thus all simulated vehicles) is exchanged each second.
The red arrows in Figure 9.1 highlight the links of the feedback loop.
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9.2. Low-cost HIL simulation platform

Figure 9.2.: Logical setup of the proof-of-concept vehicle.

9.2.3. The networked and hybrid car

The Networked or Connected Car is a popular term to describe future developments
of vehicle technology. All applications discussed in this thesis make use of the core
character of the networked car: communication technology. In order to emulate a
fully integrated networked vehicle, a proof-of-concept vehicle has been set up. It is
equipped with a Bluetooth gateways which could be interfaced by any modern smart-
phone. Thus, on the one hand there is access to (selected) dynamic vehicle data and
controls (via the control gateway), on the other hand there are capabilities to connect
to the internet via the cellular network. Some applications - i.e. TwinLin (Section 3)
and Sponge (Section 4) - make use of (full) hybrid vehicles. Accordingly, the vehicle
testing platform is a hybrid car - a 2008 Toyota Prius, depicted in Figure 9.3.

This setup allows the vehicle to interact with its environment in a smart manner.
A simple overview of the setup is illustrated in Figure 9.2. A film demonstrating
the operation of the vehicle can be found at http://www.hamilton.ie/aschlote/
twinLIN.mov. In the following a brief overview on the basic components of this
networked, hybrid vehicle is given.

Experimental car platform: 2008 Toyota Prius

The standard edition Prius is a hybrid car equipped with an internal combustion
engine (ICE) and an electrical engine. Both are connected to the power train via
differential gears and both can drive the vehicle on their own. The vehicle’s electronic
systems decide automatically which engine to use in order to get the most energy
efficient driving with respect to the current driving situation. Furthermore, the Prius
is equipped with an "EV-mode button". Pressing this button forces the car to switch
to pure electric driving mode, if the battery level allows to. The EV mode is turned
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off if (1) the button is pushed again, (2) the vehicle’s speed rises above 45 km/h, or
(3) the battery level is to low.

Figure 9.3.: The experimental vehicle platform, a 2008 Toyota Prius.

Vehicle control gateway: Switching the driving mode

To be able to overwrite the Prius’ default behaviour and to control the powering
mode (EV- or ICE mode), a small mechanical device was developed and mounted to
the "EV-mode" button. The device presses the button and thus changes the driving
mode - just like the human driver could do. Accordingly, the vehicle still overrides the
control (as long as the vehicle runs slower than 45 km/h and the battery has enough
electric power). The device serves as a vehicle control gateway - it is equipped with
a Bluetooth interface and can be controlled by the smartphone via that.

Vehicle data gateway: Accessing vehicle data

In order to get information about the current vehicle powering mode, the smartphone
connects to the data gateway to the vehicle CAN bus. The vehicle’s OBDII-interface
is exploited here. A standard, commercially available hardware module has been used
to interface the standardized OBDII plug and forwards data to connected Bluetooth
devices - here the smartphone.

As a result, the smartphone has access to selected in-vehicle bus data such as driving
mode (EV mode or ICE mode), battery level, emission levels, speed, etc.
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Vehicle ITS Station: Android smartphone and dedicated application

The aforementioned Android smartphone serves as the Vehicle ITS Station. It is
equipped with GPS and connects to the vehicle control and data gateway via Blue-
tooth, and to the internet via cellular networks. Furthermore it serves as an applica-
tion unit, which means that it provides a software platform, where JAVA applications
could be deployed to.

9.3. Proof of concept application deployment:
Balanced routing

The HIL platform and several of its applications are described in [69]. Here, the
deployment of the balanced routing application is described as a proof of concept
(both for the platform and the application, which has been described in Section 6.4).
Recall that the basic idea of the application is to route vehicles in a stochastic way
such that features of the network (e.g. local pollution, traffic flow, etc.) are balanced.

9.3.1. Simulation setup

In order to illustrate the balancing approach, the following simulation scenario is
setup. At the beginning of the simulation run there is no obstruction and vehicles go
freely from the start node to the end node according to some route planning algorithm
(like shortest path). Here, this route is the inner lap (route s1 in Figure 9.4 (a)). As
long as no traffic incident is monitored (up to timestep 120), no control approach is
applied and all vehicles take this route s1.

The traffic incident occurs 120 time steps after the start and causes a decrease in the
capacity on this route (the red link visualized the relevant bottleneck in Figure 9.4
(d)). In consequence, it is defined that not all upcoming vehicles should stick to the
route s1 passing the obstruction but choose from one of the two other possible routes
s2 (Figure 9.4 (b)) and s3 (Figure 9.4 (c)), with probabilities p2 and p3. It is defined
that the traffic flow at the bottleneck should be controlled, here there should be three
vehicles associated to this route s1.

The probabilities p1, p2 and p3 define the route choices of the vehicles. They are set
according to a feedback control loop for the vehicular flow F1 on s1 and a balancing
algorithm for vehicular flows F2 and F3 on s2 and s3 respectively. The vehicular flow
Fi is defined as the number of vehicles travelling on the route i.
For this particular setup the controller for p1 is defined by

p1 (k) =

{
0, if e (t) < 0,
0.5, otherwise, (9.1)
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(a) (b)

(c) (d)

Figure 9.4.: Figure (a) shows the inner route s1, Figure (b) shows route s2, Figure (c)
illustrates the longest route s3. Figure (d) shows the setup with turn probabilities p1,
p23, p2 and p3 as well as the location of the local incident, which affects the capacity
of the red link.
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where e(t) is the difference between the set point for the traffic flow on s1 and the
actual traffic flow. The objective of this algorithm is to control the flow of vehicles
on route s1.

The second part of the setup targets the balancing control approach and is defined
by

p23 (k) = p2(t) + p3(t) = 1− p1 (t) , (9.2)

where p23 = p2 + p3 is chosen in a way such that p2, p3 guarantee that F2 and F3 are
balanced. This corresponds to the initial objective. This balancing is done by letting
vehicles - which have not chosen s1 - choose between the route alternatives s2 and s3
stochastically. The probabilities are chosen in such a way that the traffic flows F1, F2

(here the number of vehicles on both routes si for i ∈ 2, 3) are balanced (here equal).
Accordingly, the probability P (X = si) to choose route si with i ∈ 2, 3 is calculated
according to:

pi = α

(
1− Fi

F2 + F3

)
with α =

{
1 if p1 = 0
0.5 otherwise. (9.3)

9.3.2. Simulation results

The experiment was conducted with the networked vehicles driving through the North
Campus of the National University of Ireland Maynooth (NUIM). The SUMO simu-
lation was run for 278 seconds (timesteps) with an initial vehicular flow of 30 cars per
minute released at the start node. The results from the test are shown in Figure 9.5
and Figure 9.6. The experimental vehicle driving on the campus is integrated in the
number of vehicles.

74 timesteps after the beginning of the simulation, first vehicles reach the crossing
where they could choose whether they follow route s1 or not. As there is no capacity
decrease yet, all choose to go through s1. This behaviour lasts until timestep 120,
when the obstruction occurs.

From timestep 121 on the control and the subsequent balancing approach are ap-
plied. Note that vehicles are associated with s1 while they pass the obstructed link
(coloured red in Figure 9.4 (d)) and that they are associated with s2 after having
passed this section. That is the reason for having vehicles associated with s2 before
timestep 120 (and the initial imbalance of F2 and F3).

In Figure 9.5, it can be seen that F1 or F̄1 (the average of F1 with a moving window
of the last 50 timesteps - it is input to the control approach) is properly controlled
and converges to the set value r1 = 3.
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Figure 9.5.: Evolution of the traffic flow F (here number of vehicles associated to a
route s1). The traffic flow F1(t) corresponds to the number of vehicles associated to
route si at time instant t. F̄1 is the average of F1 with a moving window of the last
50 timesteps. It is input to the control algorithm. The set point - the desired value
of vehicles going through route 1 is given by r1.

In Figure 9.6 shows the result for the subsequent balancing approach for routes s2
and s3. The initial imbalance (see above) of F2 and F3 is equalized over time. F2 and
F3 are well-balanced roughly from timestep 220.

Figure 9.6.: Evolution of the vehicular traffic, where Fi(k) is the vehicular flow through
route s1 and s2 at instant k, F̄1 is the average of F1 with a moving window of the last
50 timesteps, and r1 is the set point for F1. The vertical axis defines the number of
vehicles on the relevant route s1 or s2.

The results show that the general control approach defined in Equation 9.3 performs
well. The advantage of testing the re-routing system with the platform is that it
allows real drivers to gain a feel of the technology being tested. The experimental
vehicle was equipped with a smartphone with a simple application which displayed
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the routes the driver shall follow. Initial feedback from (friendly) users were positive.
However, non-participating traffic on the routes where a challenge such that test
drivers were performed during off-hours.

9.4. User acceptance of collaborative ITS
applications

A key requirement for the proposed ITS applications is that they do not impose
choices on the driver. In all applications, the user receives rather recommendations
than instruction he or she has to follow. Accordingly, all applications are robust to
users who do not follow advices. However, the majority of users must comply such
that applications lead to the desired impacts. Therefore, it is essential that users
accept the applications even though they may come with (temporal) disadvantages
for themselves compared to their normal behaviour. This hypothesis is one of the
key starting points of this thesis. It has been supported by one of the key results of
Rytt [136]: In a brief survey in the context of the work of this thesis it was found
that the majority of people would accept detours if it serves the social welfare (more
details on the survey are found in Section 9.4.1).

This is especially true for the balanced routing application (Section 6.4) where users
might be requested to take a longer route than a traditional shortest path routing
algorithm would propose. The same applies to the collaborative car park sharing
concept (Section 8.2) where the acceptance of letting others park at own grounds as
well as the possibility that the private parking space might be occupied is required
by the relevant owner.

The key instrument in TwinLin (Section 3) as well as the SPONGE application (Sec-
tion 4) is the engine switching (EV to ICE or vice versa). Here is implicitly assumed,
that users are indifferent to the engine type choice. User acceptance in this context
is thus not as critical as in the context of the two aforementioned applications. Thus,
the following discussion on user acceptance focusses on the routing and the parking
application.

9.4.1. Acceptance of balanced routing

In the aforementioned preliminary survey, the main goal has been to get an idea
whether drivers accept assistant systems’ instructions, which do not optimize the in-
dividual users’ egocentric objectives but a community goal - as it is the case in the
balanced routing application. Bonsall and Joint analysed the driver compliance in
the context of common navigation devices in [22] in general. Compliance is defined
as the ratio of followed assistant system instructions and all given instructions. Ac-

187



9. Testing and acceptance of applications

cording to the study, navigation instructions were rejected at 27 % of junctions and
only 35 % of trips were conducted as initially recommended by the navigation device.

More interesting are the reasons Bonsall and Joint have identified for compliant or
non-compliant behaviour. These are briefly outlined in the following. It needs to
be kept in mind that other surveys - such as Kantowitz et. al [87] - come to other
compliance measures, while they basically agree on the basic compliance reasoning:

1. The extent to which a navigation instruction is corroborated by, or in conflict
with local evidence about the alternative. That means for instance that the
compliance sinks at a turning option when a traffic jam is detected at the
alternative, which is recommended by the system.

2. History of instructions: In case previous instructions were non-satisfactory,
drivers’ compliance decreases.

3. Mismatch between the system’s route choice criteria and those of the driver.

4. Familiarity of the user with the environment: It has been shown that the com-
pliance rate sinks with an increase of the user’s familiarity about the area.

5. Driver’s age: Younger people tend to reject advices more often than older peo-
ple.

6. Driving experience: Drivers with more experience reject advices more often
than drivers with little driving experience.

7. Modest drivers: Drivers with more modest route criteria tend to accept route
recommendations more often.

In the context of the proposed routing application, the mismatch between the sys-
tem’s and the user’s route choice criteria is particularly interesting. That is because
the application obviously does not aim at optimizing the user’s benefit but focusses
on the control of network features. All other of the reasons listed above target fea-
tures of ordinary navigation systems, which are not related to the specific question
of the proposed routing application.

Bonsall took a deeper look into the mismatch question in [20]. Ordinary navigation
systems calculate routes and aim at minimizing travel time or generalized costs - as a
weighted combination of time and distance. In fact, between 75 % to 90 % of all route
choice decisions are made on this basis. However, other criteria such as road type,
congestion, stop sign and traffic signal avoidance are mentioned. For more details the
reader is referred to [20] and the citations within.

The particular question whether user would accept detours in favour for a commu-
nity benefit (which could be applied to the emission aware routing and the balanced
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routing) has been targeted by the aforementioned survey [136]. Relevant outcomes
are outlined in the following.

The aforementioned survey was conducted during two weeks in July and August 2012.
More than one hundred people (121) participated and gave feedback in a web-based
questionnaire. Respecting the relatively small number of participating users, main
features of the set is well-suited: the number of male and female users is balanced,
55 % of users are between 25 and 40 years, 87 % stated that they have a valid drivers
licence and 71 % that they have a navigation system.

The most important result of the survey is related to the question "How much time
would you accept for a detour that benefits the overall traffic conditions?".
It shows that 74 % of users would generally accept detours if it benefits the commu-
nity (74 % accept a detour in general if it benefits the overall traffic situation, 75 % if
it benefits the environment). 67 % of users would accept a detour that causes up to
3 extra minutes assuming a normal travel time of 30 minutes. The feedback of users
supports the basic statement that people would accept an individual disadvantage
(detour) if it benefits the community welfare.

Based on the promising outcome of the survey, a second survey was conducted with
real world experiments in January and February 2015 with ten participants [137]. In
the first week six participants joined the experiments, in the second week another
four. Most participants were employees who commuted by car to work during the
experiment. Alternative routes were manually generated and provided to the individ-
ual user the night before the trip was conducted. The route alternative respected the
result form the first survey: no route alternative was causing more than five minutes
of extra time compared to the ordinary calculated route to the same destination.
Each user received different route recommendation each day. In the evening users
were asked to provide feedback whether they followed the recommended route or not.

Main objective of the second study has been to analyse users’ motives and the influ-
ence of incentives that are applied to increase user compliance.

The experiments closed with a focus group discussion with participants. Focus group
discussions are a standard method for validating proposed functionalities in HMI
research and software development [99]. They are often employed in early system
development.

Routes were recommended with different objectives. These are:

• Safety of children: Each user receives routes which pass less schools and
kindergartens than the original, ordinary route.

• Traffic safety: Routes are recommended that do not only pass less schools
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and kindergartens but also hospitals, construction sites, complex crossings and
locations with many pedestrians etc.

• Environment: Users receive alternative routes which avoid passing environ-
mental hotspots such as recreation areas.

The acceptance of the routes relate directly to the algorithmic objective of the route
finding algorithm. In the context of incentives, they are called functional incentives.

Apart from the three aforementioned routing objectives, at one day participants were
asked to take a particular route, where no system-centric objectives were named.
When looking at the results in terms of followed routes, there is no impact of the
routing objectives on user compliance. However, a key requirement for functional
incentives could not be granted during the experiment: credibility. It turned out in
the focus group discussion, that users questioned the impact of their route choices on
the relevant system feature - mainly because users knew that only few user partici-
pated in the experiment. Furthermore generated routes were not always correct (e.g.
alternative routes passed schools that were not considered during route calculation
but were known by participants). However, results from the web-based questionnaire
(that was performed in parallel to the experiments) have shown that the safety of
children is most important functional incentives to users in from regarded list.

The survey targeted also other incentives in regard to the balanced routing applica-
tion such as gamification, the use of nudges (a broad overview on the use of nudges
is given in [169]), and non-monetary incentives.

On a general level, the real-world experiment confirmed the first survey: Users are
willing to follow routes which optimize some system-centric feature. The real-world
experiments have further shown that the use of incentives could help to increase the
compliance of users. More information on the survey can be found in [137]. A broad
overview on the use of incentives to fight traffic congestion is provided in [192] and
the references within.

9.4.2. Acceptance of collaborative parking

The attractiveness of the collaborative parking applications with private landlords
(see Section 8.2) was further analysed in a survey published in [135], which was
conducted in the context of the work this thesis. Among other aspects the survey
was intended to help specify user requirements to the application such as:

• General attractiveness: How attractive is the general concept for landlords?

• Space occupancy: To what extent will landlords accept that their own space
is occupied when they need it?
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• Free space reachability: Assuming the space on own grounds is not accessi-
ble. How far may alternative spaces be away for landlords?

92 people participated in the survey. The general idea to share the own parking space
was evaluated ambivalently. Only a third of the participants were interested in join-
ing such a park sharing system.4 About 75 % of people who were not interested said
that the main drawback is the possibility of not getting access to their own parking
space. A second reason was that people were afraid that allocated parking spaces
would not meet their requirements (i.e. that they are to small etc.).

Furthermore, participants were asked if they would require to get access to their
space even though they have rented it to other users during the time. About half
of the participants said that they would want the own space to be free in 95 % of
cases. That confirms that there are many people who are not willing to rent out their
parking spaces at all.

Assuming the own space is not accessible people were asked how far the next available
spot should be. Figure 9.7 illustrates the accepted distances to the next available
parking spot assuming the own space is occupied by a user. The great majority of
people would not accept alternative parking spaces which are more than 200 m away
from their own space. That implies that the system would only be accepted if many
landlords in the vicinity would join such a system.

Figure 9.7.: Feedback regarding accepted distances to the next available parking spot
if the landlord’s own space is occupied. Percentages define the share of users who
accept the illustrated distance.

431 % of people were interested to join such a concept. However, it must be stated, that 27 %
of people were not experiencing a parking problem, such that the concept could not be applied.
Independent from their own circumstances, over 60 % said that the concept is attractive on a
general level.
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Summary: In this chapter the main contributions of the thesis and potential exten-
sions of previously introduced applications are briefly outlined.

10.1. Collaborative vehicular behaviour through
feedback loops

Several collaborative applications have been introduced in this thesis. All exploit
the power of new developments in the automotive domain, in particular vehicular
communication and new types of vehicles (in particular PHEVs). Networked vehicles
are utilized to set-up a feedback loop around a large number of vehicles and some in-
frastructure (e.g. a traffic management centre). On the basis of such feedback loops,
applications were introduced which establish collaborative behaviour among vehicles
and address key challenges of smart cities, which could not be solved if vehicles would
not align their actions.

It has been shown that true collaborative behaviour of vehicles is generally possible
with the help of a simple system architecture: networked vehicles and a central in-
frastructure, which has access to real-time information about network features and
broadcasting capabilities. Based on broadcasted information provided by some cen-
tral entity, vehicles deduce an aligned collaborative behaviour.

A key feature of the proposed applications is that they meet key specific requirements
of the ITS domain:
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• Non-Invasiveness: All applications require an adaptation of the behaviour of
drivers, e.g. adapted routes, adapted selection of parking spaces and charging
stations, etc. At the same time, drivers should not be forced to any behaviour.
All introduced applications respect and accept these requirements. That means
that all approaches work even though not all users follow the recommended
behaviour.

• Privacy: Securing the privacy of users is a central requirement for acceptance of
applications. Thus, sensible information about user preferences and intentions
should not be shared with any party. All application are designed in a way such
that this kind of information is processed locally only.

• Varying scale and communication topology: Vehicular networks are char-
acterized by changing communication topology as vehicles move and enter and
exit the system over time. Furthermore, the number of vehicles in the network
change dramatically (e.g. rush-hour vs. a midnight scenario). All approaches
are based on algorithms which could cope with that. That means that there is
no need to change their parametrization based on the number of collaborating
vehicles.

Before proceeding with discussions on a per application level, it is important to note
that the proposed solutions support a basic assumption: The advent of new technolo-
gies in the automotive domain (in particular communication technology and HEVs)
enable a new way of approaches: Large-scale collaboration among vehicles. The pos-
sibility to control a large number of vehicles is a very powerful instrument and makes
it possible to fight problems in a very direct way, where conventional approaches
(per-vehicle measures) are not suited at all. I am convinced that collaborative be-
haviour using closed-loop feedback strategies among vehicles are suited to change the
way road traffic is designed and to solve (or at least relax) multiple of most pressing
urban problems.

In the following, selected results, impacts and potential extensions of these applica-
tions are discussed. Furthermore, an environment is briefly discussed which supports
the assessment of the proposed applications.

10.2. Emission control with cooperative HEVs

The TwinLin application (Chapter 3) controls traffic related emission in a geographic
area. It is a novel approach to exploit the potential of HEVs in a smart city. A
proof-of-concept implementation with (cellular) V2I communication was introduced
using an experimental networked vehicle described in Section 9.2.3. A number of sim-
ulations showcased the efficacy of the approach. The basic idea has been extended
to guarantee a notion of fairness, such that all vehicles are allowed to emit the same
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amount of pollution.

The core idea could be applied to a number of derivative scenarios. I.e., it is possible
to relax the assumption that all cars are within a small geographic area and instead
assume that a company operates a fleet of vehicles (e.g. a taxi or a delivery com-
pany). Equivalent to a defined local pollution limit that serves as a constraint, one
can give the company an emissions budget that it can allocate to its vehicles. This
approach has been discussed in Chapter 5. It has been extended with the help of
a generalized trading framework in a way than the fleet operator can solve an opti-
misation problem to allocate emission permits to cars based on some utility functions.

In a next step, it could be investigated how similar approaches can be used to control
emissions for conventional vehicles. For example, when considering an area within
a city in which pollution is to be controlled and this area is only accessible through
traffic light controlled junctions, it is possible to choose a policy for admission control
such that the fraction of green time for traffic lights on streets into the area is propor-
tional to a broadcasted speed limit (assuming that the emission of vehicles depends
on the speed).

10.3. Grid control with cooperative HEVs

The SPONGE application utilizes the possibilities of HEVs again. In this context it
exploits the fact that vehicles can absorb (naturally) generated electrical energy from
the grid by switching from EV mode to ICE mode in a smart way. From a theoretical
perspective, such a problem can be easily formulated and solved using e.g. AIMD. It
helps to align the behaviour of vehicles in a distributed way. From a practical point
of view, the technology influence the engine mode is already available.

The SPONGE solution has the potential to change the "charging paradigm". Until
today, research on electric vehicle charging has focussed on how to share the avail-
able energy among the connected fleet of vehicles (in real-time) in a manner that is
compliant with the desires of the EV owners, the constraints of the grid, and the
available power. Note that in this case, there might arise problems in the power
grid to accept the unexpected load, with the ultimate possibility of causing thermal
overload of network components, low voltages at sensitive locations of the network,
and increased phase unbalance [81]. Even ignoring this, the required optimisations
often place severe constraints on the EV owners in the form of inconvenient charging
profiles. In the proposed approach, the control is done while driving.

The discerning reader may ask why the individual vehicle owner should not simply
deplete the electric energy completely before switching to ICE mode. There are many
reasons for doing this. First, in some engines, electrical power and ICE are combined
(mild hybrid electric vehicles) to reduce overall consumption, or for other objectives
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of interest (e.g., extend the lifetime of the battery) [147]. Second, access to certain
parts of the city may be restricted to zero emission vehicles. Thus, maintaining a
particular level of electrical energy for this purpose is meaningful. Finally, depleting
the battery beyond the energy levels available during the next charging period, may
lead to a situation where the battery is not filled during the k+1’th charging period.
Thereby, the ICE may need to be engaged prematurely in driving, thus leading to
unnecessary emissions and increased fuel consumption.

In a step, one should integrate a reliable weather forecast in the overall system, in
order to make better estimations on the available energy from renewables and thus
take improved decisions about when to switch from one mode to another mode.
Furthermore, the application should be tested with help of an experimental car (the
experimental car utilized as part of the HIL platform, see Section 9.2.3) is a HEV
without plug-in charging capabilities.

10.4. (Local) feedback-based routing

The first routing application (described in Section 6.2) introduced a feedback-based
routing approach, where vehicles were routed along an environmentally friendly route
instead of a conventional (fastest or shortest) route. However, the implemented rout-
ing engine considered user acceptance aspects by guaranteeing that routes do not
become much longer than the conventional ones. With help of simulations, it has
been shown that the emission of vehicles was shifted to other locations, such that
environmental hotspots were avoided and relieved.

Generally, hotspots could be freely defined based on the application’s objectives and
contexts; examples are kindergartens, hospitals, recreation areas, safety hotspots etc.
Unfortunately, flapping effects could not be avoided in the approach.

In order to overcome this drawback, a second approach was developed (described in
Section 6.4). It introduced the idea of stochastic routing combined with feedback
control. By simulations and on-street experiments using the HIL platform, it was
shown that the application is suited to control and balance traffic in a locally limited
area (at all points in time and without flapping effects).

In a next step, the valid size of the area should be discussed. It has turned out in
an initial evaluation, that the simulation with hundreds of vehicles (and many more
routing requests) requires great amount of processing capabilities.

196



10.5. Charging EVs and parking in the smart city

10.5. Charging EVs and parking in the smart city

The issue of queueing of electric vehicles at charging stations has been ignored in
the research of electric vehicles so far, even though it can have serious impacts on
the acceptance of the concept general of electric vehicles. The introduced approach
presents a novel idea to address this challenge. A key feature of the (stochastic)
approach is that there is no need for a central instance which monitors the status of
charging stations or electric vehicles.

Compared to deterministic methods, the distributed and stochastic approach is scal-
able and has a plug-and-play character, which means that charging stations could
enter and leave the system without any adjustments of the system. The balancing
performance compares well with deterministic alternatives.

Further work may investigate different utility functions for charging stations to bal-
ance needs other than power load, and consider the issue of communication delays.

The general starting point for the proposed parking solutions has been to utilize pri-
vate or restricted parking spaces during times, when they are not occupied. Different
to available solutions, the proposed approach guarantees a high quality of service.
In this context that means that the original parking space owner (here landlords or
enterprises) have access to their space when they request it - even though they might
request the space during times when they rented out the space or when the car space
renter overstays.

The next step should be to validate the attractiveness to users. While a simple
survey has already been performed on selected aspects (see Section 9.4.2), further
proofs should be given.

10.6. Validation of smart city applications

There are many ways and environments that support a validation process of ITS ap-
plications (see Chapter 9). In many cases, validation addresses technical questions.
However, in the context of the proposed applications, user acceptance might be the
more critical aspect.

A simple and light-weight hardware-in-the-loop (HIL) simulation platform for em-
ulating large-scale intelligent transportation systems was presented, which embeds
a real vehicle into the microscopic traffic simulator SUMO. A goal of the platform
is to provide drivers a way to experience of what it would feel like to participate
in large-scale, feedback-based, connected vehicle applications. It allows ITS devel-
opers to better examine real driver reactions and acceptance of the proposed (and
related) applications. The routing application described in Section 6 was tested us-
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ing the platform and served as one (of multiple, see [69]) proof-of-concept application.

The HIL platform could be enhanced in multiple ways. The driver interface in the
networked car could be improved, i.e. by the integration of map-matching function-
alities, by integration with other simulators and by the addition of further embedded
real vehicles, including a plug-in hybrid electric vehicle.

Finally, a user survey and experiments have been performed, which have shown in-
conclusive results regarding the acceptance of collaborative ITS applications, i.e. the
routing and parking application. Even though all proposed applications respect key
domain-specific requirements, user acceptance is a critical feature which should be
further investigated. Finally, additional analysis should be performed in regard to
business models, legal questions and deployment scenarios for each application.
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