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Preface UR:BANMV

This book contains the results of the research project UR:BAN “Human Factors in
Traffic”. The complex interaction of various road users in city settings with future driver
assistance and driver information systems, makes this research project unique.

Since the beginning of the research project, the actual research activity and the appear-
ance of this book, the development of driver assistance systems for various reasons has
drastically accelerated and the first automated driving features have already been devel-
oped. Undoubtedly, future technical development of sensors and algorithms will lead to
a rise of driver assistance functionality. To benefit traffic safety, transport efficiency and
user comfort, special efforts in human factors are required make these systems usable,
useful and controllable for the broad variety of traffic participants.

The work presented in this book shows that, first and foremost, the use of driver assis-
tance systems and automated systems in urban areas requires special care and methodol-
ogy in design and evaluation. For the whole team of UR:BAN Human Factors in Traffic,
these aspects were the center of their activities. Interaction design, methodological and
technical topics were considered in cooperation with the accompanyingUR:BAN projects:
Cognitive Assistance and Networked Traffic System. The various contributions from five
subprojects report a variety of experiments in various experimental vehicles and simula-
tors, and developments in the field of examination and evaluation methods developed for
this purpose. Moreover, the shift to urban traffic situations showed that a systemization
of traffic scenarios where users use driver assistance and information systems is required
for such research. Additionally, guidance regarding assistance systems and beyond are
provided. It is increasingly important to understand the behaviour of weaker road users
who interact in traffic with these assistance systems and in future automated systems. The
investigations presented here, in simulators and field observations, represent an important
foundation for future technology.

We greatly thank the Federal Ministry for Economic Affairs and Energy for their will-
ingness to promote and support these activities over a period of four years, in a broad
cooperation of partners from industry, universities and research institutes. This lead to
unique project in this area of research, bringing basic research results to application in
industrial processes.
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vi Preface UR:BANMV

My thanks go to the team of coeditors, leaders of the sub-project and the group of
authors contributing to this book. We thank Springer for their willingness to publish this
book. First and foremost, we thank Mrs. Elisabeth Lange and Mr. Axel Garbers for their
very good and insightful service andWalter Scholl and Susanne Bohnacker for leading the
Project Office that supported us in an outstanding way. My personal thanks go to Christian
Lehsing for his excellent support in project management and Armin Eichinger for his
support during the project planning phase. Both are reflected in this book by the diversity
and quality of the results obtained. Also I want to thank Martin Götze for guiding the
publishing process of this work, conducted in parallel to his various research activities. His
excellent management skills in addition to his research activities deserve special thanks.

I also thank leaders and employees of the neighboring projects: Cognitive Assistance
and Networked Traffic System. Thank you, Ulrich Kressel, Michael Ortgiese and Stefan
Feit for a great cooperation that we will remember for a long time. This network and
cooperation was engaged and motivated by our excellent project coordinator Eberhard
Hipp.

This book shall make the results and methodological findings achieved in this project
available to a wide national and international readership. The versatile author teams will
inspire more cooperation and remind the contributors of a superb and inspirational project
time and research. Thus, this book also serves to motivate and inform interested persons
on the potential of human factors.
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1The Research Initiative UR:BAN

Eberhard Hipp, Klaus Bengler, Ulrich Kressel, and Stefan Feit

1.1 Motivation

The automobile and road traffic have made in the course of their joint development great
progress. Still, to be ready for the future, the entire transport system has continuously
to meet new and higher requirements. Each trip shall be traveled safely, efficiently and
comfortably. The progressive urbanization leads to more and more people living in urban
areas. The additional large number of commuters and supply transport should not be un-
derestimated. This moves mobility spaces increasingly into the urban space and individual
traffic using cars represents the majority.

Heterogeneous user requirements lead to conflicts and reduced efficiency in a limited
urban space. In industrialized countries such as Germany 85% of the population live in
the urban area. While especially outside Europe but partly also in Southern Europe a clear
trend toward megacities with several million inhabitants can be observed, urbanization in
Germany happens in a variety of medium-sized cities, as well as some major cities. These
agglomerations are adjacent to a core city and reach out to a far area. They are charac-
terised by strong commuter flows with mixed traffic (car/motorcycle/bicycle, passengers
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of public transport, pedestrians, etc.). This leads to increasing mobility needs in the urban
context and suggests to focus research activities towards an efficient urban mobility.

Previous research projects had the goal to increase security and improve traffic man-
agement on motorways and rural roads. This resulted in a considerable number of essential
driver assistance systems and traffic management systems. Since the year 2000, the num-
ber of persons injured in road traffic, is decreasing which is due in large part to the growing
market penetration by active and passive safety systems (see Fig. 1.1). But the reduction
rate on city streets is significantly weaker than that in rural and motorway traffic.

As active driver assistance systems for the urban area are not yet available, there is
a remarkable need for action to reduce the number and severity of accidents in urban
areas. Complex traffic present new challenges for existing assistance functions. Methods
of longitudinal and lateral control that are successful deployed on highways reach their
limits in the city. Therefore extensions must be created so that assistance can be continued
successfully in the city.

The importance of urban regions as a habitat will continuously increase parallel to in-
creasing demands of environmental and climate protection. In particular, the usage of the
transport network will be characterised by ecological aspects; topics are increasing re-
quirements on climate protection, reduction of CO2, NOx and noise. Cooperative systems
for infrastructure and vehicles can positively contribute. Especially by making transport
and driving more efficient on the strategic and tactical level, if multiple requirements of
pedestrians, cyclists, vehicles and public transport will be integrated leading to a more har-
monic and smoother traffic flow. Future vehicles with new drivetrain systems have to be
considered. This is a new challenge for the cooperation between intelligent infrastructure
and intelligent vehicles. Today vehicles with internal combustion engines determine the
traffic, but this will change greatly in the future. In particular electric vehicles gain public

Fig. 1.1 Development of fatalities in German traffic. (Source: Statistisches Bundesamt, Fachserie 8,
Reihe 7)
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interest and appear more and more in the cities. Shorter distances, especially in the urban
areas are the main deployment area of electric vehicles. A future transport system will be
based on a mixture of drivetrain concepts and lead to new demands for network planning,
supply and presentation of information.

1.2 The UR:BAN Research Initiative

As a consequence of these challenges 32 partners from the automotive and supplier indus-
try, electronics, communications and software companies as well as insurance companies
and research institutions together with cities form research initiative UR:BAN (urban
space: user oriented assistance systems and network management) to develop driver assis-
tance systems and traffic management systems for the urban area. The focus is on humans
in their various roles in the transport system.

UR:BAN organizes the complex research tasks in three thematic areas:

Urban Traffic Safety
Today new technologies allow to implement a comprehensive perception of the complex
traffic situations via machine perception in the city. In UR:BAN especially the percep-
tion of pedestrians and cyclists, as well as an assessment of their behaviour is provided.
The driver is continuously supported in complex urban traffic situations such as bottle-
necks/narrowings, oncoming traffic and lane changes. Collisions are avoided by automatic
swerving and braking.

Economic and Energy Efficient Driving
New information and communication facilities such as Galileo, GPS, UMTS/LTE and
C2X enable new ways for the cooperative traffic management in cities. Through the
development and expansion of intelligent infrastructure and networking with intelligent
vehicles. In the future innovative driver assistance systems can directly react to measures
or recommendations of the strategic traffic management. Thus it is possible to take into
account the different drivetrain concepts in modern vehicles such as electric and hybrid in
traffic management. Goals are the optimization of transport efficiency, avoiding congested
streets and reduction of emissions in the urban space.

Anticipative and Stress-free Driving
New assistance systems will provide the driver with relevant information in complex
traffic situations. But this must not lead to a flooding with information. Therefore, high
workload or inattention of drivers are detected by the new systems and adequately adap-
tively supported. Through appropriate design of operation and displays drivers can be
informed significantly earlier and be motivated to an anticipative driving style so that the
drive in the city will get safe, efficient and relaxed.

Three topic areas form the main pillars of UR:BAN.
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Fig. 1.2 The project pillars
forming the UR:BAN project
initiative

The project of “Cognitive Assistance” driven developments, be rich to have a clear fo-
cus on improving road safety in the inner city. In parallel, the project focuses on technolo-
gies, which make a contribution to the consumption-optimized traffic flow “Networked
Transportsystem”. In the third pillar of the project “Human traffic” behaviour examines the
reverse – sweeping participant in an increasingly interconnected system, the requirements
to meet and not to overload the driver with the perception of complex traffic system func-
tions. It is based on the results of previous projects such as INVENT and AKTIV. With
a novel approach integrating the three original project columns UR:BAN offers a view
onto the intelligent cooperative interplay of vehicles and infrastructure in the future. The
introduction of so-called “cooperative systems” will make a significant contribution to the
emission driving in urban areas where vehicles communicate and interact with the infra-
structure, as well as with other vehicles in the environment to inform the drivers, to reduce
the risk of accidents and to ensure a smooth traffic flow throughout.

A significant contribution to improving safety in inner-city traffic makes UR:BAN
through the continuous support of the driver in complex situations such as bottlenecks,
oncoming traffic and lane change collisions are avoided by automatic swerving and brak-
ing. New technologies allow to create a comprehensive perception of the complex traffic
situation with visibility in the city – also taking into account pedestrians and cyclists – and
to develop appropriate security features. Instead of flooding the driver by means of inno-
vative assistance systems with information, who the overburdened or inattentive driver of
the new systems recognised and adequately supported. By appropriate design of operation
and displays the driver can much earlier be informed and motivated to a forward-looking
driving-wise so that the drive in the city can be safe and relaxed.

The development of new driver assistance and intelligent transport systems is consid-
ered by the Federal Government as a technology of the future and is therefore also key
component of the national development plan for the accelerated introduction of intelli-
gent transport systems. Close cooperation in this area between public administrations,
academia and industry in the “Economic Forum” “verkehrstelematik”, as well as the na-
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tional working group in its supported these new technologies. That promote his technical
new requirements and innovations not only in Germany but throughout Europe plays an
important role, prove the directives of the European Parliament on the framework for the
introduction of intelligent transport systems in road transport. Furthermore, a policy and
an action plan for the fast-track a set of intelligent transport systems (its) was submitted
by the EU, which requires subsidiary activities in federal and State.

In July 2010 by the Federal Cabinet decided that “high-tech strategy 2020, ideas. In-
novation. Growth.” aims, inter alia, to create lead markets and to deepen the cooperation
between science and industry. As one of five required fields the topic is mobility and trans-
port technologies in the central point, manifested in the 3rd transport research program of
the Federal Government. It focuses on inter alia the protection of man and environment,
mobility in the demographic change and the management of traffic. Methodically it goes
faster to make about new research and innovations to twists. In UR:BAN co-operating
companies and institutions are obliged this goal for a long time and therefore have many
years of experience in the cooperation between science and industry. They will bring this
expertise in the project.

In a further demand field of the 3rd transport research program – “Intelligent infra-
structure” – to by making efficient use of the infrastructure negative impact-gen of the
intermodal transport be reduced or completely avoided. Especially the municipalities must
be enabled therefore technically and organizationally, to meet these challenges. For this
purpose appropriate guidelines and tools are required, so far not or only occasionally
and are transferable so not on other application areas. At this point the UR:BAN project
column “Interconnected transport system” offers an important contribution to the imple-
mentation of the conveying and transport policy objectives.

1.3 Relation of UR:BAN to National Research Strategies

Mobility of society is an important prerequisite for progress, prosperity, growth and em-
ployment. The transport policy is still tagged the task – is to make this mobility as safe, as
environmentally friendly and as efficiently as possible. Against the background of limited
resources but also of the demographic development is need for action, through technical
measures to take care, that mobility is affordable and environmentally friendly possible
permanently for all. The driver or driver behaviour pose an enormous potential for the
reduction of CO2 and increasing security.

In UR:BAN to developing driver assistance systems support the development goals of
the 3. Verkehrsforschungsprogramms of the Federal Government. The “car of the future”
is the active helper in dangerous situations. Based on the development of security-related
technologies, as in game way bottlenecks, oncoming traffic – and lane change assistance
with all-round visibility and their rapid implementation in products to support the political
targets given will be on existing foundations. Sensor-based assistance systems for the
city significantly increase vehicle safety. Systems that take into account the demand for
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accident mitigation and accident prevention are developed. Appropriate information and
communication genuine, liability issues, as well as individual conduct behavioural play
an important role here.

A well-developed and efficient transport infrastructure is a central prerequisite imple-
mentation for a needs-based mobility of persons and goods. It is a location factor, which
significantly influences the economic development. It is therefore important to improve the
efficiency of the existing transport infrastructure and thus to adapt it to new requirements.
It is the existing infrastructure through the use of intelligent technologies and organiza-
tional forms to use. Fluid transport and anticipatory driving results in positive impact on
energy efficiency and environmental conservation (fuel- and CO2 reduction).

1.4 Work Program

The close link between the driver and the assistance systems in urban traffic is an impor-
tant feature of the research initiative UR:BAN. The additional project column “Human
Factors in Traffic” plays a prominent role, because the intentions of the driver as well as
the intuitive interaction with the vehicle HMI are examined for the first time, cross-func-
tional and holistic. Interaction with the traffic infrastructure provides on the one hand the
necessary information from the roadside traffic system. At the same time this opens up
new opportunities, to optimize infrastructure control using the specific characteristics of
drivetrain. Last but not least, the maturity and the approval of the proposed systems are
taken into account for the first time and prepare their implementation.

In the light of the overall range of UR:BAN the various scientific and technical goals of
three UR:BAN project columns “Cognitive Assistance”, “Networked transportation sys-
tem”, and “Human factors in traffic” are presented in detail:

1.5 Human Factors in Traffic (MV)

The project column “Human Factors in Traffic” focuses on the users of future ADAS and
IVIS. As for driver assistance systems for the urban area not only comfort, but above all
the safety is crucial, user orientation is not only restricted on the acceptance of the user.
The new features of the UR:BAN assistance systems bring high requirements with them
regarding their controllability by the user. This is due to the fact, that the systems cannot
cover all potential situative constellations. Definitely system limits will exist and also
system failures can occur. Here, the driver is required to detect, to correctly interpret and
act appropriately in the given situation with adequate performance. While this question
is already intensively investigated and successfully solved for many systems related to
driver assistance on motorways and rural situations, a variety of questions rises about the
controllability in the urban area because of other time budgets and parameters of situation
complexity. Often only a fraction of the time is available in the suburban traffic compared
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to highways that remains the driver for the successful acquisition of a situation or a system
fault.

Urban driving is also much more influenced by vulnerable road users. In summary
urban assistance means to integrate a variety of functions to manage the complexity of
the situation in a vehicle. The interaction between longitudinal and lateral control are
combined with traffic management, navigation system and active security systems for
this purpose. Many previous research demonstrators show interaction concepts that are
specialized and limited to the interaction with a single function or a selection of func-
tion. Successful urban assistance requires HMI concepts that are able to integrate many
functional aspects without overwhelming or distracting the user. That will be no longer
possible by pure design of the information presentation. Rather, the understanding of tim-
ing and time budgets in urban scenarios plays a decisive role.

The extremely short time budgets also related to warnings in urban scenarios require
that the driver is informed as early as possible and in a recognizable way. This shall sup-
port anticipatory driving and gain valuable seconds. Recognition of the driver’s intention
and the prediction of future driver behaviour based on observable data will increase the
accuracy of the systems, individual driving performance and in particular the acceptance
of the ADAS function.

Especially urban scenarios are characterised by their complexity and are very difficult
to reproduce. Often reproducible conditions are needed for efficient system development
and evaluation. In addition, a variety of different road users in interaction with assisted
drivers should be regarded to assess the effectiveness of a new function. Interactions be-
tween traffic participants and especially several assisted road users are not sufficiently
represented in present simulations. But also consumption optimized driving will depend
on the cooperation and successful interaction of several motorists in encounter and pla-
tooning. This is one reason why statements for tests and simulation runs in urban scenarios
are of reduced validity. Therefore existing simulation environments have been adapted to
these requirements. Through networking of simulators a new type of driving simulation
can help to analyse the interaction of multiple users in a risk-free and reproducible way.
The integration of a “real” interacting pedestrian in driving simulation was another inno-
vation.

The collection of standardised driving data helps to improve driver and pedestrian be-
haviour models in macro simulations of the connected project VV.

It is a target to provide technical solutions and appropriate interaction concepts for
a synthesis of comfort, efficiency and safety. The development of navigation systems in
the 1990s can serve as an historical example. It shows that the usage and presentation
of additional map based information in meaningful representation leads to a significant
reduction of consumption and a significant increase of traffic safety and comfort, but not
to increased driver distraction. Similar effects can be expected for future information and
assistance systems, if the user centered design is the approach.

The activities in the project “Human factors in traffic” (MV) are performed in following
five subprojects:
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Fig. 1.3 UR:BAN project structure – Human Factors in Traffic with subprojects

1.5.1 Urban Driving

Urban traffic and the corresponding scenarios are extremely heterogeneous compared to
motorway. It is therefore crucial that investigations as well as data collection used in ex-
periments are based on comparable scenarios and user properties. Therefore the part of
the sub-project “Urban driving” (abbreviated UF for “Urbanes Fahren”) serves as a plat-
form between the different subprojects. Goal is to unify assistance scenarios and provide
project internal data standards. An Assistance scenario is determined by the properties of
the present assistance/information systems, such as, for example, reliability, interference
characteristics and field of application; continue due to the type of assistance/information
case: navigation, manoeuvres or stabilization; through the in use of user: permanent, in-
termittent, modality-specific requirements on schedule and operating forces. Already, at
the beginning of the project, these three dimensions will contribute to the efficient coordi-
nation of partners.

In MV and its neighboring projects big data sets are collected at great expense for
critical traffic situations. It is therefore useful to coordinate these activities and to use
applicable formulation data multiple times, and to increase the interpretability through col-
lecting and evaluation standards. Preparatory work of the EU projects FESTA and Euro-
FOT, but also SimTD provide valuable input for this. Here data collection standards have
been developed, that can be met with reasonable technical effort of various partners. For
example, standards of sampling rates, video formats to perform synchronization and sit-
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uation encodings have been defined. This opens the possibility that a small sample by
adding additional data can be extended or validated and valuable experimental time can
be saved.

1.5.2 Human-Machine Interaction

Previous projects have already investigated aspects of the human-machine-interface
(HMI) and often shown specific interface solutions for dedicated functions. This no
longer sufficient for two reasons: the increase in functionality could overburden the driver
by too many competing, uncoordinated information. In addition, the likelihood of notices,
warnings, and interventions is significantly higher in urban areas compared to highways
or rural roads. For these reasons, following three objectives are pursued in the HMI
(abbreviated MMI for “Mensch-Maschine-Interaktion”) project:

Objective 1: Design and development of a generic HMI tool kit including generic, inte-
gral HMI components evaluated for the urban space and assistance or security functions.
Aspects such as the efficiency of the older drivers and the requirements of future indi-
vidual mobility are incorporated in the requirements. The central idea of the integrated,
cross-functional concept of the warning concept is not to point out dangerous situations
only, but to trigger a dedicated action (e. g. “braking”). Because the more different alerts
occur, the bigger problems of the driver will be to distinguish them, to develop an action
strategy and to act properly. The adaptation of this warning concept to the needs in urban
areas finds special consideration. The integration of navigation information and environ-
ment knowledge leads to an optimization of warning type and time as well as to support
anticipative driving. Risks that are not visible for the driver are displayed using haptic
feedback on accelerator pedal and steering. The challenge is to find a meaningful and safe
way to convey the knowledge of an intelligent vehicle to the driver.

Objective 2: Integration of applications of KA and VV. Starting from the concept de-
signed in objective 1 the HMI concepts can be derived for partners in UR:BAN.

Objective 3: Review and demonstration of HMI solutions. Over the entire development
process the resulting HMI concepts are evaluated using the appropriate methods (e. g.
model-based evaluation/simulation, expert test, experiment). Starting with preliminary in-
vestigations and iterative test the overall concept is tested in a final evaluation.

1.5.3 Intention Recognition and Behaviour Prediction

Driver assistance and transport systems have enormous potential to increase road safety
through targeted support of the driver – Especially in stress situations. To achieve this goal
and at the same time to get the driver’s acceptance the system has to be in accordance with
the plans of the driver. Especially in urban traffic with its high complexity, the diversity
of situations and options for action for the driver, it is of particular importance to use the
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lower time budget as efficiently as possible for correct decisions. If the intervention strate-
gies of vehicle systems collide with the intentions and actions of the driver and lead to
unclear situations, important time would be lost to defuse by reverse sweeping conflicts.
It is therefore of great importance for the correct behaviour of driver assistance systems,
to detect the driver’s intentions as early as possible, as well as to determine future driver
behaviour. This requires an individual, situation-dependent behaviour prediction and In-
tention recognition. The central objectives of the sub-project VIE (abbreviated VIE for
“Verhaltensprädiktion und Intentionserkennung”) are:

� systemization of driver’s intentions in the urban space,
� demonstration of real time capable modules for the prediction of the behaviour and

intention recognition in experimental vehicles of the subproject,
� integration of modules in corresponding applications of project KA,
� demonstration of benefits for user oriented design.

The project develops detailed procedures for the prediction of behaviour and intentions
in the urban space based on a requirements analysis and empirical data. The quality of the
process is systematically checked and shown in own experimental vehicles.

1.5.4 Simulation

Objectives of subproject SIM are analysis and corresponding descriptive modeling of be-
haviour and interaction of traffic participants – other vehicles (with/without UR:BAN
technology) as well as cyclists and pedestrians.

For the interaction between vehicle and vehicle, it is considered how current models
(e. g. vehicle sequence model) represent the reality and what models are necessary to
describe the interactions between drivers using new ADAS. The interaction between two
or more cars in the application cases of lane-changing behaviour and overtaking while
approaching an intersection.

Pedestrian behaviour has a very strong impact on the traffic situation in the urban en-
vironment. For the functional analysis of UR:BAN technologies no mathematical models
are available so far. The first step is to examine and improve the modeling of pedestrian
behaviour itself and to make appropriate statements about the interaction of vehicles with
pedestrians.

In urban areas cyclists take in addition to the pedestrians an important role. In the focus
are the improvements of the modelling of motion behaviour of cyclists as well as modeling
of the interaction with the motorized vehicular traffic for an existing cycle route, or if the
cyclist shares the car lanes.
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1.5.5 Controllability

The challenge to ensure controllability is getting bigger facing the rapid development of
complex assistance systems. The current situation is characterised by the fact that the
issue of controllability is increasing to the extent, in which the new systems are “smarter”
and “more efficient”. The stronger the support by a system the harder it is to master the
error case. This simplistic rule is in contradiction to the fact that the driver without the
system would have not been to prevent a potential accident in a comparable situation.
Thus, it is obvious that controllability of an ADAS must not be considered without its
overall efficiency for traffic safety, which in turn strongly depends on the acceptance,
which ultimately decides on take rates and usage rates.

Special requirements for the controllability come from driving and traffic situations, in
which the parallel processing of multiple sources of information is necessary in a short
time and thus producing a high driver workload. Goal of the subproject KON (abbreviated
KON for “Kontrollierbarkeit”) is therefore to develop a uniformmethodology to be able to
assess the controllability of urban ADAS systems with a focus on time-critical situations
in an efficient and valid way.

The subproject KON provides methods and develops in the project – where necessary –
additional methods including system boundaries, system errors, potential abuse.

The project works out procedures for the review and improvement of the system be-
haviour in borderline and error cases as well as the examination of the control by the driver
for the proper use. Application areas come mainly from the applications of the project of
“Cognitive Assistance”, but are not limited only to these applications. The systematized
knowledge, supplemented by the new findings with regard to the control of driving and
traffic situations, is summarized in a driver performance database that allows a first as-
sessment of controllability.

1.6 Cognitive Assistance (KA)

The UR:BAN – KA project takes on the challenge of developing assistance systems for
urban areas, whereby the following four main focuses have been jointly identified by the
participating partners:

Robust perception, modeling, and interpretation of complex traffic conditions as the
prerequisite for safety-relevant driver assistance functions in urban areas, interdisciplinary
function for processing “environment detection and modeling” common to all urban as-
sistance systems.

Development of cognitive and user-friendly assistance systems for effective and pre-
dictive “protection of more vulnerable road users” in urban areas dedicated on the one
hand to the reliable detection of pedestrians and bicyclists and their behaviour while at the
same time developing a predictive assistance system for their protection.
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Fig. 1.4 UR:BAN project structure – Cognitive Assistance with subprojects

Cognitive assistance systems in urban areas for performing last-minute accident-avoid-
ing manoeuvres are addressed in the application package “collision avoidance through
evasion and braking”.

Relief for drivers in narrow urban spaces through early information on clearance width
as well as continuous support of lateral and longitudinal control in the application project
“safe lateral and longitudinal guidance in cities” with various assistance systems such as
the narrow passage assistant, oncoming traffic assistant, and lane changing assistant.

The development of the new technologies is accompanied by the competent consider-
ation of legal issues as well as the designed systems’ effectiveness.

In addition, topics such as accident causes and effects analysis as well as legal issues
are being investigated in the UR.BAN – KA project column.

The resulting structure of the Cognitive Assistance project is then as follows:

1.6.1 Environment Detection andModeling

Due to its complexity, the urban traffic environment completely overwhelms currently
available detection and evaluation systems. A prerequisite for capable accident avoidance
systems in urban areas is that they have a reliable “image” of their environment on the ba-
sis of which they can “understand” even difficult situations with multiple participants and
boundary conditions. In addition to a comprehensive all-around view, this also requires
efficient modeling of the static and dynamic vehicle environment – independent of the
various applications which will be based upon this description.
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Fig. 1.5 Different representations of space-time perception

This task demands an interdisciplinary project whose function is to develop the basics
of an integral all-around view and precise modeling to form the foundation of the ap-
plication projects of UR:BAN KA. The goal is the realization of generic representations
which decouple the intelligent sensors from the applications, thus permitting a multitude
of sensor variations and configurations and simultaneously presents a stable foundation
for future driver assistance systems.

Within the interdisciplinary project “Environment detection and modeling”, the “all-
around” environment shall first be detected rigorously and consistently. The goal is to
develop common 360° environment models for applications which will not only be able
to integrate the information from the implemented sensors, but also that from future maps
as well as other data sources.

Complex situations in urban areas often have the characteristic that relevant objects
partially occlude one another. Their detection and the tracking required for the precise
determination of their motion state presents a problem which to date remains unsolved.
Major progress regarding this issue is expected from this interdisciplinary project. The
same expectation applies to the development of a systematic approach for dealing with
uncertainties in the signal processing from the raw data to the representation. The cur-
rently most common heuristics will not meet the critical safety requirements of future
systems. The subsequent steps of fusion, interpretation and prognosis require reliable de-
grees of confidence which describe both the uncertainty as well as the plausibility of the
measurements.

1.6.2 Protection of Vulnerable Road Users

The primary goal of this subproject is the development of cognitive user-friendly systems
for passenger and utility vehicles for the effective and predictive protection of vulnerable
road users in complex urban scenarios. For passenger vehicles, the focus is on active and
predictive systems with the potential to recognise dangerous situations involving vulner-
able road users prior to likely accidents in order to initiate protective measures to avoid
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Fig. 1.6 Child at risk in an
urban scenario

the accident or reduce its severity. For utility vehicles, a system to significantly improve
the all-around view in critical situations shall be developed.

The research activities in the subproject are concentrated on urban scenarios (short and
medium range sensor detection, vehicle velocities up to 60 km/h) during the day and at
night because that is where the majority of accidents with vulnerable road users occur. The
appearances of persons in traffic vary widely, the motion sequences are highly dynamic,
visibility is often limited due to occlusion (parked vehicles, baby carriages, etc.) and the
relevant scenarios for accidents are extremely complex.

Key technologies for robust operation of such a protective system are the sensor-based
detection of relevant traffic participants (video sensors, beam sensors, etc.) as well as
deeper situational understanding combined with object-specific behavioural prediction
in order to initiate situation-dependent action strategies (warning or autonomous reac-
tion). Compared with systems which were developed in the preceding AKTIV project and
current state-of-the-art technology, the main focus of the research is on the significant
improvement of the protective function of active predictive systems by:

� Significantly increasing the number of applicable scenarios for the system, i. e., ad-
dressing of traffic participants and accident scenarios which previously were not in-
cluded, as well as improving system availability under various weather conditions.

� Greatly enhancing the effectiveness and robustness of the systems in the included appli-
cable scenarios by developing high-performance algorithms for sensor-based detection,
classification, behavioural modeling, and behavioural prediction for vulnerable road
users.

1.6.3 Collision Avoidance Through Evasion and Braking

In urban environments, driver assistance systems for collision avoidance have great poten-
tial for reducing injuries and material damage. The question regarding in which situation
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Fig. 1.7 Automatic emergency braking taking evasive action by the driver into account. (From AK-
TIV-AS AGB)

a single or combined autonomous braking or steering intervention might most effectively
or most safely prevent a collision is at the focus of this research project. The analysis will
be directed toward determining which functional configurations are principally suited,
with high probability under urban conditions, to avoiding an imminent collision. Critical
parameters in this regard are the degree of support of the assistance function, the scale of
the intervention, and the timing of the intervention.

The decision as to whether an accident can be avoided by an evasive action or by brak-
ing is made by an alert driver with a good overview of the situation based on diverse
influencing factors. These include, for example: relative velocity, overlap with the obsta-
cle, and direction of motion of the traffic participants involved. For optimal support which
starts at the right time, all relevant factors must be included in the decision whether to
intervene.

When this function is implemented, its degree of support is purposely not specified
beforehand. This is based on the background that it must first be determined whether
a warning for driver action is already leading to positive results. An evaluation of more
intrusive functions ranging up to automatic evasion and braking is only possible after
comparing the various function configurations.

The close coordination with UR:BAN Human Factors in Traffic project guarantees that
the assistance systems developed in this subproject will be optimized precisely for driver
requirements in urban scenarios. This applies in particular to the design of the human-
machine interface (HMI).

1.6.4 Safe Lateral and Longitudinal Guidance in Cities

The primary goal of this subproject is the prevention of serious accidents in cities as well
as the increase of urban traffic efficiency while simultaneously maintaining the mobility of
the elderly. This is achieved through a combination of powerful and innovative assistance
functions through which drivers in narrow urban spaces are provided relief through early
information on clearance width and drivability as well as continuous lateral and longitu-
dinal guidance.
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Fig. 1.8 Schematic representation of a bottleneck with oncoming traffic

Collisions at bottlenecks result in blocked traffic and long traffic jams. Avoiding acci-
dents at bottlenecks therefore immediately leads to an enormous increase in efficiency and
to a reduction of pollution in dense urban traffic. Equally important is that assistance sys-
tems which provide lateral and longitudinal guidance for urban scenarios have a positive
effect on the maintenance of mobility and the social integration of the elderly. For exam-
ple, they can provide significant support in the event of a physical handicap or emotional
insecurity. Elderly citizens can thus continue to take part in society as before and need not
forego independent transportation with their own vehicle.

Within the scope of the safe lateral and longitudinal guidance subproject, the following
assistance systems are being analysed and prototyped:

Narrow Passage Assistant
Lateral guidance in flowing traffic to support the driver when driving through a bottleneck
or when passing vehicles in neighboring lanes, stationary obstacles, or parked vehicles.
A warning sounds if the width is too narrow to drive through safely.

Oncoming Traffic Assistant
Oncoming vehicles are evaluated as to whether they could become a problemwhen driving
through a bottleneck. A warning sounds if passage through the bottleneck is not possible
with oncoming traffic.

Lane Changing Assistant with All-around View
The position of the driver’s own vehicle in the lane is determined and, in addition, all lanes
are monitored, also to the rear, to determine whether a safe lane change is possible. This
provides relief to drivers in urban scenarios with multiple lanes in a single direction.

Effectiveness, Assessment, and Legal Issues
The complexity of urban accident scenarios leads to a corresponding complexity in the
design and development of driver assistance systems for active safety in urban areas. These
processes require quantitative estimates of traffic safety impacts right from the start. There
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Fig. 1.9 Accident Analysis in
UR:BAN

are numerous tradeoffs and optimization issues in the design of safety functions. It is
essential to focus on the goals of maximal accident avoidance and reduction of injury
severity while taking into account how real accidents occur “in the field.”

This subproject supports the three application projects in system design. An integrated
computer simulation toolkit is created based on real world accidents (GIDAS as well as
video-documented accidents), with the purpose of predicting the potential effectiveness
and the future benefit of safety systems addressing these accident samples. This toolkit is
used to help optimize the design of the application functions for maximum safety effec-
tiveness.

In addition, the addressed applications are considered from a legal perspective. As part
of the development process, systems with a direct influence on longitudinal or lateral
control of the vehicle, ranging up to fully autonomous intervention, require the analysis
of relevant legal consequences. The issues pertain both to product liability laws as well
as laws regulating driving behaviour. For example, an international treaty known as the
Vienna Convention on Road Traffic mandates control of the vehicle by the driver.

The national traffic code of Germany also contains provisions regulating driver be-
haviour and control. Legal requirements and constraints have been considered in the
concept and design of safety applications developed in UR:BAN-KA. The aim was to
develop functions which eliminate those situations most likely to cause legal conflicts.

1.7 Networked Traffic System (VV)

The development of applications for energy- and traffic-efficient driving in urban areas
lies at the core of the UR:BAN project “Networked Traffic System” (UR:BAN-VV). The
primary goal of the project is the development of new approaches to solve the following
scientific and technical issues:
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� Monitoring of complex urban situations for information and assistance systems to sup-
port energy efficient, comfortable, safe, and most of all traffic efficient mobility.

� Consideration of the requirements of alternative propulsion systems in the design of
networked traffic applications.

� Optimization of infrastructure management and networking with innovative vehicle
concepts and systems.

� Cooperative environment systems in complex urban situations.
� Complex co-modal network management in order to also satisfy more far-reaching

mobility requirements of the post-fossil era.

New information and communication possibilities such as GSM/GPRS (2G/2.5G),
UMTS (3G) and C2X allow new possibilities for cooperative traffic management in ur-
ban areas. Through the construction and expansion of intelligent infrastructure and the
networking with intelligent vehicles, future innovative driver assistance systems can profit
directly from the information and recommendations supplied by strategic traffic manage-
ment while at the same time generating valuable information. These means will also allow
appropriate consideration of the various propulsion systems of modern vehicles, such as
electric and hybrid drives, when controlling traffic flow and optimizing traffic behaviour.
The goals are the optimization of traffic efficiency, avoidance of traffic congestion, and
thus the reduction of emissions in urban areas.

The “Networked Traffic System” project takes into account that along with the present
variation in vehicles, the number of propulsion systems will increase in the future and the
vehicles can be managed with greater sophistication dependent on their characteristics.
Particularly in urban traffic, the variety of vehicles with different propulsion concepts
and ensuing concept adaptations will increase significantly. Only through vehicle-specific
adapted solutions can the potential of such specialization be efficiently taken advantage of
by the infrastructure.

For the prototypical realization of the set goals, the participating partners defined four
fields of activities within the project. The following figure presents an overview of the
central focus of each subproject and how they are interrelated.

In the process, the various aspects of urban traffic in the three traffic subprojects are
tightly intermeshed: beginning with a large-scale view of the regional network and the
strategic routing of traffic, over anticipatory energy- and traffic-efficient driving on urban
roads, all the way to adaptive control of smart intersections and the support of the driver
(tactical assistance) in the vehicle. The interaction of the traffic applications from the three
subprojects will be demonstrated in a common test area in a realistic traffic environment
with the participation of the responsible municipal authorities in Düsseldorf. The “Co-
operative Infrastructure” subproject represents the brackets around the traffic subprojects.
The creation of a guideline for introducing cooperative systems opens up the possibility
of implementing the traffic solutions developed within the project into other municipal
and regional jurisdictions. The traffic evaluation of the interacting applications as well
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Fig. 1.10 UR:BAN project structure – Networked traffic system with subprojects

as the extrapolation of the results ultimately provide a statement on the potential of the
applications implemented in UR:BAN-VV.

1.7.1 Regional Network

The “Regional Network” subproject is working on securing and sustainably developing
a functional and efficient traffic network to ensure efficient and safe as well as socially
and environmentally compatible mobility for people and goods. The decision for the most
suitable access to or the best route through the metropolitan area is made on the network
level. Up to now this decision has been based on statistical travel-time charts and a rudi-
mentary knowledge of the current traffic conditions. Because of their lack of availability,
traffic management recommendations cannot be taken into account by either traffic assis-
tance systems or routing services.

The “Regional Network” subproject encompasses an expansion of traffic management
to include environmental aspects as well as the consideration of various vehicle propul-
sion technologies (e. g. diesel, hybrid, or electric drives) both in the development of urban
strategies as well as in the route selection in the vehicle. The resulting route recommen-
dations – “energy-optimized routes” – dependent on the vehicle and drive type are com-
municated to the vehicles along with high-precision traffic information for autonomous
optimization in the vehicle of the route selection. Acquisition technology in vehicles and
devices with geographic positioning (GPS) and tracking systems via GSM are providing
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Fig. 1.11 “Regional Network” – issues and goal

traffic management with high-precision traffic information on an increasing scale. The
result from the perspective of traffic management is an optimized distribution of traffic
which takes global aspects such as traffic efficiency and emissions as well as individual
vehicle and drive types into consideration.

1.7.2 Urban Roads

The “Urban Roads” subproject aims to develop vehicle functions for enhancing traffic
efficiency and emissions reduction in motorized individual transport through traffic-signal
controlled urban road networks. The close intermeshing of intelligent infrastructure with
intelligent vehicles is an absolute prerequisite for reducing emissions and increasing traffic
efficiency along a route.

Individual transport in urban road networks, especially on primary roads (urban streets)
is currently characterised by a significant optimization potential with regard to traffic effi-
ciency and avoidable emissions in the vicinity of intersections controlled by traffic lights.
On the one hand, the lack of predictive information on traffic-light signal phase and timing
prevents drivers from being provided with the best possible horizon for optimizing their
driving and thus also reducing their fuel consumption and emissions. On the other hand,
the potential for increasing efficiency and reducing emissions through the reduction of
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Fig. 1.12 “Urban Roads” – Adaptive vehicle functions based on traffic-signal predictions

the braking and acceleration processes of the overall traffic flow caused by not optimally
synchronised traffic signals at successive intersections is currently not being realised.

The “Urban Roads” subproject is developing basic components to provide vehicles
with comprehensive infrastructure data and information, with the focus on providing a pre-
diction of the timing of the traffic signals included in the urban road network. This in-
formation is directly implemented in passenger as well as commercial vehicles by new
vehicle functions for efficient, energy- and emission-optimized driving through the traf-
fic-light controlled road network. For monitoring purposes and to further optimize the
infrastructure signaling, the vehicles make their route traces available to the central infra-
structure.

1.7.3 Smart Intersection

The “Smart Intersection” subproject addresses the vicinity of urban intersections. These
generally have a high degree of utilization and are controlled by traffic lights. Construction
in the vicinity of intersections restricts the area available for traffic as well as for traffic
infrastructure. The traffic situation is characterised by overall high traffic demand from
diverse traffic participants such as motorized vehicles, public transportation, cyclists, and
pedestrians as well as emergency response vehicles, all with different utilization require-
ments.

The focus is therefore on innovative vehicle and traffic technologies which permit effi-
cient as well as climate- and environmentally-friendly traffic through urban intersections.
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Fig. 1.13 “Smart Intersection” – “Crossing guard” driver assistance

In addition, urban areas in particular require that a balanced co-existence of completely
different utilization requirements be satisfied in this restricted traffic area.

The cooperative exchange of information between local traffic lights, vehicles, public
transportation, emergency response vehicles as well as cyclists and pedestrians for traffic-
and energy-optimized traffic flow lies at the core of the “Smart Intersection” subproject.
In this context, the subproject is focused on assistance and information systems which, in
cooperation with an intelligent infrastructure, will raise the traffic capacity and lower fuel
consumption and emissions as close as possible to intersection-free levels.

1.7.4 Cooperative Infrastructure

The public sector demands information on the introduction of cooperative systems and
their control center components as well as their technical requirements in a cooperative
system. This discussion is particularly relevant now with regard to the reference architec-
tures, subsystems and interfaces required as well as the operational aspects.

The “Cooperative Infrastructure” subproject ensures the transferability to and develop-
ment of reference systems for the public sector and thus guarantees the sustainability of
the research project and the transferability of the UR:BAN-VV results into the introduc-
tion of cooperative systems in cities and towns.

The “Cooperative Infrastructure” subproject also performs the evaluation of the devel-
oped systems and applications of the Networked Traffic Systems project. The subproject
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coordinates the harmonization of goals, the survey methodology, planning and perfor-
mance of the traffic evaluation. The traffic evaluation lies at the focus of the evaluation.
Above all, it should quantitatively show whether the applications meet expectations re-
garding the optimization of the traffic situation. These include increased efficiency of the
traffic system through the reduction of congestion and travel time on the one hand, as
well as the evaluation of environmentally-relevant parameters (e. g. emissions reduction,
fuel savings) in urban areas on the other. The evaluation activity is holistic and therefore
complementary to the observations of detailed interdependencies within the context of the
“Regional Network”, “Urban Roads”, and “Smart Intersection” subprojects.

1.7.5 Test Areas

All components and applications developed in UR:BAN-VV were tested and demon-
strated in the Düsseldorf test area. In agreement with the city of Düsseldorf, two traffic-
relevant intersections were identified as smart intersections in which especially the in-
teraction with public transportation as well as with pedestrians and cyclists can also be
shown.

The Brunswick field test area is the base for the development and test of applications for
the “Smart Intersection” subproject. These tests in particular require extensive field testing
in an environment which is secured both technologically and with regard to traffic. The
AIM large-scale test facility of the German Aerospace Center provides the appropriate
prerequisites.

The Kassel test area provides the “Urban Roads” subproject with a development and
test environment which is especially necessary on account of the infrastructure which
differs to that in Düsseldorf. The Kassel test area makes an important contribution to the
complete transferability of the infrastructure developments into new cities and towns and
as a building block for the reference architectures to be developed in the “Cooperative
Infrastructure” subproject.

Whereas in Düsseldorf traffic- and time-dependent fixed-time control processes are im-
plemented, in Kassel adaptive traffic-dependent control processes are used. This difference
impacts solely the development of the switching time predictions for the infrastructure. In
sum, the two methods cover approximately 80% of all control processes being imple-
mented in Germany.

1.7.6 Communication & Standards

On the basis of the experience gained over the last few years, it is now becoming quite
apparent that the future networking of traffic systems will be implemented with various
communication or protocol standards dependent on the particular application. The systems
will also be designed to permit flexible role configuration for institutions. The classical
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boundaries between the “private” service provider and the “public” infrastructure provider
are no longer necessary from a technological perspective. The public sector, for example,
will be able to pass information to mobile devices and vehicles, or private service providers
will provide their services to the public operators.

In order to take this development into account, the applications in UR:BAN-VV sup-
ports the current standardization efforts and considerations for a comprehensive ITS sys-
tem architecture. The applications in the “Smart Intersection” and “Urban Roads” subpro-
jects will support C2I communication via short-range (IEEE 802.11p) as well as cellular
network communication (e. g. UMTS). The data can be specially prepared by a service
provider (“Urban Roads” subproject) or provided directly by the city (“Regional Net-
work” subproject). The developments of the Car2X integrated network running in parallel
to UR:BAN will be considered in the system architectures.
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2AMeta-perspective on Research Activities
in UR:BAN Human Factors in Traffic

Matthias Graichen, Verena Nitsch, and Berthold Färber

2.1 Introduction to the Project “Urban Driving”

Urban traffic scenarios are characterised by a high variety of different traffic partici-
pants, infrastructural features and diverse environmental conditions. As such, they are
considerably more complex than traffic scenarios on rural roads or motorways. So far, the
development of advanced driver assistance systems (ADAS) was guided by a rather dis-
integrated function-oriented approach. When it comes to urban traffic scenarios, however,
it becomes necessary to consider the various influencing factors more comprehensibly.
The design of urban ADAS should follow an approach of an adaptive and integrated HMI
to support drivers according to situation- and driver-related requirements, and avoid con-
frontations with unnecessary information [1].

With this goal in mind, the research initiative UR:BAN conducted numerous data
collections pertaining to different research foci. To support a more holistic process of
function and HMI development, it is necessary to integrate the diverse research ques-
tions, synchronise individual partner activities and evaluate the obtained project results
from a broader perspective. This requires a fundamental, project-spanning, structured
procedure and coordination. For this purpose, the project Urban Driving (abbrev. UF
for “Urbanes Fahren”) applied a strategy, starting with the beginning of the research
initiative, with the objective of monitoring research activities in the four projects Hu-
man-Machine Interaction for Urban Environments (abbrev. MMI for “Mensch-Maschine-
Interaktion”), Behaviour Prediction and Intention Detection (abbrev. VIE for “Verhal-
tensprädiktion und Intentionserkennung”), Simulation (SIM) and Controllability (abbrev.
KON for “Kontrolllierbarkeit”). Hence, research intentions were identified and correspon-
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ding data collections standardised by means of several systematic procedures in order to
provide a meta-perspective on the project research activities and results.

2.1.1 General Approach

UF approached its objective of providing a meta-perspective with different strategies on
both an operational and a conceptual level. On the operational level, procedures were
developed to facilitate inter-project communication processes and inter-project relations.
This is particularly pertinent for bigger research initiatives that are often conducted of
heterogeneous partners from industry and academia who vary with respect to their ter-
minology, specific background knowledge as well as their strategic research intention
(short-term or long-term orientation) Instead of conducting disparate and isolated research
activities, synchronised efforts should be initiated for documentation, standardisation, co-
ordination and communication of joint or similar project phases, right from the beginning
of the project. In UF this was achieved e. g. by synchronising the basic terminology, the
form of representation of research objectives and measurements, and also by creating
a comparative and clarifying summary of data collections [1].

On the conceptual level it was aimed to obtain a broader perspective on the investigated
(assistance)-scenarios, which are composed of various aspects pertaining to the driving sit-
uation, the driver and the implemented function (as well as its user interface). With respect
to the overall objective of initiating a holistic function development process, the develop-
ment of a classification scheme for assistance scenarios constituted an essential part of UF.
This classification scheme considers and systematically combines a priori driver charac-

Fig. 2.1 Dimensions of the classification scheme for urban assistance scenarios. (Adopted from [2];
reproduced with permission from C. Purucker and A. Neukum)
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teristics, situational demands, system design as well as their interplay. Moreover, a user-
oriented development and integration process for functional and informational systems
can be facilitated with this classification, as well as their adaptive functioning according
to current situational demands (Fig. 2.1).

Regarding the UF objective of providing an integrative meta-perspective, the stated
classification scheme also allows for inter-project comparisons and discussions as well as
evaluations of project results and their assignment to different effectiveness criteria. With
this analytical approach, further gaps concerning urban ADAS research and development
can be identified and specified [1].

2.1.2 Project Infrastructure

In order to achieve the operational and conceptual objectives, and – as mentioned above –
to provide a meta-perspective on the initiative’s research activities, a multi-aspect ap-
proach was applied (Fig. 2.2), which comprised the following steps:

� Synchronisation of terminology, data acquisition and data formats for the development
of internal project standards and conventions.

� Systematic description of assistance scenarios to be investigated based on a classifica-
tion scheme for urban driving scenarios.

� Systematic evaluation of project results using the classification scheme for urban driv-
ing scenarios.

On the operational level the communication and cooperation was guaranteed by
a mandatory involvement of the project leaders (PL) in UF. For the exchange and archival
of the various partner inputs, a dedicated UR:BAN server was used.

The first two steps focused on defining data standards and the systematic description
of investigated assistance scenarios in order to achieve the following objectives:

Fig. 2.2 UF objectives



32 M. Graichen et al.

� Increased transparency and comprehensibility of data acquisition.
� Internal coordination (harmonisation and synchronisation) of data acquisition activi-

ties.
� Documentation of the obtained data.
� Facilitation of the comparability and interpretability of results by utilising standardised

procedures.

As can be seen in Fig. 2.2, the corresponding efforts culminate in the third step which
comprises the evaluation of project results by using the developed classification scheme
for urban driving scenarios, which will be the main focus of the present chapter. As such,
the following section only briefly describes the methodological issues of the stated pro-
cedure, which involved several tools and standardised documents for the collection of
necessary meta-information on the project activities (for more details of the conceptual
development process of these tools, see [1, 3, 4]).

2.2 Methodological Approach

Several methods were applied to achieve the various objectives concerning inter-project
communication and internal coordination as well as transparency and comprehensibility
of data collection, which are briefly described in the following sections.

2.2.1 Harmonisation of Terminology

To ensure the utilisation of a consistent terminology throughout the project, a central in-
formation platform (Wiki) was implemented in the initial project phase. The platform
contained the most important terms and definitions (and corresponding references) con-
cerning the investigation of Human Factors and the development of ADAS, which were
used identically within all subprojects. Throughout the entire duration of the project, the
platform was open for continuous maintaining by any project partner [5, 6]. Experiences
from coordinated activities within each subproject have shown that the platform contents
were used to stimulate debates not only on formal definitions of specific terms but also on
creating a consistent language throughout the project and reporting system.

2.2.2 Synchronisation of Data Acquisition and Data Formats

In accordance with the research initiative’s goals, all research activities focused on data
acquisition at least once over the duration of the respective projects (e. g. by means of
field observation or studies with experimental manipulation). Depending on the individ-
ual research objectives, studies or experiments might have been conducted in different



2 A Meta-perspective on Research Activities in UR:BAN Human Factors in Traffic 33

research environments, but would likely comprise the same types of traffic participants
(motorcar, truck, motorbike, bicycle, or pedestrian). As such, it was considered useful to
coordinate the planned research activities in advance of the first data acquisition phase.
Thereby, planned activities could be diversified and coordinated between partners to re-
duce required resources, and acquired data could be shared for related research questions.
For example, in projects KON and MMI, similar studies were conducted regarding driv-
ing performances in evasion manoeuvres, in order to either investigate comparability of
different research environments (Chap. 25) or designing appropriate warning strategies
(HMI; Chap. 5), respectively.

In order to achieve this effect of synchronised research activities, three procedures were
developed, which aimed at determining consistent standards in data acquisition, and at
increasing comprehensibility and transparency regarding the phase of study conceptual-
isation (Sect. 2.2.2.1) and the phase of data acquisition (Sect. 2.2.2.2 and 2.2.2.3). The
following sections briefly outline the applied methods.

2.2.2.1 Matrix of Research Contents and Experimental Settings
The matrix of research contents was initially compiled based on the description of the in-
tended research activities, and was continuously updated throughout the project progress.
Planned research activities considered different types of traffic participants (motorcar,
truck, motorbike, bicycle, and pedestrian) as well as different research environments (on-
road, closed test-track or driving simulator). The different constellations can be seen in
Fig. 2.3. Each cell shows the involved partners, who conducted data collections focussing

Fig. 2.3 Matrix of research contents, experimental settings and research partners. (Adopted from
[1]
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on the corresponding type of traffic participants and research environment. Thus, the ma-
trix depicts the complete data pool generated over the duration of project [1].

2.2.2.2 Metrics
A list of metrics had been developed based on the matrix of performance indicators (PI-
matrix) in the project FESTA ([7]; as cited in [4]), which aimed at field operational tests for
assessing the impact of information and communication technologies systems on driver
behaviour and – similar to UF – in an “integrated and coordinated program of research”
(see http://www.its.leeds.ac.uk/festa/). The matrix was adapted to meet the requirements
of the UR:BAN project on relevant contents [4]. Similarly to the Wiki, the list of study
metrics stimulated debates within each project on determining comparable measurements
(e. g. matching definitions of lane exceedances) as well as defining standards for following
data analysis and modelling procedures (e. g. computations of TTC).

2.2.2.3 Documentation of Empirical Research and Data
For each data acquisition activity, partners completed a one-sided data sheet which briefly
described the applied experimental or observational procedure. The electronic document
required basic information concerning the research environment, traffic participants and
sample size, as well as a link to the corresponding description of the investigated assistance
scenario (if available). Additional information could be given, e. g. on potential deviations
from the variables and measures in the list of study metrics or on special technical features
[4].

2.2.3 Classification Scheme for UrbanDriving Scenarios

With regard to the description of investigated assistance scenarios, UF established cate-
gories which consider various aspects of the driving situation, the driver and the imple-
mented function (cf. Sect. 2.1.1). Table 2.1 lists specific categories within these dimen-
sions. The following sections briefly describe the contents of the three scenario dimen-
sions. For a theoretical derivation of the classification scheme for urban driving scenarios
and a comprehensive literature review (see [1, 3]).

2.2.3.1 Situation Description
The operating principles of ADAS can be best illustrated using typical traffic situations.
The situation description contains static and dynamic aspects of the environmental situ-
ation described by text or using illustrating sketches. Dynamic aspects relate to the ego
vehicle (and its drivingmanoeuvres) as well as various aspects of the traffic situation (such
as other traffic participants, traffic flow or weather). Static aspects concern the road infra-
structure and environmental conditions in which the driver moves. Additionally, the core
aspects of the situation were classified according to the potential conflict (or accident)
situation and concerned driving manoeuvres. To allow for comparable replications of the

http://www.its.leeds.ac.uk/festa/
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Table 2.1 Classification scheme for urban assistance scenarios. (Adopted from [1, 3])

RESEARCH 
OBJECTIVES

- Collision avoidance
- Controllability
- Manoeuvring 

assistance
- Intention detection

- Methods
- Simulation systems
- Usability
- Validation

- Efficiency 
enhancement

- Emission reduction
- Infrastructure 

development
- Effectiveness
- …

SITUATION DRIVER FUNCTION

Situation description

Situation sketch (Images)

Description of conflict situation

Manoeuvre type

Traffic situation

- Description of ego vehicle
- Description of traffic 

participants
- Situation-dependent 

visibility
- Traffic flow
- Operational 

parametrisation

Environmental and road 
conditions

- Type of road
- Road condition
- Weather
- Lighting condition
- Time of day

Driving task 

Requirement level of driving 
task

Secondary tasks

- Sensor modality
- Type of interaction
- Interruptibility
- Information coding

Driver characteristic

- Age and sex
- Personality
- Driving skills
- Driving experience
- Driving style
- Driver state

Function description

Information/intervention depth

- Information
- Warning
- Intervention (assisted, 

partly/highly/fully 
automated)

Technical system

- Objective description
- Technical implementation
- Sensory input variables
- Description of operational 

sequence

HMI

- Objective description
- Technical implementation 

(visual, auditory, haptic)
- HMI phases

experimental design, all necessary parameters were documented. The results of a detailed
situation analysis can be used for:

� Deduction of safety-relevant requirements for the development of assistance functions,
� Effective comparisons of functions and
� Identification of synergy effects.

2.2.3.2 Driver Description
The driver description contains the specification of the driving task and a determination
of corresponding levels of task requirements. Secondary tasks while driving can also be
described with various details, as these tasks can limit the driver’s attentional resources
and thus reduce the effectiveness of assistance systems. Moreover, additional information
can be provided regarding the general driver characteristics (e. g. age, familiarity with the
route or driving experience) and driver state, as these might have a moderating impact
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on the driving task performance as well as on the interaction process with the assistance
system.

2.2.3.3 Function Description
The function description contains specifications regarding the purpose and functionality
of the respective function as well as the intended extent of the intervention (e. g. ranging
from just informing to warning the driver). It is further differentiated between functions
that involved driver-system interactions and those that do not directly involve interaction.
Examples of the former include warning or information systems, which can be described,
e. g. with respect to the sensory modality of warning signals. Examples of the latter include
the automatic monitoring of vehicle dynamics or environment-related sensory data.

A minimum amount of information must be provided on these three dimensions in or-
der to describe adequately an assistance scenario and to provide a sufficient data basis
for successive qualitative analyses. Elaborate details were omitted from the descriptions
in order facilitate completion and processing. Some of the comprised categories aimed
at providing a quick overview of the investigated assistance scenario and a mutual under-
standing between projects. Other categories could be filled with precise details concerning
the technical implementation of a system or the specific design of a HMI interface. These
were optional and aimed at a detailed bilateral exchange. The final document was im-
plemented as a digital checklist, which allowed for easy export of into a database. This
facilitated the project-spanning synopsis of the investigated assistance scenarios.

2.3 Evaluation of Project Results

In order to provide an integrative meta-perspective of the diverse research activities and
project results, the obtained information from the described assistance scenarios must by
condensed to their core aspects and merged with specific situation- or assistance-related
key results of the individual project activities. This allows for a qualitative evaluation of
the project results and potential analysis regarding the effectiveness criteria. However,
not all project activities focused on situation- or assistance-related research questions.
Each project also engaged in methodological and/or conceptual work (e. g. development
of a HMI tool kit, potential analysis of signals for manoeuvre prediction, development
of linked simulators, or the expansion of the methodological inventory for controllability
studies), which was also to be considered with an integrative view on project results. In
the following section, these results are referred to as “core messages”.

The following sections describe the strategies for obtaining the core messages and key
results, and culminate in an integrativemeta-perspective on the project’s research activities
by means of text-based summaries and comprehensive visual representations of project
results.
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2.3.1 Project CoreMessages

The project core messages reflect the main results of each project which focus on method-
ological or conceptual aspects that are independent of the specific dimensions (situation,
driver, or function) of an assistance scenario. The underlying main objectives of each
project are listed below (Table 2.2) and are elaborated in the corresponding chapters for
each project in this book.

Despite the apparent distinctiveness of these objectives, projects exhibit mutual inter-
dependencies. Behaviour prediction and intention detection (VIE) is a precondition for an
adequate, transparent and accepted support or intervention. However, intention detection
will sometimes change system behaviour. For example, a system which warns the driver
of an insufficient distance to a preceding vehicle might omit this warning, if it predicts
that the driver will turn right. Thus, system behaviour is not necessarily consistent over
time and the driver needs to understand under which circumstances what kind of system
action can be expected.

The communication of system stages, planned and actually performed actions to the
driver is part of the project HMI. It offers a strategy and a toolkit for comprehensible and
user-centred interaction, specifically for the challenges of urban traffic.

Even if drivers’ intentions are correctly identified and system actions are displayed in
a transparent and non-overloading manner, the question remains whether the system is
controllable by the driver (KON); in other words, whether s/he can override the system if
necessary or is willing to transfer control to the system for a while.

Table 2.2 Main objectives of the projects MMI, VIE, SIM and KON

Human-Machine In-
teraction for Urban
Environments

Behaviour Prediction
and Intention Detec-
tion

Simulation Controllability

– Conception and
development of
a generic HMI-
Toolkit

– Development of
a structure for HMI-
strategies

– Elaboration of the
HMI strategies
“Warnings and Inter-
ventions”, “Lateral
and longitudinal
control”, and “Rec-
ommended action”

– Determination of
systems approaches
and applications

– Determination of
boundary conditions

– Potential analysis of
signal usage

– Determination of
prediction quality
and restrictions

– Determination of
metrics for the quan-
tification of social
interaction

– Development of
linked simulation
systems and investi-
gation of interaction
effects

– Investigation of ef-
fects of assisted
drivers on non-as-
sisted drivers

– Microscopic simu-
lation of interaction
behaviour

– Choice of research
environment

– Determination of
validation and evalu-
ation criteria

– Enhancement of the
methodical inventory

– Differentiation from
traditional criteria of
controllability

– Investigation of
driver performance

– Implications
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Many aspects of driver behaviour prediction as well as controllability can be tested
in specific experiments and testing environments. However, to get a deeper insight in the
behaviour and mutual dependence of traffic participants’ actions, simulations are neces-
sary. SIM therefore investigates effects of the interaction of traffic participants (drivers
and pedestrians/cyclists) and of interactions of drivers with highly automated and “con-
ventional” cars.

2.3.2 Situation- or Assistance-related Project Key Results

The numerous described aspects of the assistance scenario checklist were filtered for rele-
vant and meaningful variables, and then aggregated into core statements using an iterative
strategy. Linking core statements obtained from the described assistance scenarios with
scenario-specific key results constituted a particular challenge. Additional data sources
were queried, such as the internal report system (e. g. [8–16]) public presentations (e. g.
posters of the final presentation; see UR:BAN, [2]) as well as several partner publications,
which are listed in the project reports or the projects website (see http://www.urban-online.
org/de/publikationen/).

Based on the obtained data from the assistance scenario checklists and the extracted
project key results, the classification scheme for urban driving scenarios was restructured
with an integrative view on the developed functions. In a workshop with the participation
of UF partners as well as the project leaders, this revision was discussed and the poten-
tial effectiveness criteria were identified, which aimed at the potential evaluation of the
obtained project results. The workshop results are listed below (see also Fig. 2.4):

The scenario data have been aggregated into three global driving scenarios in urban
environments:

� Roads without constrictions or visibility constraints.
� Roads with constrictions or visibility constraints.
� Intersections and crossroads.

Fig. 2.4 Revised classification scheme for research activities and potential criteria for effectiveness
and efficiency

http://www.urban-online.org/de/publikationen/
http://www.urban-online.org/de/publikationen/
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Within these scenarios, research activities focused on various aspects which could be
classified into three categories:

� Driver and general behavioural or cognitive aspects (e. g. individual characteristics,
perception, distraction, workload, or driver experience).

� Driving manoeuvres, assistance systems and interaction with other traffic participants.
� Methodical and conceptual issues (Comparison of research environments, development

of multi-party driving simulations, and development of an integrative HMI concept and
toolkit).

Analogously to these categories, the following effectiveness criteria were identified:

� Driver related: Acceptance, comfort, driver experience, usability.
� System related: Safety, efficiency, consumption and emission.
� Research related: Methods.

In order to establish the basis for a qualitative analysis of project results and potential
analyses with regard to the identified effectiveness criteria, an integrative and intuitive
visual representation type was preferred and implemented for each global driving scenario
(see Figs. 2.5, 2.6 and 2.7). Within these scenarios the specific key results can be described
and assigned to the identified research foci and effectiveness criteria.
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2.3.2.1 Roads without Constrictions or Visibility Constraints

Fig. 2.5 Roads without constrictions or visibility constraints
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2.3.2.2 Roads with Constrictions or Visibility Constraints

Fig. 2.6 Roads with constrictions or visibility constraints
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2.3.2.3 Intersections and Crossroads

Fig. 2.7 Intersections and crossroads
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2.3.3 RoadMap to Key Results

MMI Chap. 6: HMI Strategy – Lateral and Longitudinal Control

VIE Chap. 10: Predicting Strategies of Driving in Presence of Additional Visually
Demanding Tasks: Inverse Optimal Control Estimation of Steering and Glance
Behaviour Models
Chap. 11: Lane Change Prediction: From Driver Characteristics, Manoeuvre
Types and Glance Behaviour to a Real-Time Prediction Algorithm
Chap. 12: Fusion of Driver Behaviour Analysis and Situation Assessment for
Probabilistic Driving Manoeuvre Prediction
Chap. 13: Human Focused Development of a Manoeuvre Prediction in Urban
Traffic Situations Based on Behavioural Sequences
Chap. 14: Application of a Driver Intention Recognition Algorithm on a
Pedestrian Intention Recognition and Collision Avoidance System

SIM Chap. 22: A New Approach to Investigate Powered Two Wheelers’ Inter-
actions with Passenger Car Drivers: the Motorcycle – Car Multi-Driver
Simulation
Chap. 23: Multi-Road User Simulation: Methodological Considerations from
Study Planning to Data Analysis

Roads
without
constric-
tions or
visibility
con-
straints

KON Chap. 29: Integrating Different Kinds of Driver Distraction in Controllability
Validations

MMI Chap. 5: HMI Strategy – Warnings and Interventions
Chap. 6: HMI Strategy – Lateral and Longitudinal Control

SIM Chap. 16: Methodology and Results for the Investigation of Interactions Be-
tween Pedestrians and Vehicles in Real and Controlled Traffic Conditions
Chap. 23: Multi-Road User Simulation: Methodical Considerations from
Study Planning to Data Analysis

Roads
with con-
strictions
or visibi-
lity con-
straints

KON Chap. 25: Validity of Research Environments: Comparing Criticality Percep-
tions Across Research Environments
Chap. 26: Emergency Steering Systems – Controllability Investigations with
the Vehicle in the Loop
Chap. 27: Considerations of the Available Evading Space for the Evaluation of
the Driver Reaction to Emergency Steering Interventions
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MMI Chap. 6: HMI Strategy – Lateral and Longitudinal Control
Chap. 7: HMI Strategy – Recommended Action

VIE Chap. 9: Analysing Behavioural Data from On-Road Driving Studies: Han-
dling the Challenges of Data Processing

Inter-
sections
and
cross-
roads SIM Chap. 17: Understanding Interactions Between Bicyclists and Motorist in In-

tersections
Chap. 18: Analysis and Modelling of the Operational and Tactical Behaviour
of Bicyclists
Chap. 20: Encounters Between Drivers with and Without Cooperative Intelli-
gent Transport Systems
Chap. 21: The Multi-Driver Simulation: A Tool to Investigate Social Interac-
tions Between Several Drivers
Chap. 22: A New Approach to Investigate Powered Two Wheelers’ Inter-
actions with Passenger Car Drivers: the Motorcycle – Car Multi-Driver
Simulation
Chap. 23: Multi-Road User Simulation: Methodical Considerations from
Study Planning to Data Analysis

2.4 Summary and Conclusion

UF aimed to support a holistic function development process for urban ADAS that takes
situational, environmental and driver-related aspects into consideration, as they are fea-
tured in urban traffic scenarios. For this purpose, several strategies were applied that
generated synergies between the research projects by integrating the various research
questions, harmonising individual partner activities and evaluating the obtained project
results from a broader perspective. This comprised the development of internal project
standards and conventions, and a classification scheme for the investigated urban driving
scenarios. On this basis it was possible to structure communication and interaction with
experts working on function development in UR:BAN Cognitive Assistance and traffic
information management in UR:BAN Networked Traffic System.

Moreover, particularly the classification scheme raised awareness of the numerous
factors that affect driving in urban traffic scenarios and it directed efforts from a predomi-
nantly function-oriented development towards an integrative approach. By extracting core
messages and aggregating obtained information, a qualitative analysis and potential eval-
uation could be performed – culminating in a meta-perspective on the overall research
activities.

The analysis evaluated the project results in three global driving scenarios that featured
in urban environments with respect to various effectiveness criteria. Integrative visual-
isations of the project results give insights into the main research achievements of the
projects and showed in which way the obtained results will positively affect the UR:BAN
objectives of safety, comfort and efficiency.
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Experiences from former comparable research initiatives, such as PROMETHEUS
[17], MoTiV [18], INVENT [19] and AKTIV [20], highlighted the importance and chal-
lenges of cross-project coordination and its potential contribution towards the overall
project success (as well as to the public image; cf. [1]). The presented strategies and re-
sults of UF have shown that these challenges can be met by applying appropriate strategies
for documenting and harmonising the diverse research activities over the entire duration
of the project. Moreover, viewing the project activities and results from an integrative
meta-perspective provides valuable insights, which go beyond the presentation of results
in isolated project reports or public presentations and emphasise the necessities which jus-
tify research initiatives of this type a fortiori. With this holistic view on UR:BAN Human
Factors in Traffic, it can be seen to which extent we are ready to meet the requirements of
assisted urban driving and what still needs to be addressed in future research initiatives.
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3Introduction of Human-Machine Interaction
for Urban Environments

Julia Drüke

In the German national funded UR:BAN project numerous assistance functions supporting
the driver in longitudinal and lateral vehicle guidance control up to preventing accidents
by warning the driver or making evasive manoeuvres autonomously are considered in
order to contribute to improve safe, comfortable, and energy-efficient driving in urban
areas. Especially, the design of the human-machine-interfaces (HMIs) of all the applica-
tions together faces many challenges. For example, urban traffic is compared to highways
and rural roads more complex and dynamic due to different infrastructure and the inter-
action with other road users (e. g. crossing vehicles, pedestrians, and bicyclists). Thus,
information, warning, and system intervention concepts should be designed to minimize
the conflict between the complexity of urban traffic situations and the driver’s limited
cognitive information processing by keeping understanding and trust in such assistance
systems. The subproject “Human-Machine Interaction for Urban Environments” (named
“Stadtgerechte Mensch-Maschine-Interaktion”) addresses the development and design of
HMIs of this range of driver assistance systems. The central goal of the subproject is to
design user-oriented, integrative HMI concepts of current and future assistance systems
by considering the challenges and needs in urban areas. In total, nine project partners –
Adam Opel AG, AUDI AG, Robert Bosch GmbH, Daimler AG, MAN Truck & Bus AG,
Technische Universität Braunschweig, Technical University of Munich, Universität der
Bundeswehr München, and Volkswagen AG – rise to this challenge.

In the subproject three main objectives are considered to contribute to increase driving
safety, comfort, and energy-efficient driving in urban traffic:

(1) Development and design of a cross-functional HMI tool kit including generic, inte-
grative HMI concepts of current and future driver assistance systems by providing an
organization for the prioritization of adequate HMI components (e. g. presenting in-

J. Drüke (�)
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formation and warnings in the display in the instrument cluster and/or in the head-up
display) and its design guidelines so that the required driver’s action can be achieved
in the situation.

(2) Integration of the developed HMI concepts in the UR:BAN prototypes of the work
packages “Cognitive Assistance” (e. g. collision avoidance system by autonomous eva-
sive manoeuvre and braking, protection of vulnerable road users by turning and cross-
ing assistance, constriction assistant) and “Networked Traffic System” (e. g. entrance
and start assistant at intersections, intersection area view). This is done to evaluate the
HMI tool kit method and the integrative HMI concepts derived from the tool kit logic
as third objective in the subproject.

(3) Evaluation and review of the HMI concepts throughout the entire development pro-
cess from the user perspective, using a various number of expert reviews and research
studies (e. g. focus groups, expert tests, driving simulator studies, and on-road testing)
with research questions regarding the effectiveness, usability, optimized design, and
driver acceptance of the HMI concepts as well as the effect on driver behaviour. The
aim is to obtain refined requirements of the HMI concepts, then carry out an iterative
development and evaluation process, and finally continue up to an evaluation of the
overall approach.

The idea of the cross-functional HMI tool kit is to define a strategy for the systematic
derivation of action-oriented HMI concepts of assistance systems for safe, comfortable,
and energy-efficient driving in urban traffic. The tool kit illustrates how generic informa-
tion, warning, and system intervention concepts can be designed by selecting appropriate
HMI output media (e. g. display in the instrument cluster, head-up display, steering wheel
etc.) for the different UR:BAN applications. It defines where and how information should
be positioned relative to the driver in order to achieve the required action by the driver. The
tool kit also describes which driver’s action is recommended in the situation. Due to the
variety of cases in urban traffic differing in time horizon and priority, the HMI tool kit is
structured in three paths of HMI strategies: 1) HMI strategy “Warnings and interventions”,
2) HMI strategy “Lateral and longitudinal control”, and 3) HMI strategy “Recommended
action”.

The HMI strategy “Warnings and interventions” contains HMI concepts especially for
safety-critical situations, e. g. when a pedestrian is suddenly crossing the road without
paying attention to the traffic. The aim is to avoid a potential collision by interventions
by the driver (braking and steering) or the application (warning, steering, locking the ac-
celerator). The UR:BAN applications from AUDI AG, Robert Bosch GmbH, Technische
Universität Braunschweig, Technical University of Munich, and Volkswagen AG were
used to test the developed HMI concepts derived from the HMI tool kit. Chap. 5 gives
insight into the HMI strategy and describes the different HMI concepts developed from
the project partners and tested in research studies.

The HMI strategies “Lateral and longitudinal control” and “Recommended action”
contain assistance systems for comfortable and energy-efficient driving. The HMI strategy
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“Lateral and longitudinal control” covers situations in which the driver should continu-
ously and safely be supported in lateral and longitudinal vehicle guidance control, e. g.
within narrow roads. Project partners like Daimler AG, MAN Truck & Bus AG, and
Volkswagen AG worked on system functions, such as a constriction assistant, lane change
assistant, and green wave assistant to enable 1) comfortable and energy-efficient driving
and 2) a comprehensive awareness and understanding of the continuous operation of the
system by the driver. In contrast, the HMI strategy “Recommended action” contains as-
sistance systems which support the driver in his/her optimal route selection without active
system interventions. The information is only given to the driver as recommendation. The
energy-efficient navigation and the intersection area view are two examples of such as-
sistance functions. The project partners Adam Opel AG, AUDI AG, Technical University
of Munich, and Volkswagen AG address to this task in the UR:BAN project. In Chaps. 6
and 7 both HMI strategies and partner-specific HMI concepts are described.

The following section provides insight into the structure and contents of the HMI tool
kit method. In addition to the aim and development of the tool kit, in Chap. 4 the HMI
path structure, the three HMI strategies, and the design guidelines of the HMI components
are explained in detail. The chapter ends with a generic and integrative HMI concept for
the display in the instrument cluster developed in the UR:BAN project. The aim of this
generic HMI concept is to aggregate relevant information and warnings of the various
complex assistance systems in order to increase transparency by the driver. The generic
HMI concept is exemplary applied for the constriction assistance and a collision avoidance
system by autonomous evasive manoeuvre. In the Chaps. 5–7 the three HMI strategies are
described in more detail. Besides the background and motivation of the HMI strategy
and its HMI concepts, each project partner introduce their HMI concept of the UR:BAN
application based on findings and input from the research studies conducted throughout
the entire development process. Finally, it is important to mention that only a selection of
results can be presented here. More detailed information and further results can be found
in the references mentioned in the studies.



4The “HMI tool kit” as a Strategy for the Systematic
Derivation of User-Oriented HMI Concepts of
Driver Assistance Systems in Urban Areas

Julia Drüke, Carsten Semmler, and Lennart Bendewald

4.1 Introduction

In the last few decades, the development of driver assistance systems has shown various
innovation waves [1, 2]. The rapidly growing field of such systems ranges from support-
ing the driver in longitudinal (e. g. Adaptive Cruise Control – ACC) and lateral vehicle
guidance control (e. g. Lane Assist) to the point of preventing accidents by warning the
driver (e. g. collision warnings) or making evasive manoeuvres autonomously (e. g. emer-
gency braking). While such assistance systems can contribute to increasing driving safety
and comfort on highways and rural roads, in the future system limits will be enhanced
to include also urban traffic. In the UR:BAN project, 31 partners comprising automotive
manufacturers and suppliers, electronics, communication technology and software com-
panies, universities, research institutes, and cities did research in this area.

The above mentioned trend also faces challenges, especially in the design of human-
machine-interfaces (HMI). First, HMI concepts of existing driver assistance systems are
mostly stand-alone solutions (e. g. HMI for ACC or Lane Assist). Such HMI solutions
could overload the driver with additional HMIs of future and novel assistance function-
alities, which could be competitive and unsynchronised to each other [3, 4]. Second, the
expansion of driver assistance systems to urban roads includes many challenges with re-
gard to the environment and infrastructure (Fig. 4.1a).

Compared to highways and rural roads, urban traffic is more complex and dynamic due
to the different infrastructure and the interaction with other road users (e. g. crossing ve-
hicles, pedestrians, and bicyclists). Due to the complexity of urban traffic, this could also
result in an increased number of different information, warnings, and system interventions
whose understandability and differentiation could be reduced [4]. Thus, a quick and ad-
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Fig. 4.1 Demands on human factor in urban areas (a) and the effects for HMI concepts (b)

equate reaction by the driver might be difficult to reach. The aim of the different HMIs
should be to keep understandability and trust in such assistance systems by the design of
generic information and warning concepts, with early and anticipatory information and
clearly defined action-oriented concepts (Fig. 4.1b).

In the UR:BAN project [5], one aim was to design user-oriented, integrative HMI con-
cepts of current and future assistance systems by considering the challenges of urban
driving (Fig. 4.1) and to improve safe, comfortable, and energy-efficient driving. There-
fore, in the subproject “Human-Machine Interaction for Urban Environments” (translated
“Stadtgerechte Mensch-Maschine-Interaktion”) the cross-functional “HMI tool kit” was
developed, which comprises a strategy for the systematic derivation of action-oriented
HMI concepts. The UR:BAN applications (e. g. emergency braking assistance, collision
avoidance by autonomous evasive manoeuvre, lane change assistance, constriction as-
sistance) are fundamental for the development of the HMI tool kit. Furthermore, novel
applications supporting the driver in his/her optimal traffic flow through the urban traffic
are also considered in the project and are part of the HMI tool kit. In the following, the
aim and contents of the HMI tool kit are described.

4.2 HMI Tool Kit

4.2.1 Aim and Development of the HMI Tool Kit

The aim of the HMI tool kit was to develop and design user-oriented display and oper-
ating concepts in terms of a cross-functional HMI, which structure and standardise HMI
concepts of current and future driver assistance systems.

The HMI tool kit comprises a strategy for the systematic derivation of action-ori-
ented HMI concepts of assistance systems for safe, comfortable, and energy-efficient
driving in urban traffic. It provides an organization for the prioritization of adequate HMI
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components (e. g. display in the instrument cluster, head-up display, steering wheel etc.)
regarding urban cases. Furthermore, the tool kit also contains design guidelines for the
different HMI components as output media so that the preferred driver’s action can be
achieved in situations e. g. in which the driver should be warned of a potential collision or
the driver needs to become aware of the assistance system controlling the longitudinal or
lateral system guidance. Overall, the goal of the HMI tool kit is to illustrate how consistent
information, warning, and intervention concepts can be achieved by selecting appropriate
HMI output media for the different types of applications in the urban area.

The input for the development of the HMI tool kit is shown in five key questions in
Fig. 4.2, which also explains the structure of the tool kit (Fig. 4.3).

The output of the HMI tool kit is a proposal for adequate HMI concept solutions, which
consider two main challenges:

(1) Dealing with different and frequent information, warnings, and system interventions,
(2) Integration of different messages from the system in a generic, integrative HMI con-

cept to achieve an adequate reaction by the driver.

With regard to the goals of the UR:BAN project, the cross-functional HMI is based on
the following key requirements:

(1) Consideration of various driver assistance systems based on on-board sensors and
cooperative communication technologies with the aim to improve safe, stress-free,
and energy-efficient driving in urban areas,

(2) Structuring and coordination of continuous information, warnings, and situational
recommendations of driver’s action,

(3) Identification of adequate and situation-adapted HMI output media for information,
warnings, and situational recommendations to achieve a fast and adequate driver re-
action,

(4) Definition of requirements and design guidelines of prioritized HMI output media.

Fig. 4.2 Input criteria for the
HMI tool kit
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Fig. 4.3 The three pillars of the HMI tool kit

Aside from these, the subproject “Human-Machine Interaction for Urban Environ-
ments” (translated “Stadtgerechte Mensch Maschine Interaktion”) includes three topic
pillars, which structure the basis and key contents of the HMI tool kit (Fig. 4.3): (1) HMI
path structure, (2) HMI strategy, and (3) HMI design. Within the UR:BAN project the
three pillars also provide a base for increasing recognition of the various HMI concepts of
the different applications of the project partners.

The “HMI path structure” contains the systematic categorization of the UR:BAN ap-
plications for safe, comfortable, and energy-efficient driving. It is also used for systematic
organization of the action-oriented HMI concepts of these applications. Depending on
the case, each HMI path structure defines the adequate “HMI strategy”. According to the
different UR:BAN applications (e. g. collision avoidance by autonomous evasive manoeu-
vre and by braking, constriction assistant, lane change assistant, green wave assistant,
speed recommendation) it is not possible that all cases can be covered with only one HMI
strategy to adequately assist the driver. On the one hand, they differ in time horizon and
priority, on the other hand in the preferred driver’s action (e. g. either the driver should
become aware of the system behaviour or must immediately react to a critical event).
Thus, the “HMI strategy” of the HMI tool kit is divided into: (1) “Warnings and inter-
ventions”, (2) “Lateral and longitudinal control”, and (3) “Recommended action”. With
the HMI strategy, the adequate HMI output media (visual, auditory, tactile), the selection
of the suitable HMI components (e. g. display in the instrument cluster, head-up display,
LED-bar, warning tone), and the information content to achieve the required driver’s ac-
tion are defined. Here, different stages of the driver’s action are defined depending on the
“HMI strategy”. It describes that specific HMI components should only be used in later
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stages; other components are not recommended for each HMI strategy. Detailed infor-
mation about the “HMI path structure” and “HMI strategies” are described in Sect. 4.2.2
and 4.2.3. The third pillar the “HMI design” contains detailed guidelines for the design of
the HMI concept in the HMI strategy. Furthermore, it defines where and how information
should be positioned and designed relative to the driver. Sect. 4.2.4 provides an insight
into the design guidelines.

The examination of the HMI tool kit is based on the applications from the UR:BAN
work packages “Cognitive Assistance – Kognitive Assistenz” (e. g. collision avoidance
by autonomous evasive manoeuvre and braking, protection of vulnerable road users by
turning and crossing assistance, constriction assistant), “Networked Traffic System – Ver-
netztes Verkehrssystem” (e. g. entrance and start assistant at intersections, intersection area
view), and the subproject “Behaviour Prediction and Intention Detection” (translated “Ver-
haltensprädiktion, Intentionserkennung”) of the UR:BAN work package “Human Factors
in Traffic – Mensch im Verkehr”. During the developing process, the HMI concepts were
evaluated by a various number of expert reviews and research studies, e. g. focus groups,
expert tests, driving simulator studies, and on-road testing. Research questions regarding
the effectiveness, usability, and driver acceptance of the HMI concepts as well as the ef-
fect of the concepts on driver behaviour were considered within these studies. Based on
the findings, the HMI tool kit was developed, advanced, expanded, and adapted by the
HMI project team. It is also important to mention that the HMI tool kit should be seen as
a proposal for cross-functional HMI concepts. The brand-specific details of the different
concepts is left up to the UR:BAN partners.

4.2.2 HMI Path Structure

The HMI tool kit is structured in three HMI paths, resulting in three HMI strategies
(Fig. 4.4): (1) “Warnings and interventions”, (2) “Lateral and longitudinal control”, and
(3) “Recommended action”. As mentioned above due to the variety of cases in urban traffic
it is not possible to cover all with only one HMI strategy in order to adequately assist the
driver. Especially in urban traffic, the cases differ in time horizon, priority, and appropriate
driver’s action. For example, in unexpected, safety-critical situations when a pedestrian is
suddenly crossing the road without paying attention to the traffic, the driver needs to be
adequately warned that a fast and situation-related driver reaction (e. g. braking, steering,
or braking and steering) can be achieved. In other situations, in which the driver is assisted
by a lateral guidance system, e. g. when driving through a narrow point on the road or con-
striction (e. g. constriction assistant), the driver needs to have an adequate awareness and
understanding of the continual lateral control of the assistance system. As a result, the
different HMIs need a structure that differentiates according to the various applications
and specify the path for an adequate HMI strategy. Thus, in the 1st level of the HMI tool
kit the HMI concepts are divided into “safe driving” and “comfortable and efficient driv-
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Fig. 4.4 The HMI path structure of the HMI tool kit – A systematic derivation of different HMI
concepts for the applications of safe, comfortable, and energy-efficient driving

ing” (Fig. 4.4). This level highlights the question: What kind of assistance does the driver
need?

As Fig. 4.4 shows, in the case of “safe driving” the driver is assisted by warnings and
system interventions. For “comfortable and efficient driving”, the assistance is divided
into continual system interventions and by recommended driver’s action. Although com-
fort and efficiency are indeed strongly related to each other, in detail both have different
user requirements and needs. In terms of comfort, the driver should get a comprehen-
sive awareness and understanding of the continual control and operation of the assistance
system. In contrast to efficiency where it is important that the driver gets information in
order to reduce consumption. As a result, the user-oriented HMI strategies are divided into
(Fig. 4.4): (1) HMI strategy of warnings and interventions, (2) HMI strategy of lateral and
longitudinal control, and (3) HMI strategy of recommended action.

As shown in Fig. 4.4, to finally define the precise HMI for the current traffic situation,
two filter processes are distinguished: (1) driver’s action and (2) equipment of the vehicle.
The driver’s action defines the action of the driver, which is required from the assistance
system, e. g. the driver should brake or steer in a safety-critical situation. The equipment
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of the vehicle defines the HMI components, which are available in the vehicle. This filter
also defines the adequate HMI of an assistance system in order to achieve the best driver’s
action. After the two filter processes, the HMI strategies are reached. They include the
user-oriented implementation of the HMI based on a scheme, which structures the HMI
concepts (Fig. 4.5, 4.6 and 4.7). Detailed information about the three HMI strategies are
described in Sect. 4.2.3.

It is also important to mention that the three HMI strategies are not isolated from each
other. This is highlighted in Fig. 4.4 by arrows between the strategies. It can be assumed
that a vehicle has assistance systems, which cover all three HMI strategies. For example,
Fig. 4.4 shows a transfer from the HMI strategy “Lateral and longitudinal control” to the
“Warnings and interventions” strategy. This is the case when the driver is driving through
a narrow road with parked vehicles on both sides and is supported in the lateral guidance
by a constriction assistance. Then, a vehicle is suddenly entering the road out from a park-
ing spot. As a result, a “comfortable” situation has become a “safety-critical” situation
and the system should hand over the control to the driver, e. g. in order to brake. The de-
sign of such safety-critical HMI has completely different requirements compared to HMIs
of continual lateral guidance control systems. In such cases, user-oriented and integrative
HMI concepts are necessary, which filter and prioritize the different HMIs optimal so the
driver can understand and follow the system behaviour and can appropriately react.

Fig. 4.5 Scheme of HMI concepts for the HMI strategy “Warnings and interventions”
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Fig. 4.6 Scheme of HMI concepts for the HMI strategy “Lateral and longitudinal control”

Fig. 4.7 Scheme of HMI concepts for the HMI strategy “Recommended action”
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4.2.3 HMI Strategies

4.2.3.1 HMI Strategy –Warnings and Interventions
In the HMI strategy “Warnings and interventions” HMI concepts are designed especially
for safety-critical situations, e. g. when a pedestrian is suddenly crossing the road without
paying attention to the traffic. In such cases, assistance systems by interventions through
the driver (braking and steering) or by the application (warning, steering, locking the ac-
celerator) are developed to avoid a potential collision or at least mitigate the consequences
of an unavoidable collision. With regard to the action-oriented HMI concepts of such as-
sistance systems, the following driver’s actions are differed in the HMI tool kit in the
UR:BAN project:

(1) The driver should make an evasive manoeuvre as directed or rather not steer,
(2) The driver should make an emergency braking, or rather should not accelerate,
(3) Combination of (1) and (2).

The following selection of applications were explored in the HMI strategy “Warnings
and interventions” within the UR:BAN project:

� Collision avoidance by autonomous evasive manoeuver and braking,
� Protection of vulnerable road users by turning and crossing assistance,
� Emergency vehicle warnings and traffic jam end warnings.

In Fig. 4.5 the scheme of HMI concepts for the HMI strategy “Warnings and inter-
ventions” is shown. The scheme is divided into three modalities: 1) visual, 2) auditory,
and 3) tactile. It also shows a chronology of desired actions from the driver in order to
avoid a potential collision in a safety-critical situation. The stages present the criticalness
of events as a warning cascade. With each stage a higher driver’s action is pursued. On the
basis of research studies and intensive discussions of the HMI partners, information and
warnings of the different HMI components are related to each stage. The aim is to use the
appropriate HMI components to achieve the desired driver’s action. For example, in an
early stage the main aim is to inform the driver well in advance, e. g. with a screen in the
instrument cluster display, that a potential critical situation is approaching. If the driver
does not react, in the next stage the aim is to warn the driver so that he/she adapts his/her
behaviour to the critical situation, e. g. using a warning screen in the instrument cluster
display with an additional warning tone. If a safety-critical situation is so unexpected,
e. g. a pedestrian is suddenly entering the road, then an intervention of an assistance sys-
tem is necessary to avoid the potential collision or at least mitigate the consequences of
the collision. However, it should be noted that the next level of escalation can be avoided
by the correct driver’s action. Fig. 4.5 shows the organization of the relevant HMI com-
ponents in the HMI strategy “Warnings and interventions”. The structure of the scheme
is also used for the HMI strategy “Lateral and longitudinal control” and “Recommended
action” with adaptive driver’s actions.
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The HMI strategy “Warnings and interventions” comprises one system stage and five
stages of a warning cascade. In the “system status”, the driver can inform himself/herself
about the system availability. The 1st stage of the warning cascade contains the “early
warning”. The aim is that the driver should become aware of the driving task and might
perceive the danger well in advance. This can be realised by different HMI components,
e. g. with a display in the instrument cluster/free programmable instrument cluster or head-
up display (HUD). With regard to the time horizon, early warnings are desired by the
driver 2.5 s and longer in advance. Nevertheless, it can be assumed that such early warn-
ings are very limited or not yet possible especially in urban areas.

In the 2nd stage “warning”, the driver should react and make a conscious decision for
a reaction (e. g. braking, steering, or braking and steering). The warning should be given
between a time to collision (TTC) approximately 2.5 s and 4.5 s before a potential collision
could occur. In the next stage, the “urgent warning”, the driver must immediately react,
which happens mainly reflexive as the driver has no time to weigh different alternatives of
actions. Here, the warning should be given between a TTC of 4.5 s and 0.9 s in advance to
the driver.

The emergency intervention is the 4th stage of the warning cascade and includes the
short-term takeover of the driving task by the vehicle, both in lateral and/or longitudinal
control. In such cases, the aim is that the driver gets information about the intervention
already in the “urgent warning” stage. The last stage then applies the “de-escalation” stage
with the aim that the driver must resume the driving task.

For the visual communication of information and warnings, displays near the driver
are recommended, such as the display in the instrument cluster, free programmable instru-
ment cluster, HUD, LED-bar, and LED-outside mirror. The free programmable instrument
cluster can be seen as an alternative to the traditional display in the instrument cluster. As
shown in Fig. 4.5, the instrument cluster display is highly valued on the visual level in
order to achieve the different driver’s action. In the HUD today redundant information can
be displayed. The LED-bar should be used primarily as a display element so the driver
reacts immediately. This can be supported by a warning tone in the “warning” and “urgent
warning” stage. However, taking the challenges of urban area with acoustic variety into
account, warning tones should only be used in these stages and not escalate. A warning
displayed in the centre console display is not recommended. The voice command for early
warnings, warnings, and urgent warnings is framed with dashed lines as this HMI com-
ponent can be a helpful output media in safety-critical situations. However, as research
in this field is still in the beginning this cannot be clearly recommended. The HMI com-
ponents such as sudden braking and steering wheel motion as well as emergency brake
and turn are rather recommended in the later stages (“urgent warning” and “emergency
intervention”).

4.2.3.2 HMI Strategy – Lateral and Longitudinal Control
The HMI strategy “Lateral and longitudinal control” contains action-oriented HMI con-
cepts in which the driver is continuously and safely supported in lateral and longitudinal
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vehicle control, e. g. within narrow roads and when changing lanes. With regard to the
HMI concepts in this strategy, the following driver’s actions are differentiated in the
UR:BAN project:

(1) The driver should be supported in lateral control,
(2) The driver should be supported in longitudinal control,
(3) Combination of (1) and (2).

The following selection of applications were explored in the HMI strategy “Lateral and
longitudinal control” within the UR:BAN project:

� Constriction assistant,
� Lane change assistant,
� Green wave assistant,
� Entrance and start assistant at intersections.

Fig. 4.6 shows the scheme of HMI concepts for the HMI strategy “Lateral and lon-
gitudinal control”. Similar to the “Warnings and interventions” strategy (Fig. 4.5), the
scheme divides the HMI components in three modalities and different stages of appropri-
ate driver’s action. In contrast to the “Warnings and interventions” strategy, the main aim
here is that the driver has a comprehensive awareness and understanding of the continuous
operation of the system. On the one hand, the driver should be informed about the current
system activity. On the other hand the driver should anticipate future actions of the system
in order to be prepared. In contrast to the HMI strategy “Warnings and interventions”,
the two system activity stages are not based on each other. Here, the time horizon is less
important, rather the question: What information does the driver need to trust the system
and assess it as comfortable?

After the system activity stages, the “transfer back to the driver” is mentioned. The
main aim is that the driver must resume driving in the near future. Here, two takeover
situations should be distinguished: the driver must resume 1) within a relaxed timeframe
and 2) without a timeframe. In the first situation, the driver should be back in the driv-
ing loop within an uncritical timeframe. For example, with a false ACC without a vehicle
ahead, the driver can resume driving within an uncritical timeframe. In the second situ-
ation, the driver must resume driving quickly because of a sudden system launch (e. g.
due to occlusion). In the last case, the time of driver’s reaction is decreasing as a potential
collision might occur. As a result, the HMI strategy “Lateral and longitudinal control” is
shifting into the HMI strategy “Warnings and interventions”, so a potential collision can
be avoided (Fig. 4.5). In this case, the HMI should illustrate the changing situation clearly
to the driver.

As Fig. 4.6 shows, the communication of information about system activity is mainly
recommended via visual HMI components, such as display in the instrument cluster, free
programmable instrument cluster, and HUD. Here, the free programmable instrument
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cluster can be seen as an alternative to the traditional display in the instrument cluster.
Additionally, the communication of system activity is possible with a steering wheel feed-
back. The presentation of such continuous information in the centre console display is not
recommended. An information tone and voice commands can be appropriate in the resume
stage, when the driver must resume driving in the near future. Similar to the HMI strat-
egy “Warnings and interventions”, the “system status” is included in the scheme. Here,
the driver can inform himself/herself about the availability of the longitudinal and lateral
control systems in the vehicle.

4.2.3.3 HMI Strategy – Recommended Action
The HMI strategy “Recommended action” contains HMI concepts of assistance systems,
which support the driver in his/her route selection regarding optimal traffic flow and
energy-efficient driving. As such assistance systems support the driver in longitudinal
guidance without active system intervention, the information of the assistance system is
only given as recommendation, e. g. speed recommendations. With regard to the user-
oriented HMI concepts, the following driver’s actions are differentiated in the UR:BAN
project:

(1) The driver should select the optimal route.
(2) The driver should use the optimal flow with the traffic.
(3) Combination of (1) and (2).

The following selection of applications are explored in the HMI strategy “Recom-
mended action” within the UR:BAN project:

� Energy-efficient navigation,
� Intersection area view,
� Speed recommendation.

In Fig. 4.7, the scheme of HMI concepts for the HMI strategy “Recommended action”
is shown. Similar to the other two HMI strategies (Figs. 4.5 and 4.6), the scheme is divided
into the different modalities (visual, auditory, tactile) and different stages of driver’s ac-
tion. Here, the aim is to provide the driver detailed and advanced route information in order
to optimize the longitudinal guidance without any active system intervention. Therefore,
two driver’s actions are distinguished: (1) advanced navigation information and (2) con-
crete recommended action regarding traffic- and energy-efficient driving. In the first case,
the driver can adapt his/her behaviour based on the information and no negative conse-
quences occur. In the second case, the driver should adapt his/her behaviour. Additionally,
the driver gets feedback concerning his/her driving behaviour. This navigation feedback is
mainly given via visual HMI components, e. g. centre console display and display in the
instrument cluster. Here, the driver can evaluate his/her behaviour.
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With regard to the prioritized HMI components, the centre console display, the display
in the instrument cluster, and HUD are seen as the best solutions to present recommended
actions. The mobile device can be seen as an alternative for the display in the centre con-
sole. Feedback from the gas pedal complements the visual HMI components and enables
the driver to keep an optimal speed corridor. Similar to the HMI strategy “Warnings and
interventions” and “Lateral and longitudinal control” (Figs. 4.5 and 4.6), the “system sta-
tus” is also included in the scheme so the driver can inform himself/herself about the
system availability. Furthermore, in the “Recommended action” HMI strategy a transfer
to the strategy “Warnings and interventions” is also provided.

4.2.4 Design Guidelines

The third pillar of the HMI tool kit (Fig. 4.3) includes the design requirements of ur-
ban HMI concepts for the three HMI strategies (Sect. 4.2.3). These requirements define
generic design recommendations of HMI concepts for safe, comfortable, and energy-effi-
cient driving in urban areas and clarify how information and warnings should be displayed
and positioned to the driver.

In the project, three challenges for the design of the different HMI concepts of the
UR:BAN applications were defined:

(1) The design recommendations should be used cross-functional and for all UR:BAN
partners. This is done to increase recognition of the different HMI concepts within
the UR:BAN project.

(2) The design recommendations contain HMI guidelines based on valid findings and
statements for action-oriented HMI concepts specifically for the urban area.

(3) The design recommendations contain HMI guidelines according the HMI compo-
nents available in the vehicle.

The qualification of the HMI components for the three HMI strategies (Fig. 4.5, 4.6
and 4.7) and the design guidelines were defined by different SWOT analyses and in-
tensive discussions of the HMI partners. In Fig. 4.8, the design guidelines and generic
challenges of urban HMI concepts are shown. A high learn value of the different HMI
concepts is essential (1). Thus, the HMI concepts should indicate a clear driver’s action
(e. g. the driver should become aware, the driver should react), be simply designed, and
follow a logical organization of the information (1a). This also implies that the information
should be clearly organized to the HMI components and connected with the recommended
driver’s actions. Furthermore, the information should be presented with the same quality
at the same display position. For example, warnings should not be presented in the centre
console display.

In addition to the organization of information, a high consistency of the information
can increase the learn value (1b). Clear warning cascades, unification of system status,
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Fig. 4.8 Overview of design guidelines for urban HMI concepts

and avoiding the multiple use of HMI components (e. g. using the LED-bar for presenting
both warnings and lateral and longitudinal guidance control) can contribute to a higher
learn value.

Especially for the design of urban HMI concepts, it is also important to keep visual and
auditory messages as limited as possible (2). This can be achieved through using generic
HMI concepts with reduced information content and information mainly presented in the
driver’s field of view (e. g. in HUD). Furthermore, in safety-critical situations the warning
cascade should be designed in discrete levels with reduced colour selection (mainly red
and yellow). This also means that warning tones should not escalate. In combination of
the limitation of messages, HMI concepts should also be designed simply and less com-
plex (2a). Thus, redundancy of information should be avoided and a generic design of the
HMI concepts with additional information as needed should be utilised.

These urban design guidelines are also supplemented by specific features of the HMI
concepts. The features of information content and organization inside the vehicle cockpit
are derived from different SWOT analyses. They contain detailed aspects regarding the
organization of potential hazards, display of information status, control object, continual
information of longitudinal and lateral control, and the application-related use of the dif-
ferent HMI components. Fig. 4.9 shows the results of the SWOT analyses regarding the
organization of the information and warnings inside the vehicle.

In addition to Fig. 4.9, each HMI component is documented in detail regarding generic
design recommendations. Numerous literature reviews, research studies conducted in the
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Fig. 4.9 Concept-specific design guidelines in the vehicle cockpit

UR:BAN project, and intensive discussions between the HMI partners are the basis for
this input. Figs. 4.10 and 4.11 show an example of the design recommendations for the
display in the instrument cluster for the HMI strategy “Warnings and interventions”. The
design recommendations are also described for (1) HUD, (2) LED-bar, (3) LED outside
mirror, (4) centre console display, (5) mobile device, (6) warning tone, (7) voice command,
(8) gas pedal feedback, (9) steering wheel feedback, and (10) sudden braking. Here, each

Fig. 4.10 Overview of the aim and contents for the display in the instrument cluster for the HMI
strategy “Warnings and interventions” (in German)
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Fig. 4.11 Overview of the design recommendations and its references for the display in the instru-
ment cluster for the HMI strategy “Warnings and interventions” (in German)
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HMI component is considered in detail for the specific HMI strategy. In addition to the
aim and content of the HMI component in the HMI strategy (Fig. 4.10), the design rec-
ommendations and its references are listed (Fig. 4.11). The detailed design guidelines are
compiled in the fourth milestone report of the UR:BAN project [6].

4.3 Applications of Urban HMI Concepts

For the HMI design of the different assistance systems considered in the UR:BAN project,
the HMI partners developed a generic and integrative HMI concept for the display in the
instrument cluster (Fig. 4.12). The aim of the generic HMI concept is to aggregate relevant
information and warnings of different complex systems in order to increase transparency
by the driver. In addition to visual output media, the HMI concept contains auditory and
tactile HMI components. Fig. 4.12 shows the generic HMI concept for the display in the
instrument cluster. Here, it is displayed in the design of the Volkswagen AG.

The HMI concept shows the longitudinal and lateral control systems as well as the
warning systems of a vehicle (e. g. early warnings, collision warnings, and emergency
braking). As illustrated in Fig. 4.12, in the middle of the HMI concept the ego-vehicle,
positioned on a road, is shown. A warning circle surrounds the vehicle. The aim of the
warning circle is to visualise the direction of a potential hazard (e. g. an approaching
ambulance from the back). In front of the ego-vehicle a white obelisk symbolizes the lon-
gitudinal guidance control, like ACC. Here, the driver is shown the current and the desired
distance (coloured in blue). On top of the obelisk, the control object for the longitudinal
guidance control is presented. At the left and right side of the ego-vehicle white arrows

Fig. 4.12 Generic and integrative HMI concept presented in the display in the instrument cluster in
the design of the Volkswagen AG
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illustrate the permanent lateral guidance control. It displays the tolerance of the lateral
guidance by changing the size and width of the arrows. In the upper area of the display
an information field can display additional information, e. g. braking, emergency braking.
The status line at the bottom of the display presents current status information, e. g. de-
sired speed of the ACC. In the following, the HMI concepts of the constriction assistance
and the collision avoidance system by autonomous evasive manoeuvres are explained.

Constriction Assistance
The aim of the constriction assistance, developed in the subproject “Safe Lateral and Lon-
gitudinal Vehicle Control in Cities” (translated “Sichere Quer- und Längsführung in der
Stadt”), is to support the driver by continual system interventions when driving through
construction zones, narrow roads, and passing stationary obstacles and parked vehicles in
urban areas. In addition, this assistance system warns the driver for a too narrow road,
which is not possible to pass (Fig. 4.13). In the UR:BAN project the HMI concepts of
the constriction assistance were developed for the following scenarios: (1) constriction by
one-sided parked vehicles and pedestrians, (2) constriction by parked vehicles, pedestri-
ans, and road curb, and (3) constriction by stationary obstacles on the right and left edge
of the road. Fig. 4.14 shows the chronology of the HMI screens presented in the display in
the instrument cluster when it is not possible to pass the constriction because of a pedes-
trian crossing the road. The HMI screens are displayed in the design of the Volkswagen
AG.

Fig. 4.14 shows the HMI concepts presented in the instrument cluster when the driver
is supported by longitudinal and lateral guidance control while approaching and passing
through a constriction. Ongoing road lanes inside and outside the warning circle symbolize
the approaching and passing through a constriction (screen b–d). If it is not possible to
pass the constriction, e. g. due to a crossing pedestrian, a pop-up “No pass” is presented
to the driver (screen e). To drive on, the driver has to confirm by pressing “RESUME”
or accelerate (screen f). As a result of different constriction widths in urban areas, in

Fig. 4.13 Classification of the constriction assistance into the HMI path structure of the HMI tool
kit
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Fig. 4.14 HMI concept of the constriction assistance presented in the display in the instrument
cluster in the Volkswagen AG design

addition to lateral control, the driver is also supported in his/her longitudinal guidance.
For example, passing through a very narrow road can be very stressful and unpleasant for
the driver. In this case, the velocity is adapted by the longitudinal control system (ACC)
appropriate to the constriction width. The longitudinal guidance control is then illustrated
with the white obelisk in front of the ego-vehicle and the constriction traffic sign as control
object. But this is not shown in Fig. 4.14.

Collision Avoidance by Autonomous Evasive Manoeuvre
In safety-critical situations, e. g. due to a sudden obstacle on the road, the aim of the colli-
sion avoidance system is to avoid a potential collision by autonomous evasive manoeuvres
(Fig. 4.15). The application can help to detect road users (e. g. pedestrians, crossing ve-
hicles) surrounding the ego-vehicle and the road infrastructure. The assistance system
contains situations, which are so unexpected that an emergency braking is not sufficient to
avoid the potential collision. In the HMI tool kit (Fig. 4.4), the collision avoidance assis-

Fig. 4.15 Classification of the collision avoidance system into the HMI path structure of the HMI
tool kit
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Fig. 4.16 HMI concept of the collision avoidance system by autonomous evasive manoeuvre pre-
sented in the display in the instrument cluster in the Volkswagen AG design

tance belongs to the HMI strategy “Warnings and interventions” and was developed in the
subproject “Collision Avoidance by Swerving and Braking” (translated “Kollisionsver-
meidung durch Ausweichen und Bremsen”). Fig. 4.16 shows the chronology of the HMI
screens presented in the display in the instrument cluster in the design of the Volkswagen
AG.

As shown in Fig. 4.16, a warning tone is paired with a pop-up, which signalizes the
“emergency intervention” stage when the system intervention begins. In contrast to an
emergency braking system, no red bright LED-bar is used. As the system is doing an au-
tonomous evasive manoeuvre, the aim is to involve the driver as little as possible during
the intervention. After the intervention, the driver resumes the driving task. In this de-es-
calation stage another pop-up appears, which signalizes the takeover request to the driver
(“Take over – Intervention completed”). Detailed information about a research study with
the aim to examine the effectiveness and driver acceptance of different collision avoidance
systems in a safety-critical situation are described in Chap. 5.

4.4 Conclusion

The objective of the UR:BAN project was to develop and implement intelligent driver
assistance and traffic management systems, which contribute to improving safety, comfort,
and efficiency driving in urban areas. With the challenges of urban driving and potential
driver’s overload with the increasing number of assistance systems, one aim of the project
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was to design user-oriented, integrative display and operating concepts of current and
future assistance systems. Consequently, the novel and cross-functional “HMI tool kit”
was developed.

The HMI tool kit enables the systematic derivation of action-oriented HMI concepts for
the variety of assistance systems in urban areas. According to the urban traffic situations,
the HMI tool kit provides input to how system information should be filtered and priori-
tized to the driver and how the preferred driver’s action can be achieved by the selection
of suitable HMI components (e. g. display in the instrument cluster, warnings or sounds).
Furthermore, strategies for timing combinatorics and phased escalation of sensory input
modes to the driver (e. g. visual, auditory, and tactile) are also included in the tool kit.
Thus, by means of the HMI tool kit it is possible that the driver is warned adequate in
safety-critical situations and develops also a sufficient understanding for continuous sys-
tem interventions or advanced navigation recommendations. For example, hazards not
visible to the driver can be indicated by the use of tactile feedback on the gas pedal and/or
steering wheel. This feedback not only reduces risks, but leads to an anticipatory driving
style that potentially reduces stress. In particular for trucks, it also contributes to signif-
icant decreases in fuel consumption and emissions. However, it is important to mention
that through technical future trends in the next years and decades, the prioritization of suit-
able HMI components presented here might be shifted. For example, for the HMI strategy
“Warnings and interventions” augmentation of information in the front and side mirrors
might get more and more important in the following years. Overall, the assistance systems
developed in the UR:BAN project and its HMI concepts deviated from the HMI tool kit
contribute to an anticipatory driving style, mitigate safety-critical situations, and shows
the potential to improve stress-free and low-emission driving in urban traffic.
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5.1 Background

Within the HMI tool kit (see Fig. 4.4), the path “Safe driving” addresses assistance in
safety-critical situations regarding warnings and interventions. These may have different
aims, the most important being to reduce speed, to brake strongly or to perform an eva-
sive manoeuvre. The vehicle’s equipment has to be taken into account when designing
warnings and interventions for these aims. With this in mind, the resulting HMI strategy
“Warnings and interventions” (see Fig. 4.5) is meant for situations which will become
critical or even lead to an accident if the driver does not react. Whenever possible, “early
warnings” are given at a time-point which enables the driver to pay more attention to the
driving task and to prevent the situation from becoming critical. To this aim, a reduction
of speed may suffice. These kinds of “early warnings” are well understood and accepted,
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as the studies of [1] and [2] have shown. For such “early warnings”, these two studies
have also provided information about the best timing of these warnings with regard to
the distance of the critical object. In urban situations like intersections these “early warn-
ings” may be very efficient to prevent collisions, as the study of [3] has shown. In this
study, an “early warning” when approaching an intersection was even more efficient than
“warnings” or “urgent warnings”.

The work within the UR:BAN project focuses on the later warning stages of the HMI
strategy “Warnings and interventions” (see Fig. 4.5). A “warning” is given when a criti-
cal situation arises and the drivers should react to mitigate a potential danger. However,
there is still sufficient time for them to understand the situation and modify their action
plans accordingly. When the situation escalates and the drivers have to react immediately,
an “urgent warning” is given (see Fig. 4.5 HMI tool kit “Warnings and interventions”
strategy). In the first part of this chapter the studies of the Technische Universität Braun-
schweig have explored the best way to design and present these kinds of warnings using
a combination of the head-up display and acoustical signals. The main question was how
to design the “warning” and “urgent warning” in such a way that drivers can easily dis-
tinguish the different meanings of the warnings and act accordingly. Additionally, the
integration of this warning concept with other information, which may also be presented
in the head-up display, was examined. This chapter ends with practical design recommen-
dations for these two warning stages.

Distraction is one of the main reasons why drivers need these warnings and interven-
tions. The second part of this chapter deals with detecting visually distracted drivers and
how to adapt the warnings to these situations. The authors of the Robert Bosch GmbH
provide two systems using different available components in accordance with the idea of
the HMI tool kit. In three studies these concepts have been developed, refined and evalu-
ated. The authors show that both concepts are well able to reduce distraction of the drivers
and will thus increase traffic safety.

While the focus of these first two research teams was mainly on situations which the
driver can manage safely by braking. However, in some situations only an evasive ma-
noeuvre can prevent a crash. This is addressed by the filter “Driver’s action” in the HMI
tool kit (see Fig. 4.4). In the studies of Technische Universität Braunschweig, it was not
possible to elicit a steering reaction of the drivers by “warnings” or “urgent warnings”.
The last part of the chapter describes the approach of the Volkswagen AG to support the
driver in the evasive manoeuvre by very short autonomous steering actions of the vehicle
(emergency intervention). The main question with this strategy is how to give feedback to
the drivers in this situation and how to enable them to safely take over and keep on driving
after the evasive manoeuvre.

These different approaches for the HMI strategy “Warnings and interventions” (see
Fig. 4.5) are described in detail in the following sections.
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5.2 Concepts for Warnings and Urgent Warnings
(Technische Universität Braunschweig)

The following studies address two warning stages of the HMI strategy “Warnings and
interventions”, which require different actions of the driver:

1. The “warning” is given when a critical situation arises and the driver should react to
mitigate a potential danger. However, there is still sufficient time to understand the
situation and modify the action plans accordingly.

2. When the situation escalates and the driver has to react immediately, an “urgent warn-
ing” is given.

This warning concept has two implications:

� There really are critical traffic situations which give the driver more or less time to
react. Depending on the kind of situation, the respective warning stage is given.

� The driver has to understand the difference between the two warning stages and react
in the manner required by it.

Within the context of UR:BAN, the aim was to identify typical critical situations and
map these to the two warning stages. The first identification step focused on accident
statistics. The information about relevant situations was then used to build and evaluate
critical situations in the driving simulator of the Technische Universität Braunschweig.
With regard to the first implication described above, the situations suited for urgent warn-
ings should result in accidents if the drivers did not react immediately. In contrast, in
situations suited for warnings, a slower and more moderate reaction should be sufficient
to prevent the situations from becoming critical. This process of selection and evaluation
is described in the first part of this chapter. The results of these simulator studies are then
used to derive warning concepts.

These were then tested in several further simulator studies with younger and older
drivers. The second part gives an overview about the developed concepts, the conducted
evaluation studies and concludes with recommendations for the design of warnings and
urgent warnings.

5.2.1 Identification and Evaluation of Critical Situations
in the Urban Context (Study 1 and 2)

The aim of the first study was to provide a contribution to the understanding of the accident
occurrence at intersections in urban areas. Table 5.1 shows the traffic accidents in the
year 2011 in German urban areas [4]. These statistics were examined in order to find out
which accident types occur the most and are the fatal ones. On the left side of the table,
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Table 5.1 Traffic accidents in urban areas for Germany in 2011 [4]

Accident types All accidents Fatal accidents

N % N %

Accidents while crossing 56,873 27 174 16
Rear-end accidents 42,854 20 92 8
Accidents while turning or entering 34,486 16 113 10
Other accidents 27,634 13 161 15
Single vehicle accidents 23,305 11 244 22
Accident with pedestrian crossing 16,459 8 292 27
Accidents with parked vehicles 8816 4 11 1
Total 210,427 100 1087 100

the percentage of different accident types can be found, whereas on the right side, the
percentages of fatal accidents are shown.

Overall, accidents while crossing (entering or crossing the intersection and turning left
or right) comprise 27% of all accidents. The second most frequent type of accident is the
rear-end crash (20% of all accidents). When looking at fatal accidents, 27% are accidents
with pedestrians crossing the street (for further information see [5, 6]).

According to this frequency distribution, the relevant traffic situations of these three
accident types were examined in more detail. In a first step a driving simulator study
with younger and older drivers, was conducted in order to develop and implement situ-
ations leading to accidents. For every situation, different aspects were varied (e. g. type
of vulnerable road user, oncoming traffic) to find very critical scenarios. Fig. 5.1 gives an
overview of the situations which the following studies were based on and also what warn-
ing stage they were designed for. An urgent warning was to be given when the situation
was very critical. In situations being less critical merely a warning was to be presented.

The second driving simulator study then used these findings to develop warning con-
cepts for both warning stages and evaluated them with sixty drivers. Firstly, the described
situations were examined for the control group without a warning in order to show that
the scenarios also differed from each other in various measured parameters. As Fig. 5.2
shows, the criticality of the scenarios was indeed perceived quite differently by the drivers.
The first three scenarios (S1, S2, S3) were rated as being the most critical ones, followed
by the S4 through S8 scenario. The number of accidents was also the highest in the three
scenarios rated as being very critical (S1, S2, S3).

The analysis of the drivers’ reactions supported this subjective evaluation. The brake
reaction time was very short in these very critical scenarios; especially in S2 and S3 (see
Fig. 5.3). While the situation in S1 was also rated rather critical, drivers had just started to
turn left, were still driving relatively slowly and thus had more time to react, also resulting
in less accidents than expected. The maximum braking value was largest in S2, in which
their driving speed was quite high so that the situation required a really strong braking
in order to prevent the collision with the pedestrian. The second strongest brake reaction
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Scenarios 
intended 
for the

W1) 
warning

S4

When turning right at a T-
junction with oncoming 
traffic a bicyclist hidden 
by parking vehicles 
crosses the ego vehicle’s 
path from left to right

S7

When driving straight 
ahead, a hay bale 
blocking the ego vehicle’s 
path becomes visible after 
being hidden from driver’s 
sight by a curve (evasive 
manoeuvre possible)

S5

While following, a lead 
vehicle indicating a right 
turn at an intersection 
suddenly stops for a 
bicyclist crossing from left 
to right (evasive 
manoeuvre possible)

S8

When driving straight 
ahead, a hay bale 
blocking the ego vehicle’s 
path becomes visible after 
being hidden from driver’s 
sight by a hill

S6

While following on a 
straight road without 
oncoming traffic, a lead 
vehicle suddenly brakes) 
without any warning or 
reason (evasive 
manoeuvre possible)

Scenarios 
intended 
for the

W2) 
urgent 

warning

S1

When turning left at an 
intersection with 
oncoming traffic, a 
pedestrian, emerging 
from a crowd at the 
farther end, crosses the 
ego vehicle’s turning path

S3

When turning left at an 
intersection with oncoming 
traffic, a bicyclist crosses 
the ego vehicle’s path 
from left to right

S2

While driving straight 
ahead on a one-way road 
a pedestrian hidden 
behind parking vehicles 
crosses the ego vehicle’s 
path from right to left 
(evasive manoeuvre 
possible)

S9

While driving straight 
ahead an oncoming traffic 
vehicle cuts the ego 
vehicle‘s path from left to 
right in order to park

Fig. 5.1 Overview of the situations implemented in the driving simulator in order to develop and
evaluate warning concepts including which warning stage (W1) warning orW2) urgent warning (see
Fig. 4.5) had to be presented first. Scenario S9 was added later starting with the study number 5 on
older drivers

occurred in situation S5, where most of the drivers kept relatively large distances towards
the leading vehicle and thus had some time to react. If they had to brake, however, strong
brake reactions were needed. The less critical situations like S5 to S8 could be handled
well with slower reactions and less strong braking (for further results see [7]).

To summarize, the simulator studies show that critical situations arising in urban traffic
differ with regard to their criticality. Drivers adapt their reactions to these situations in
order to avoid accidents. However, under certain circumstances, which were identified in
the studies (e. g. not enough time to react accordingly), the spontaneous drivers’ reactions
were not for all drivers sufficient to avoid an accident or prevent the situation from becom-
ing very critical. Thus, the results show a potential for warnings to improve traffic safety
by supporting driver reactions. Moreover, the results support the idea of the HMI tool kit
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(see Fig. 4.6) and its two different kinds of warnings since the drivers reacted differently in
the various situations. In a less critical situation a warning (W1) should raise the attention
of the drivers for a more critical situation might occur. In these situations a slight brake
reaction would be sufficient to deescalate a less critical situation or even further to prevent
a less critical situation from becoming a very critical one. Thus, in order to support the
drivers’ situation assessment a warning (W1) could be designed in a way, which enables
the drivers to easily detect the relevant critical object. On the contrary, an urgent warning
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(W2) would be given in quite critical situations focussing on prompting fast and intense
driver reactions. Summing up, a warning (W1) should elicit an evaluation of the situation
and then an adequate reaction of the drivers. An urgent warning (W2) should trigger an
emergency reaction, mostly braking but possibly also steering and avoiding critical ob-
jects. These were the basic ideas which were examined in the second part of the project
and are described in the next chapter. The results and the critical scenarios from the first
part described above (see Fig. 5.1) were used to test whether different warning concepts
improved the reactions of the drivers and, thus, traffic safety.

5.2.2 Development and Evaluation of Concepts for Warnings
and UrgentWarnings (Study 2–5)

The results described above support the idea of warning drivers in two stages as com-
pared to a single general warning. In the first stage, a warning is supposed to allow drivers
to evaluate the situation and give them more time to react. The driver reaction may be
temperate and comfortable like releasing the gas pedal and braking moderately. The ur-
gent warning should elicit either an emergency braking or an evasive manoeuvre. Drivers
were to brake as fast and strong as possible. How to actually design the two warning
stages so that drivers react accordingly was examined in two driving simulator studies
with 60 younger (study 2) and 36 older drivers (study 3). The underlying question was
how specific an attention-oriented warning and a reaction-oriented urgent warning have
to be. Fig. 5.4 gives an overview about the study with the younger drivers describing
the warning concepts, which were all projected into the windshield in form of a head-up
display (HUD). For the urgent warning, a stop sign was used as a generic, well-known
symbol of imminent danger (reaction generic, RG). As in some situations a steering reac-
tion resulting in an evasive manoeuvre is more suited, a second warning type used a stop
sign for braking and a cone with an arrow to evoke an evasive reaction as specific urgent
warning (reaction specific, RS).

As can be seen in Fig. 5.4 with regard to the warning, a generic concept (attention
generic, AG) used a caution sign (a red triangle with an exclamation mark meaning “At-
tention!”). A second design for the warning was meant to support the evaluation of the
situation by providing a caution sign displaying specifically the currently relevant critical
object (attention specific, AS), a pedestrian, a bicycle, a car or an obstacle (represented
by a cone). These warning types were examined with five groups of drivers, comparing
the different warning concepts to a control group without any warning assistance in order
to evaluate the effectiveness of the different warning types. The number of collisions, the
driving and gaze behaviour as well as the subjective ratings of the warning concept and the
critical situations of younger and older drivers (no gaze behaviour recorded) was analysed.
An extract of the data is presented in the following. For further information see [7–12].

As illustrated in Fig. 5.5, only a small amount of collisions occurred in the less critical
scenarios as compared to the more critical scenarios. So again the situations differ in their
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Warning type Presentation in head-up display Stage

1) Control (C) No warning

2) Attention
generic (AG)

W1)
warning

3) Attention
specific (AS)

4) Reaction
generic (RG) W2) 

urgent
warning5) Reaction 

specific (RS)

Fig. 5.4 Overview about the different warning concepts assigned per group resulting in five groups
of younger drivers in study 2

criticality. Yet, the number of collisions is so low in the less critical situations that they
do not really allow to differentiate between the specificity of the warning (see Fig. 5.5a).
On the contrary, a total of 49 collisions occurred in the rather critical situations. In these
situations, the generic urgent warning was most effective with very few collisions (see
Fig. 5.5b).

As Fig. 5.6a shows, the brake reaction time in the less critical scenarios was faster with
both specificities of the warning than in the control group. However, both the generic and
the specific warning resulted in the same average brake reaction time of about 1.3 s. In the
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Fig. 5.5 Number of collisions for the younger drivers in the less (a) and rather critical (b) situations
of study 2, framing the warning types which were should have matched the situation requirements
the best
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Fig. 5.6 Mean brake reaction time for younger drivers in the less (a) and rather critical (b) situations
of study 2, framing the warning types which were should have matched the situation requirements
the best

rather critical situation (see Fig. 5.6b) the generic urgent warning again was most effective
with the fastest reaction times. In contrast, the specific reaction-oriented urgent warning
did not improve the brake reaction time as compared to the control group.

The maximum braking value was also rather similar between both versions of the at-
tention-oriented warning (see Fig. 5.7a). Both induced a stronger brake reaction than in
the control group without a warning. The reaction-oriented generic urgent warning led to
the strongest brake reactions in the rather critical situations (see Fig. 5.7b) and overall, but
such a strong brake reaction would be rather inappropriate in the less critical situations
like those shown in Fig. 5.7a. In these situations, this strong break reaction might lead to
rear-end crashes with the following cars who do not expect such a strong, sudden braking.
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Fig. 5.7 Mean maximum braking value for younger drivers in the less and rather critical situations
of study 2, framing the warning types which were should have matched the situation requirements
the best
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Thus, the idea to provide two different warning stages is well supported by the data. In
rather critical situations the generic urgent warning can be used to elicit fast and strong
brake reactions. In contrast, the specific urgent warnings did not work very well. This may
in part be due to the fact that the symbol for steering is not really well known as a traffic
sign. Moreover, it seems to be hard to elicit a steering reaction by drivers anyway. Almost
none of the drivers showed an evasive manoeuvre upon any warning type. Thus, the stop
sign seems to be an effective way to elicit a fast and strong brake reaction, which may
prevent accidents or will at least diminish the consequences of possible collisions due to
the reduced impact speed.

In the less critical situations, both the generic and specific warning led to appropriate
reactions which are not as strong but sufficient to safely handle these kinds of situations.
Thus, the idea that specific warning symbols would be more helpful for drivers to better
detect the critical objects and evaluate the situation was not supported by the results. There
were no clear advantages of the specific symbols over the generic caution sign. For the
function development this may be advantageous. Even if the type of the critical object
cannot be determined very well, an effective warning is still possible.

However, when interpreting these results one has to take into account that every driver
group only received one type of warning concept. The results show that the urgent warn-
ings are more effective in the rather critical situations, while the warnings may be more
adequate in the less critical situations. But what happens, if drivers receive these differ-
ent kinds of warnings according to the different situations and even in succession? Will
drivers be able to distinguish between the warning and the urgent warning?Will they react
adequately as required or do they have to learn it?

These questions and how drivers accept the warning system were examined in a third
part of the project within another set of driving simulator studies, again one for younger
drivers (study 4: with eight critical situations, S1–S8, N = 24) and one for older drivers
(study 5: with a reduced set of six critical situations, S1, S2, S5, S6, S8 & S9, N =24).
Depending on the type of situation, either a warning or an urgent warningwas provided in
these two studies. If the drivers did not react adequately to the warning, the urgent warn-
ing followed as a second stage (see Fig. 5.8). The driving performance was examined over
four learning phases (L1–4, see Fig. 5.9). The first phase L1 was driven without warning
assistance. After that, three more trials commenced with warnings and urgent warnings.
Additionally, the overall acceptance of the warning system was examined. Different as-
pects of the results are found in [13, 14] and [15].

As Fig. 5.10a shows, drivers started braking a lot earlier when receiving a warning
(L2, L3 and L4) as compared to the first trial without warning assistance (L1). When
comparing L2 to L4 there was no strong learning effect, but still some improvement be-
came visible over time. This implies that learning of the drivers is not necessarily needed
to react appropriately to the warning, but it can help to have experience with the warning
system.

Similar results were found for the urgent warning. As can bee seen in Fig. 5.10a, the
brake reaction time was overall faster than with the warnings. The brake reaction was
somewhat faster when drivers were supported by the urgent warning (L2 to L4) than when
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Warning stage Visual Acoustic Scenarios beginning 
with this warning stage

W1) Warning - S4, S5, S6, S7, S8

W2) Urgent 
warning

1 kHz 
(“Beep”) S1, S2, S3, S9

Fig. 5.8 Warning concept including the two warning stages warning (W1) and the urgent warning
(W2) used in study 4 with younger and study 5 with older drivers, including the scenarios in which
the corresponding warning stage was presented first

not (L1), though the benefit was less than with the warning. This might also be due to the
more limited time available to react in these more critical situations that needed an urgent
warning.

The results for the maximum braking value are displayed in Fig. 5.10b. In accordance
with the intention of the warning system, the urgent warning led to a noticeably higher
maximum braking value than the warning in all learning phases. It is interesting that the
overall highest maximum braking value was found in L1 and was somewhat reduced in
L2 to L4. However, this is probably due to the surprise in L1 which was the first critical
situation that the subjects encountered in the driving simulator. Thus, one would not in-
terpret this as a negative effect of the urgent warning but as a learning effect within the
driving simulator study.

As the subjective ratings in Fig. 5.11a show, the situations with the warning were rated
far less critical than the situations with an urgent warning. The urgent warning is slightly
more understandable and helpful than the warning, but both are well understood and help
drivers. Furthermore, both warning stages are rated rather low concerning their distraction

Younger drivers (study 4) Older drivers (study 5)
L1 L2 L3 L4 L1 L2 L3 L4

A S1W0, 
S6W0

S1W2, S3W2, 
S4W1, S5W1, 
S6W1, S7W1

S1W2, S3W2, 
S4W1, S5W1, 
S6W1, S7W1

S2W2, 
S8W1

A S1W0, 
S6W0

S1W2, S5W1, 
S6W1, S9W2

S1W2, S6W1, 
S5W1, S9W2

S2W2, 
S8W1

B S2W0, 
S8W0

S2W2, S3W2, 
S4W1, S5W1, 
S7W1, S8W1

S2W2, S3W2, 
S4W1, S5W1, 
S7W1, S8W1

S1W2, 
S6W1

B S2W0, 
S8W0

S2W2, S8W1, 
S5W1, S9W2

S2W2, S8W1, 
S5W1, S9W2

S1W2, 
S6W1

a b

Fig. 5.9 Experimental design for study 4 with younger drivers (a) and study 5 with older drivers
(b) displaying how the scenarios were arranged over the four learning phases (L1–L4) including the
three specific warning system support forms (without – W0; warning – W1; urgent warning – W2)
and the two groups of drivers A and B differing only in the order they experienced the scenarios
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Fig. 5.10 Mean brake reaction time and mean maximum brake force in the situations beginningwith
warning (W1) and the urgent warning (W2) over all four learning stages (while L1 was unassisted)
for younger drivers of study 4

potential. In general, the warning system is also well accepted by the drivers before and
after drivers experienced it, with the usefulness of the system being rated even better than
the satisfaction with it (see Fig. 5.11b).

When looking at the results of older drivers (Fig. 5.12) it also becomes clear that they
distinguished between the two different warning types in L2. In very critical situations,
drivers reacted faster with the urgent warning (W2) as compared to less critical situations
with the warning (W1). Drivers also had a higher maximum braking value following the
urgent warning (W2) as compared to the warning (W1).

The results clearly show that all drivers, independently of their age, are well able to
distinguish between the two warning stages. With a warning, they take more time to react
and brake with medium force. When an urgent warning is given, they react very fast
and brake very strongly. Driver acceptance of the two stage warning system is also given.
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beginning with warning (W1) and the urgent warning (W2) for younger drivers of study 4
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warning (W2) and the warning (W1) in learning phase L2 for older drivers of study 5

Thus, these two stages of warnings using the concepts developed are very well suited to be
used in different urban critical situations. As the implemented symbols are generic, they
might also be useful in various other situations. Accordingly, these can be recommended
for future driver warning systems in the urban context, too.

5.2.3 Recommendations for the Design of Warnings
and UrgentWarnings

In urban traffic, a lot of traffic situations evolve gradually into critical situations. In many
cases it is sufficient for drivers to reduce their speed or brake only slightly to avoid the situ-
ation from becoming critical. Sometimes drivers do not do that and the situation escalates.
In other situations the danger arises very quickly. A pedestrian may suddenly enter a road,
a cyclist may cross an intersection surprisingly or a lead vehicle may brake unexpectedly.
In most of these instances emergency braking is required to avoid an accident, but drivers
are often surprised by these situations and may not always be fully focused on driving.
As the conducted simulator studies have shown, warnings are an effective method to pre-
vent situations from escalating and avoid accidents. Based on the results, the following
recommendations for the design of warnings in the urban context can be given:

� There should be (at least) two types of warnings – warnings and urgent warnings.
� The warning should be designed as a caution sign with an exclamation mark, best

placed in the head-up display.
� The urgent warning should be designed as a stop sign, best placed in the head-up

display, and be accompanied by an urgent warning sound.

The warning is not improved by displaying the specific critical objects which represent
a current hazard. These presentations are perhaps harder to understand and more difficult
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to match to the real dangers. For the drivers, it seems to be sufficient to be warned and
then be able to detect the imminent danger themselves. With regard to the urgent warning,
it was not possible to elicit steering reactions and evasive manoeuvres in drivers. Thus,
the effect of urgent warnings is at the moment limited to brake reactions. However, in
most situations this will have a positive effect, either in avoiding the crash or at least in
diminishing the speed of the impact and thus the severity of the crash.

In another study (not given in detail here) it could also be shown that drivers were
able to understand the intentions of the two warning stages even if additional driver assis-
tance information (e. g. navigation information, speed limit) was continuously presented
in the head-up display and a warning was triggered when a situation was about to be-
come critical. Thus, it is possible to show different kinds of information and warnings in
the same medium. The drivers are still able to extract the relevant content and react to
the two stages of the warning concept. This integration of different assistances and warn-
ings needs further research, especially with the fast advances in research and technology
nowadays.

5.3 Detecting andWarning of Visually Distracted Drivers
(Robert Bosch GmbH)

5.3.1 Basic Principles

In today’s traffic, the driver is exposed to a variety of distracting elements. These comprise
sources of distraction from the surrounding traffic and ambience. In urban traffic, distrac-
tion is even more likely than on highways due to its increased complexity and factors like
traffic lights, billboards, pedestrians and bicycles. Also, the driver is induced to perform
secondary tasks not related to the driving as e. g. operating the car’s infotainment system.
The detection of driver distraction and the presentation of according driver warnings can
be used in various scenarios:

Manual driving: Being distracted while driving manually is a major cause for accidents
with an even increasing trend. It is estimated [16] that in 10 to 30% of road accidents in the
European Union driver distraction is a contributing factor (the exact value being difficult
to determine due to different coding schemes in the different countries). The reasons for
this are that cars are equipped with complex infotainment systems as well as the increasing
use of mobile devices. Reducing driver’s distraction can contribute to a reduction of traffic
accidents.

Assisted driving: Driver assistance systems as collision warnings or pedestrian protec-
tion warn the driver of dangerous situations. Distracted drivers have a longer reaction time
compared to attentive drivers, which has to be taken into account when warning them. To
warn always at an early point of time would be interpreted as a false alarm by an attentive
driver and thus reduce the acceptance of such systems. If the driver’s attentive level is
known, the warning timing can be adapted to the driver’s state.
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Automated driving: Although the topic of automated driving was not covered in the
project UR:BAN, driver distraction is also a relevant topic in automated driving. Current
legislation requires that a driver must be able to take control over the vehicle. In partly
automated driving this must be possible at any time. With higher levels of automation, it
is intended to grant the driver a take-over time of several seconds [17]. Only with fully
automated driving, the driver will be disengaged from the control task. Up to this time,
with detecting the drivers’ attentive state it can be decided if they are able to take over in
time or guide their attention back to the driving scene.

In the project UR:BAN, an eye gaze tracking system was used to detect visual dis-
traction of the driver. Video cameras monitored the eyes of the driver and calculated the
gaze direction. To cover a broad horizontal field of view, four video cameras were used in
the project’s test car, being distributed over the width of the dashboard. In urban traffic,
the driver’s head is often rotated widely to the left or right, when turning or watching the
surrounding traffic on crossroads.

The classification algorithm assumes that most of the relevant traffic happens in front
of the car, in an imaginary window projected onto the screen called “Region of interest”
(ROI). Diverting the gaze outside the ROI may be an indication of visual distraction. If
the glances of the driver outside the ROI last too long or occur too frequently, the driver is
classified as distracted. In this case, the driver is prompted by the warning system to pay
attention to the traffic ahead.

This information is then used for the warning system, which was developed considering
the guidelines of the HMI tool kit. The application – warning distracted drivers – addresses
the HMI tool kit path “Safe driving – Assistance by warnings and interventions” (Figs. 4.4
and 4.5).

The HMI tool kit “Driver’s action” is:

� To direct the driver’s attention to the relevant traffic scene.
� To prompt the driver to take appropriate action (brake or steer).

Using the filter process “Vehicle equipment” of the HMI tool kit, the equipment that is
available at the target vehicle is taken into account.

Considering these points and the recommendations that are given for each component
in the HMI tool kit, three variants of the warning concepts were derived:

� An acoustic warning only.
� ICON: an acoustic warning and in addition iconic symbols that were displayed in the

central information display (CID) and the head-up display (HUD).
� LED: an acoustic warning and in addition a visual warning in a LED panel. The LEDs

were mounted at the A-pillars and in a bar across the cockpit.

The icons presented in the HUD and CID as well as the LED panel are shown in
Fig. 5.13.
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Fig. 5.13 Icons in head-up display (a) and central information display (b) as well as the LED
panel (c)

5.3.2 Studies

Three studies were performed to evaluate the warning concepts:

� A first study was performed in the driving simulator. Its goal was to gather experience
on the subjective assessment of the participants (acceptance, comprehensibility) as well
as to measure the effectiveness of the warnings.

� The activation of the LEDs was evaluated in a real car study. The component “LED
bar” was studied in detail to fix parameters like colour and animation speed and get
a feedback to the respective recommendations of the HMI tool kit.

� The second real car study evaluated the two warning systems in their final configura-
tion. The subjective assessment was determined, together with a detailed measurement
of the effects on the driver’s visual distraction.

5.3.2.1 First Study in the Driving Simulator
The components of the warning concepts (LEDs, HUD, and software) were installed in
the fixed-base driving simulator at Bosch [18]. 77 subjects drove in a simulated urban
scenario, where they were confronted with several distracting situations:

� Source of distraction within the car: the subjects had the task to read aloud a text that
was displayed in the CID.

� Source of distraction outside the car: children playing ball at the roadside, fire engine
or police car crossing.

During these situations, potential dangerous events took place (pedestrians crossing the
road, sudden braking of the leading vehicle, etc., see Fig. 5.14).
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Fig. 5.14 Screenshots taken from the simulated environment. a children playing ball at the right
(source of distraction) and a pedestrian crossing from the left (hazard). b police car crossing (source
of distraction) and bicycle appearing behind advertising pillar (hazard). (Robert Bosch GmbH)

The driver acceptance of the systems was captured in questionnaires. The same ques-
tionnaires were used for the final real car study, which will be discussed later. The driving
simulator study had the following outcomes:

� It was decided to use a LED panel that spanned the whole width of the test car, includ-
ing the A-pillars. The idea was to issue the warning at the horizontal angle where the
driver’s gaze is located at the moment.

� It turned out that the acoustic signal alone was not specific enough to guide the driver’s
attention to the traffic scene. Thus, the acoustic only concept was no longer pursued in
the project.

5.3.2.2 Real Car Study: Activation of the LEDs
Each LED in the panel was controlled separately and could be adjusted in colour and
brightness. Several ways to activate the single LEDs were investigated. The parameters of
different animations (blinking, moving band of lights, combined animation) were varied
and a set of possible solutions was selected for evaluation in a real car study.

The outcome of the study was:

� A moving band of LEDs was favoured by the subjects over the blinking and combined
warning.

� Setting of the parameters: the moving band starts at the horizontal angle of the driver’s
current horizontal gaze angle and moves to the position in front of the driver. The band
starts with a width of 15 LEDs and narrows proportionally until nine LEDs. The speed
is 1.25m/s. The movement is repeated four times. The colour of the LEDs is yellow.
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5.3.2.3 Real Car Study: Final Evaluation of the TwoWarning Systems
The two systems – iconic warning in CID and HUD simultaneously (ICON) and LED
panel (LED) – were evaluated in a real car study. The evaluation was done in two ways:

� subjective rating by the subjects,
� objective rating by analysis of the gaze adverting durations.

Three cohorts of 20 participants each were formed: one group for each of the two warn-
ing systems, respectively, and one group having no warning system, serving as a baseline
to compare the gaze durations with and without warning. The test drives lasted about
30min, and the subjects had to perform a total of seven secondary tasks to provoke visual
distraction. As secondary task, digits were displayed in the CID which the subjects had to
type in in a keyboard. To read the digits, the subjects had to divert their gaze from the road
to the CID.

Questionnaires were used to evaluate the subjective rating (the same as in the first
simulator study).

The properties “Design of the warnings”, “Attributes of the warnings system” and
“Attractiveness” were assessed. For these questions, semantic differentials were used. In
a semantic differential, a property is expressed in form of two adjectives having opponent
meanings as “strong” vs. “weak”. The rating was done in five steps between these poles.

Fig. 5.15 shows as an example the semantic differential “Design of the warnings”.
The negative pole is on the left side, the positive pole on the right side. It turns out that
the warning system ICON is rated more positively in every point than system LED. This
trend appears in the assessment of all surveyed properties.

The subjects were also prompted to comment freely on the implementation of the sys-
tems. It appeared that the intensity of the LED system – that was rated very positively in
short-time presentations – is experienced as being obtrusive if issued frequently. However,
the experimental design provoked warnings very often.

Fig. 5.15 Semantic differential “Design of the warnings”. (Robert Bosch GmbH)
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Fig. 5.16 Total number of VDD2 events (a) and mean number of VDD2 events per subject (b).
(Robert Bosch GmbH)

Regarding the quantitative evaluation, a driver is classified by the algorithm as follows
(VDD denoting Visual Distraction Detection):

� VDD0 (distraction level 0): not distracted.
� VDD1 (distraction level 1): This is the case if the driver’s gaze is outside the ROI for

a total of 3 s. If in between the gaze returns to the ROI, it must last for a minimum of
0.5 s to reset that state.

� VDD2 (distraction level 2): if within VDD1 the total duration of gazes outside the ROI
exceeds 2 s (without a 0.5 s gaze to the ROI), VDD2 is reached.

In a first step, the frequency of VDD2 events was examined. As VDD1 events trigger
the warnings, subsequent occurrences of VDD2 should be reduced.

Note: the per cent change p is calculated as follows (x1, x2: old and new value, respec-
tively)

p D x2 � x1
x1

� 100

Table 5.2 and Fig. 5.16 show the total number of VDD2 events that occurred during the
study and the mean number per subject. The reduction of VDD2 events is as follows:

Table 5.2 Total number of VDD2 events and the mean number per subject

Total number of VDD2 events Mean number per subject
Absolute Per cent change Absolute Per cent change

No warning system 90 4.7
LED 63 �30% 4.2 �10%
ICON 43 �52% 2.7 �42%



94 S. Winkler et al.

Table 5.3 Mean duration of VDD1 events (left) and VDD2 events (right)

Mean duration of VDD1 events Mean duration of VDD2 events
Absolute [s] Per cent change Absolute [s] Per cent change

No warning system 2.2 4.7
LED 2.0 �9% 4.4 �6%
ICON 1.6 �27% 3.7 �21%

Fig. 5.17 Mean duration of VDD1 events (a) and mean duration of VDD2 events (b). (Robert Bosch
GmbH)

It turned out that the warning system reduced the occurrence of distraction events
(level 2). The mean number per subject was reduced by up to 42%. The warning system
ICON had a greater impact than the warning system LED.

In a second step, the mean duration of VDD1 events (see, Table 5.3, left) and VDD2
events (see Table 5.3, right, Fig. 5.17) was examined. The reduction of the durations is as
follows:

The duration of single distraction events can be reduced by up to 27%. Again, system
ICON has a higher impact than system LED.

5.3.3 Conclusion

Using the approach of the HMI tool kit, three warning concepts have been derived. Two
of them – the ICON system and the LED bar – have been evaluated in detail in a real
car study. Both systems ICON and LED may reduce the impact of visual distraction by
guiding the gaze back to the driving scene earlier. The ICON system was more effective
than the LED bar. It was also rated more positively than the LEDs, being perceived as less
obtrusive.
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5.4 Collision Avoidance by Autonomous EvasiveManoeuvre
(Volkswagen AG and Technische Universität Braunschweig)

The aim of the collision avoidance system presented here is to avoid a potential collision
by an autonomous evasive manoeuvre in a safety-critical situation. The evasive manoeuvre
is executed by the steering system of the vehicle. It is computer-based on the relative con-
figuration of the host vehicle and the collision object which is estimated using environment
sensors. The system can help to detect road users (e. g. pedestrians, crossing vehicles)
around the host vehicle and the road infrastructure. The collision avoidance system con-
tains situations which are so unexpected that an emergency braking is not sufficient to
avoid the potential collision, e. g. a sudden obstacle in the driver’s path.

In the HMI tool kit (Fig. 4.4), the collision avoidance system is allocated to the
HMI strategy “Warnings and interventions” (Fig. 4.5) and was developed in the sub-
project “Collision avoidance by swerving and braking”. Fig. 5.18 shows the chronology
of the HMI screens of the steering system presented in the display in the instrument
cluster.

As shown in Fig. 5.18, a warning tone is paired with a pop-up which signalizes the
“emergency intervention” stage when the system intervention begins. In contrast to an
emergency braking system, no red bright LED-bar is used. As the system is doing an
autonomous evasive manoeuvre, the aim is to involve the driver as little as possible during
the intervention. After the intervention, the driver resumes the driving task. In this de-

Fig. 5.18 HMI concept of the collision avoidance system by autonomous evasive manoeuvre pre-
sented in the display in the instrument cluster
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escalation stage another pop-up appears which signalizes the takeover request to the driver
(“Take over – Intervention completed”). In the following a test track study is described
investigating the effectiveness and driver acceptance of the collision avoidance system in
an unexpected situation.

5.4.1 Aim and Research Questions

In November 2015, a test track study with the collision avoidance system by autonomous
evasive manoeuvre was conducted on a test track field in Ehra-Lessien, Germany. The aim
of the study was to examine the effectiveness and driver acceptance of different collision
avoidance systems in a safety-critical situation. The following research questions were:

1) How well can the driver manage the system intervention in an unexpected, safety-
critical situation, representative for the urban area?

2) How well does the driver evaluate the collision avoidance system regarding effective-
ness and acceptance in the situation?

5.4.2 Method

In the study two steering systems were compared: (1) Electric Power assisted Steering
(EPS) and (2) Audi Dynamic Steering (ADS). Both systems were used to realise different
kinds of steering interventions. One steering intervention uses only the EPS. Hence, the
requested steering angles, steering angle velocity, and the resulting steering torque are
directly sensible at the steering wheel. The other steering intervention is mainly executed
by the ADS while the EPS applies the assistive torque to realise the manoeuvre. Here,
!D corresponds to the evasive steering. Hence, the driver is not able to sense the steering
angle or the steering angle velocity. The driver is, however, able to sense the torque around
the superimposition gearbox which is in contrary to the actual steering intervention.

In addition, the EPS varied in the duration of the assistance: a) doing the evasive
manoeuvre and driving straight to the collision object (2/3) and b) doing the evasive
manoeuvre, driving straight, and turning back (3/3). Fig. 5.19 shows the three collision
avoidance systems differing in duration of the assistance and steering wheel feedback.

The three collision avoidance systems were installed in an Audi A6 prototype
(Fig. 5.20). The prototype was equipped with the EPS and ADS which is a superim-
posed steering system. Generally, the EPS assists the driver using an electric engine
which applies an assistive torque to the steering gear. Thereby, the required assistive
torque is estimated based on the driver’s steering angle !D as well as the torque of the
steering column. Moreover, the EPS has got an internal steering angle controller that
allows for the execution of a steering manoeuvre.

The ADS system is capable to actively providing an additional steering angle !S to
the original driver steering angle !D . Thereby, an additional superimposition gearbox is
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Fig. 5.19 The three collision avoidance systems of the test track study differing in duration of
the assistance and steering wheel feedback (EPS = Electric Power assisted Steering, ADS = Audi
Dynamic Steering)

integrated into the steering column that can actively influence the steering angle. The
resulting steering angle can be written as !D0 D !D C !S .

An important property of the ADS, compared to Steer-by-Wire systems, is that even so
it can influence the steering angle, the steering wheel and the front axis are mechanically
coupled. Due to that, for any steering angle superimposition an equilibrium of torques
is required around the superimposition gearbox. Hence, the superimposition gearbox is
linked to the front axis on one side and the steering wheel on the other side, the driver has
to provide the required steering torque.

Fig. 5.21a shows the driving scenario on the test track field. The scenario consisted
of three sections (section A, B, C). After a big curve, the participants drove two sections
of slalom driving, starting with 40 km/h (section A) and then 30 km/h (section B). At the
end, the unexpected critical event occurred (section C). The critical event was a dummy,
occluded by a parked vehicle which suddenly entered the road from the right (Fig. 5.21b).
The test vehicle with the collision avoidance system made the evasive manoeuvre to the
left. Here, the participants drove 50 km/h.

Fig. 5.20 Audi A6 proto-
type with the Electric Power
assisted Steering (EPS) and
the Audi Dynamic Steer-
ing (ADS). The vehicle is an
UR:BAN prototype of the sub-
project “Collision avoidance
by swerving and braking”
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Fig. 5.21 Driving scenario on the test track field in Ehra-Lessien, Germany (a) and the critical event
at the end of the driving scenario (b)

For the study, the participants were instructed that an assistance system will be active
to support the driver while driving in curves, similar to an Electronic Stability Program
(ESP). The participants’ task was to evaluate the system based on the subjective driving
feeling. In order to deflect from a potential collision avoidance system and to avoid drivers’
expectation of a critical event in the driving scenario they were told to attend to the steering
behaviour of the vehicle.

After the participants drove the driving scenario with one of the three collision avoid-
ance systems (Fig. 5.19), they were informed about the real purpose of the study. Then,
they drove all three systems only in section C and filled in several evaluation question-
naires including acceptance questions about, e. g. comfort, directness, usefulness, trust,
understandability, and sense of security of the system intervention. In addition to the
evaluation of the system intervention, questions concerning the evasive manoeuvre, the
interaction between system and driver, the steering wheel behaviour, and the HMI pre-
sented in the instrument cluster display were included.

The test track study was a mixed design. The subjective evaluation of the systems was
conducted in two time points. After the participants drove one collision avoidance sys-
tem the first time, they filled in the evaluation questionnaires (between-subjects design).
Here, one third of the participants started with EPS 2/3, another one third with ADS 2/3,
and the rest with EPS 3/3. The participants were randomized to the experimental groups.
After the aim of the study has been elucidated, all participants drove the three collision
avoidance systems and filled in the evaluation questionnaires (within-subjects design). As
a result, two data measurements for the collision avoidance system which was driven the
first time were recorded. In addition to the evaluation questionnaires, driving data and
driver’s reaction to the critical event were recorded and analysed but will not be presented
here.

A total of 23 subjects (3 female, 20 male) participated in the study. The participants
ranged from 30 to 60 years of age (M= 44.6 years, SD= 8.6 years) and had a driver’s
license for 25.6 years (SD= 8.2 years). They were recruited via participant pool of the
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Volkswagen AG. The inclusion criteria were that the participants are (1) between 25 and
60 years old, (2) have experience in driving with Adaptive Cruise Control (ACC) or lane
assist, and (3) successfully completed a driving safety training.

5.4.3 Results

When driving the collision avoidance systems the first time, the results showed that all
three system interventions were evaluated as “good” by the drivers and “adequate” to the
unexpected situation (Fig. 5.22a). After driving the system the second time the overall
evaluation increased especially for the 2/3 systems but not for the EPS 3/3.

However, when driving the system the first time the drivers rated the intervention of the
ADS 2/3 as “middle understandable” compared to the EPS 2/3 and EPS 3/3 (“understand-
able”). This effect faded off after the second time. Here, all three system interventions
were evaluated as “very understandable” by the drivers. The same evaluation trend over
the time was shown regarding the “usefulness” of the system intervention. Drivers evalu-
ated the interventions as “very useful” in the unexpected situation as a collision could be
avoided.

With regard to the comfort of the system interventions (Fig. 5.22b), the drivers per-
ceived the ADS 2/3 and EPS 3/3 as “middle comfortable”, the EPS 2/3 as even “un-
comfortable” when driving the system the first time. With the second driving, the rating
increased to “middle comfortable” (EPS 2/3 and EPS 3/3) and “comfortable” (ADS 2/3).

When comparing the three collision avoidance systems, the best evaluations were given
for the EPS 2/3 and ADS 2/3 (Fig. 5.23a). They were evaluated as “good” by the drivers

Fig. 5.22 Mean and 95%-CI of the overall evaluation of the system interventions in t1 and t2
(a 1 = very bad to 15 = very good) and the comfort of the system interventions in t1 and t2 (b 1 = very
uncomfortable to 15= very comfortable)
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Fig. 5.23 Mean and 95%-CI of the overall evaluation of the system interventions (a 1 = very bad to
15 = very good) and the comfort of the system interventions (b 1 = very uncomfortable to 15= very
comfortable)

compared to the EPS 3/3 with “middle good”. One reason for this can be seen in the
evaluated comfort of the system interventions (Fig. 5.23b). Overall, the drivers perceived
the EPS 2/3 and ADS 2/3 as “comfortable”, the EPS 3/3 only as “middle comfortable”.
All three systems were perceived as “very useful” (EPS 2/3 and ADS 2/3) and “useful”
(EPS 3/3) respectively (Fig. 5.24a). Finally, the understandability of the system interven-
tion was rated highest for the EPS 2/3. The intervention for the EPS 2/3 and ADS 2/3 was
evaluated as “very adequate” to the unexpected situation (Fig. 5.24b).

Fig. 5.24 Mean 95%-CI of the usefulness of the system interventions (a 1 = very little useful to
15 = very useful) and how adequate to the critical event (b 1 = very little adequate to 15 = very ade-
quate)
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5.4.4 Conclusion

Considering all results found in the study, it can be concluded that the accident preven-
tion with all three collision avoidance systems was good to very good in this unexpected
safety-critical situation. All systems were useful to avoid a potential collision. However,
differences between the drivers’ acceptance of the systems were found.

First, the EPS 2/3 and ADS 2/3 were evaluated as best by the drivers. Especially, the
EPS 2/3 was rated as very understandable, even if the system intervention was experienced
as rough. In contrast, the ADS 2/3 was perceived as comfortable, but less comprehensible.
It is important to mention that in general all system interventions have the character of
an “emergency intervention” in such unexpected situation, which makes it difficult to
evaluate the comfort of such intervention. Clearly lower accepted by the drivers was the
EPS 3/3. This system intervention seems to be less comfortable, rather rough, less useful,
and inadequate for the unexpected situation.

Second, the results indicate that the 2/3 systems are more accepted by the drivers. They
perceived the EPS 3/3 system as rather inadequate. This is mainly due to the reason of
a missing threat in the driving scenario like e. g. oncoming traffic or a static obstacle that
would justify an immediate return to the original lane. Nonetheless, the drivers recom-
mend a “turning back” of the collision avoidance system, but in a more comfortable or
assisting setting.

Finally, a time effect between the first and second evaluation of the collision avoidance
systems was found. While the acceptance of the EPS 2/3 and ADS 2/3 clearly increased
after the second drive, the acceptance of the EPS 3/3 was nearly the same. One reason
for this was that nearly all drivers overrode the EPS 3/3 when driving the system the
first time, which essentially rendered the 3/3 manoeuvre into a 2/3 manoeuvre. Further
research studies are necessary to validate the data and to investigate if combinations of
system features are necessary to increase the driving feeling of the steering behaviour and
thus the driver’s acceptance for a collision avoidance system.

5.5 Conclusion

Overall, the three approaches presented in this chapter have addressed the different stages
of the HMI strategy “Warnings and interventions”, taking driver distraction into account.
The approach of the Technische Universität Braunschweig has provided recommenda-
tions for the design of warnings and urgent warnings with a special focus on the head-up
display. The approach of the Robert Bosch GmbH has addressed the issue of driver dis-
traction by providing a video-based algorithm to classify the distraction of the driver and
to give according feedback. They were thus able to reduce distraction in order to support
the effect of warnings and interventions. Finally, the approach of the Volkswagen AG has
shown that very short autonomous interventions by the vehicle are very well suited to sup-
port evasive manoeuvres in time-critical situations in which braking only is not sufficient
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anymore. Integrating these results provides recommendations for the design of the dif-
ferent warnings and interventions based on empirical studies and reactions of the drivers.
Thus, the introduction of these systems in the real traffic will hopefully be promoted as
a contribution to make driving in urban areas safer and more comfortable.
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6HMI Strategy – Lateral and Longitudinal Control

Sonja Hofauer, Britta Michel, Sigrun Weise, Anna Julia Karmann, Frank
Diermeyer, Amelie Stephan, Julia Drüke, Carsten Semmler, and Lennart
Bendewald

6.1 Introduction

Advanced driver assistance systems (ADAS) which continuously intervene in the lateral or
longitudinal control of the vehicle can increase the efficiency and comfort while driving.
The HMI strategy presented in this section can be considered part of the developed HMI
tool kit (Fig. 6.1, see also Chap. 10).

According to the Federal German Highway Research Institute’s (BASt) nomenclature
[1] for the degree of automation, the ADAS considered here can be classified as “assisted”
as well as “partially automated” driving. This classification states that tasks are allocated
to both the driver and the assistance system. During assisted driving, the driver takes over
either the lateral or the longitudinal control manually, while the other part is controlled
by the ADAS. During partially automated driving, both the lateral and the longitudinal
vehicle control are temporarily regulated by the ADAS. In both cases, the driver must
continually monitor the ADAS. As a result, the role of the driver changes. Activities that
were once of a controlling nature shift in the direction of monitoring tasks [2].
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Fig. 6.1 HMI strategy for lateral and longitudinal control within the HMI tool kit

6.2 Theoretical Background

In order to ensure the effectivity and safety of the entire system of “driver-vehicle-environ-
ment”, it is important that the ADAS is designed in accordance with drivers’ requirements.
Here, the design of the HMI concept plays a decisive role, which helps drivers structure
their mental models. Mental models describe the mental picture that the driver has of the
ADAS. [3] define mental models as: “(. . . ) a rich and elaborate structure, reflecting the
user’s understanding of what the system contains, how it works, and why it works that
way”. Using the underlying mental model, the driver is able to understand and anticipate
the system’s behaviour. Mental models are subjective, individual, vary in their complex-
ity and precision, and have a dynamic character [4]. They promote system transparency
and the driver’s understanding of the system. The construct of transparency, which orig-
inates from traditional software ergonomics, can be considered a system characteristic.
The objective is to achieve an optimal match between the mental model and actual system
behaviour [5]. A transparent system design can increase effectivity by preventing unde-
sired system interventions by the driver during normal operation. At the same time, the
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Fig. 6.2 Relationship between
driver, ADAS (advanced driver
assistance system) with HMI,
and the specific traffic situation

safety of the entire system at its limits can be increased by a higher transparency and
predictability of the system’s behaviour. Here, the driver and the ADAS with HMI are
related to each other in every specific traffic situation: The driver is required to have an
appropriate situation awareness in every traffic situation so that he/she can stay in con-
trol of the ADAS using his/her mental model. The ADAS, in turn, should be adapted
to the driver’s capabilities. It should be designed to promote system transparency and
should react appropriately to the specific traffic situation. This correlation is depicted in
Fig. 6.2.

HMI concepts for continuously intervening ADAS should be designed so that they
counteract potential negative automation effects. As the ADAS takes over more of the
driver’s tasks, it can lead to an insufficient awareness of the situation by the driver. An-
other problem is the driver’s trust in the ADAS. Mistrust decreases the driver’s acceptance
leading to disuse of the ADAS [6, 7]. In contrast, over-reliance or complacencywith regard
to the system functionality can lead to insufficient monitoring, an increased willingness to
take risks and to a decreased feeling of responsibility [6].

Fig. 6.3 Scheme of HMI concepts for the HMI strategy “Lateral and longitudinal control”
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To counteract negative automation effects as much as possible, the following ques-
tion should be considered: What could a system-transparent design of HMI concepts for
a continuously intervening ADAS look like? A basic model for the HMI design focusing
on heavy trucks and cars shown in (Fig. 6.3) was developed with project partners from
the subproject “Human-Machine Interaction for urban environments”. In principle, a ba-
sic distinction is made between the levels “system status”, “system activity”, and “transfer
back to the driver”. At the system status level, the driver is able to obtain information. At
the system activity level, the driver comes to understand the current system actions and
to anticipate future system actions. At the “transfer back to the driver” level, the driver
must completely take over the driving task before long. Depending on the level, different
modalities and components are recommended for designing the HMI (see Sect. 6.3.2).

6.3 Implementing the HMI Strategy

Sect. 6.3.1 describes the development of the HMI strategy for an automated longitudi-
nal control in trucks. Furthermore, truck-specific aspects while driving are illustrated.
Sect. 6.3.2 expands on the HMI strategy in cars for a lateral control system on narrow
roads – the constriction assistant.

6.3.1 HMI Concept Development for an Automated, Fuel-efficient
Longitudinal Vehicle Control for Heavy Trucks
(MAN Truck & Bus AG)

At 26% of the total operating costs, fuel expenses represent a major cost factor for heavy
trucks [8]. Since the driver’s driving style has a significant influence on fuel consumption
[9, 10], an automated longitudinal vehicle control may implement a continuous fuel-effi-
cient driving and operating strategy. Such a strategy might regulate vehicle speed based
on the vehicle’s distance to another vehicle ahead, the topography as well as static and dy-
namic infrastructure elements. Examples for static infrastructure elements are speed limits
and bends, while traffic light systems are categorised as dynamic infrastructure elements.

While vehicle speed is regulated by the system, the driver’s task consists of manually
executing lateral control and continuously monitoring the longitudinal control. Conse-
quently, according to the BASt nomenclature [1] the ADAS described here is to be classi-
fied as assisted driving.

Compared to driving a car, specific, truck-related characteristics must be taken into
account for the HMI concept development for truck drivers. A significantly higher mass
compared to cars leads to longer coasting distances due to a higher kinetic energy. For an
upcoming event with a lower target speed, the coasting point for a fuel-efficient velocity
trajectory is significantly earlier. Therefore, the system might change vehicle speed and
the driver will not know why, as the reason for this change in speed (e. g. a speed limit
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Driver
problems handling the system

lacking system knowledge
passive role of the driver

misuse potential

lacking system acceptance
poor usability
internal locus of control

System design
incomprehensible system actions

low system reliability

system driving style
missing system adaptability

Interference by road users
cut-in manoeuvre
overtaking

Fig. 6.4 Overview of potential problems from the truck driver’s perspective

sign) is not yet visible to the driver. Due to this information disparity between ADAS and
the driver, it is necessary to communicate a reason for the perceivable change in speed to
the driver.

To integrate user’s requirements in the early concept development phase, qualitative
and quantitative methods for a user-centred HMI development were applied. While ac-
companying truck drivers in distribution transport, contextual interviews were conducted
immediately after the experienced situations to determine the driver’s assessment on the
need for ADAS support. In a second focus group study with truck drivers, attitudes, opin-

Fig. 6.5 Dynamic truck driving simulator at the Institute of Automotive Technology, TU Munich,
Germany
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ions, and potential problems from the user’s perspective were collected [11]. Fig. 6.4 gives
an overview of the potential problems from the truck driver’s point of view.

A driving simulator study with truck drivers determined the necessary information
units. The implemented ADAS prototype was integrated in a dynamic truck driving simu-
lator (Fig. 6.5). Thus, the participants could experience the automated longitudinal control
in different driving situations. In addition to defining the information units, the objective
of the study was to determine the suitable output location in the truck cockpit as well
as the time at which the information should be provided. Thirty-two professional drivers
(31 males, 1 female) between the ages of 21 and 66 years (M= 40.4 years) participated
in the study. Ninety-four percent of the drivers had prior experience in operating a cruise
control in a truck. In contrast, only 28% of the participants had an adaptive cruise control
(ACC) in their most-used vehicles.

The aggregated results with regard to the necessary information units are depicted in
Fig. 6.6. For promoting traceability and trust, the majority of the truck drivers surveyed
requested information about the reason for the speed change and its distance to the vehicle.
In order to know whether the system works correctly, information about the system status
and reason for changing speed were essential for the truck drivers.

Fig. 6.6 Essentially necessary information units form the truck driver’s perspective for traceability,
trust, and correctness of the system
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Fig. 6.7 Truck drivers’ pre-
ferred output location in the
truck cockpit

As an output location in the truck cockpit, 55% of the drivers preferred the display in
the instrument cluster, while 39% preferred the head-up display (Fig. 6.7). It was found
sufficient to provide the information at the beginning of the speed adjustment. Due to the
predictable change in the velocity trajectory, providing the information at an earlier point
in time was deemed unnecessary.

A scenario-based design was applied for the HMI concept development. Initial HMI
concept designs were analysed using heuristical, expert evaluations. In a next step, the
optimized HMI concepts were formatively evaluated in an additional driving simulator
study with 36 professional truck drivers. The optimized HMI concept that was created
based on these study results is shown in Fig. 6.8.

As with a conventional speed regulation system, the system status is shown in the form
of a pictogram. Additional information is visualised in the ADAS area (centre) which

Fig. 6.8 HMI concept showing the following information units: system status, reason for speed
change, distance, new target speed, and vehicle ahead
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allows the driver to comprehend the speed selection of the ADAS and to anticipate the
situation ahead. The reason for a long-range speed change and its distance are illustrated.
Moreover, a brief adaption of speed is sometimes necessary due to a vehicle ahead. Ve-
hicles that quickly merge and accelerate in front of a truck are a common occurrence in
urban traffic. Therefore, the vehicle ahead is shown as a short-term reason in addition to
the long-term reason in the ADAS graphic. Furthermore, the new target speed to which
the ADAS regulates is communicated to the driver in the form of a green arrow in the
speedometer. It is integrated in the display for the current speed. This allows the driver to
make a quick comparison between the actual and the new target speed.

A future driving simulation study will explore to what extent drivers are capable of
detecting system errors without a prior takeover request on the basis of the information
units regularly displayed. Additional research could be necessary concerning whether the
information units determined here can also be utilised at higher automation levels in order
to inform the driver about the current system state [11].

6.3.2 Exploration of Different HMI Concepts for a Constriction Assistant
(Volkswagen AG)

The development towards more and more automobiles leads to numerous conflicts in the
traffic system. To counter this process, new driver assistance systems are developed to
support the driver especially in urban areas and to ensure comfortable and efficient driving.

One of these assisting systems is the road constriction assistant which provides the
driver with steering control while driving through a narrow street (Fig. 6.9). Bottlenecks
or road constrictions are challenging driving situations, especially for novice drivers, and
can impair a broad traffic area in case of an accident. To provide a comfortable driving
experience, the driver needs to attain an adequate awareness and understanding of the
assistance system and its continuous lateral guidance control. This understanding shall be
achieved with an adequate HMI of the road constriction assistant.

The constriction assistant constantly evaluates the current traffic situation to recognise
an upcoming narrow passage. Whenever an intervention is necessary, the system informs
the driver in the first place and escalates to a warning and an active lateral intervention
as a second step. An aimed steering torque supports the driver’s steering movements to
ensure a comfortable driving experience, but it does not replace the steering of the driver.
The system returns to its passive monitoring state when the constriction is safely passed.
While driving in the constriction lateral guidance control is performed by the system and
only needs to be supervised by the driver (BaSt classification, see [1]). The question arises
how an HMI concept for the constriction assistant could support understanding of the
system and what kind of information should be provided to the driver. To this end, three
studies were conducted: (1) a focus group, (2) a driving simulator study at Volkswagen
AG, and (3) a study on a test track in Ehra-Lessien, Germany.
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Fig. 6.9 Schematic representation of a road constriction

6.3.2.1 Focus Group and Driving Simulator Study
With the help of a qualitative analysis of the information demand on the part of the driver
when passing a constriction, first HMI concepts were developed. In a focus group with
nine participants, the subjective perception of 30 specifically selected narrow points on the
road or constriction scenarios was analysed and the need for information was assessed.
In a user-centred approach, first ideas for an HMI concept could be derived from these
results.

On the basis of this input, the next step concentrated on the development of different
HMI design concepts. The level of detail was varied between the concepts to achieve
a presentation of different levels of information, as can be seen in Fig. 6.10. The generic
HMI concept represented the basic information about an upcoming narrow passage, while
the specific HMI concept includedmore information about objects causing the constriction

Fig. 6.10 HMI concept with varying level of information detail presented in the display of the
instrument cluster: a generic, b specific, and c very specific HMI concept (from left)
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and whether the vehicle would fit through the narrow passage. The very specific HMI
concept included detailed information about how much space will be left between the
obstacle and the vehicle, and if the object is a dynamic one.

The gradation of information detail was created to investigate the need for information
when driving through constriction scenarios of different complexity. To this end, user stud-
ies in a simulated environment as well as on a test track were conducted with participants
of the participant pool of the Volkswagen AG.

In total, 36 drivers volunteered to participate in the driving simulator study that was
conducted at Volkswagen AG. Here, a static driving simulator was used (Fig. 6.11) with
the simulation software VTD (Virtual Test Drive).

The three HMI concepts were compared in three urban scenarios with narrow passages
that increased in complexity of the situation (Fig. 6.12). A 3 × 3 repeated measures study
design included the factors HMI concept (generic, specific, very specific) and complexity
of the situation (low, medium, high) with permuted orders, respectively (for further infor-
mation, see [12]). The participants drove with a constant speed of 50 km/h, realised with
cruise control functionality. The priority was given to the essential information the drivers
needed to obtain situation awareness. The inherent potential of distracting the driver was
considered as well. Altogether, the study aimed at identifying the assets and drawbacks of
the created HMI concepts.

Major findings of the driving simulator study showed that drivers using the road con-
striction assistant need detailed information about both the existence of a constriction
ahead and the precise distances to the vehicle while passing through the constriction. Es-
pecially information concerning an approaching constriction is of great importance. The

Fig. 6.11 Driving simulator of the Volkswagen AG
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Fig. 6.12 Constriction scenarios of different complexity used in the driving simulator study

most detailed HMI concept fulfilled most of the drivers’ requirements and was rated as
particularly valuable. The usefulness of the very specific HMI (assessed with the Sys-
tem Usability Scale [SUS] and the Software Usability Measurement Inventory [SUMI]
on a 15-point Likert scale) was rated significantly higher compared to the generic HMI
concept, as can be seen in Fig. 6.13. Nevertheless, subjective interviews as well as objec-
tive gaze behaviour indicated that this concept might go along with a greater distraction
compared to the generic HMI. Continuative research and the verification of the presented
findings in an actual vehicle are advisable to examine whether these results also prove true
for a real environment.

Fig. 6.13 Mean of the variables usefulness and distraction depending on the scenarios and HMI
concepts (1 = very low . . . 15 = very high)
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6.3.2.2 Test Track Study
The results of the driving simulator study mentioned above were validated by a test track
study of the Volkswagen AG. In total, 19 participants took part in the study that included
the experience of two static constrictions of 2.50m und 3.00m width that should be passed
with approximately 30 km/h. The participants drove through the two narrow passages
(1) manually, (2) with lateral guidance control, and (3) with lateral and longitudinal guid-
ance control. The assistance systems were supplemented either with a generic (Fig. 6.14)
or a specific HMI concept (Fig. 6.15). The 3 × 3 repeated measures design enabled the
participants to compare all systems and HMI specifications.

The test track study was able to reproduce and confirm the results of the driving simu-
lator study mentioned above to a large extend. For both approaching and passing a narrow
passage, the specific HMI was evaluated as more useful (Fig. 6.16) and more under-
standable, compared to the generic HMI. Furthermore, drivers paid more attention to the
specific HMI. The indicated distance was perceived as useful by more than half of the
participants. Both HMI concepts were considered as more useful with lateral and longi-

Fig. 6.14 Generic HMI
concept for approaching
a constriction with the lateral
assistance (a) and lateral and
longitudinal assistance (b)

Fig. 6.15 Specific HMI con-
cept for passing a constriction
with the lateral assistance (a)
and lateral and longitudinal
assistance (a)
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Fig. 6.16 Box plots for the variable usefulness depending on the assistance system and the HMI
concept (0 = not at all . . . 15 = very useful)

Fig. 6.17 Box plots for the variable distraction depending on the assistance system and the HMI
concept (0 = not at all . . . 15 = very strongly distracted)

tudinal assistance. The level of distraction when approaching and passing the constriction
was rated low for both concepts (Fig. 6.17). However, 74% of all participants did not pay
attention to the HMI indications in the first run, and wanted the indications to be given in
the head-up display.

With regard to the level of assistance while approaching and passing a constriction, the
results showed that more than three quarters of all participants would like to use the lateral
assistance system, and approximately 70% preferred the lateral and longitudinal control
system, which was valued less because of uncomfortable driving behaviour like abrupt
braking manoeuvres.

6.4 Conclusion

In conclusion, the following two HMI concepts for urban traffic were developed and re-
fined based on the driver’s demands: (1) a truck-specific HMI strategy for an automated
longitudinal control and (2) an HMI strategy for a lateral control system on narrow roads –
the constriction assistant.
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For (1), the reason for a speed change (long-range as well as short-term), the distance to
the vehicle and the target speed were identified as the essential components of the HMI. By
integrating these components, an HMI was created which allows the driver to comprehend
the speed selection of the ADAS and to anticipate the situation ahead.

The content of (2) depended on the context. Especially in very complex narrow pas-
sages, a need for detailed information could be evidenced. Both in the driving simulator
study and on the test track, more specific information improved understanding of the sit-
uation and successfully managing the narrow passage. However, a greater potential for
distraction due to the higher amount of information that has to be processed became evi-
dent as well.
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7HMI Strategy – Recommended Action

Lena Rittger and Martin Götze

7.1 Introduction

Path three of the UR:BAN HMI tool kit (Fig. 4.4) represents HMI strategies for driver
assistance systems that offer comfortable and/or efficient driving by providing recom-
mendations and information to the drivers. The following chapters contain a definition of
recommending driver assistance systems as worked out in the UR:BAN project, followed
by two approaches to the development of the HMI strategy for recommending driver as-
sistance systems.

First, relevant research questions and their experimental investigation for the develop-
ment of a traffic light assistant as an example for a recommending driver assistance system
are presented (Adam Opel AG). Second, the evaluation of different HMI components as
generic, integrative HMI concept for the representation of multiple recommending driver
assistance systems is introduced (Technical University of Munich).

7.2 Definition

Recommending driver assistance systems are based on the same sensory equipment as
regulating or warning assistance systems. The sensor set (e. g. camera, radar) perceives
and analyses the surrounding traffic environment. Vehicle-to-Vehicle and Vehicle-to-Infra-
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structure communication allow that information is available for the vehicle algorithms
over large distances (e. g. up to 1000m) and for future states (e. g. traffic light phasing).
The in-vehicle control units and algorithms integrate the provided information from mul-
tiple sensors in order to create an interpretation of the driving situation. This process is
similar for warning, regulating, and recommending driver assistance systems.

The control unit that performs the required driving behaviour differentiates regulating
from recommending assistance systems. Regulating driver assistance systems interfere in
vehicle dynamics by actively controlling parts of the driving task, realised as continu-
ous system interference (Chap. 6). Recommending driver assistance systems provide the
relevant information to the driver. The driver perceives and processes the information po-
tentially through all modalities (visual, auditory and tactile) and performs the required
actions. As opposed to warning assistance systems, the recommending assistance sys-
tems have no direct negative or safety critical consequences in case the driver does not
follow the recommendations. Hence, escalation strategies or changes in urgency of the
provided information do not apply. The beneficial effects of recommending systems de-
pend on the driver’s ability to correctly understand and interpret the provided information,
the possibility to perform the required actions and, importantly, the willingness to comply
with the system recommendations. Therefore, recommending driver assistance systems
require HMI concepts that create good comprehension, high usability and low annoyance.
In particular, when driving in urban areas, the HMI concepts need to assure low distrac-
tion.

The benefits of recommending driver assistance systems manifest themselves in cases
where the sensory input gained by the systems allows the human perceptual abilities and
knowledge to improve by time, space, and quality [1]. The information is available when
drivers are not able to perceive it because it will change in the future (e. g. the next traf-
fic light phasing), it is covered by the environment (e. g. speed limit behind a curve or
an obstacle), or because the environment does not contain the same level of quality of
the information as the sensor system (e. g. stop-and-go events of vehicles far ahead in
the platoon). Additionally, the system provides information that drivers might not know
based on their knowledge of the vehicle configuration and traffic situation (e. g. an effi-
cient driving strategy). The benefits of the provided information on the human information
processing, the adapted response selection, and execution lead to modifications in driving
behaviour compared to unassisted driving. In summary, the main goals of recommending
driver assistance systems are to enable comfortable and/or efficient driving, by presenting
anticipatory information and supporting an anticipatory driving behaviour.

In terms of the primary driving task as frequently described by [2], recommending
driver assistance systems influence the driver’s plans, decision making and behaviour on
all three levels of the driving task (Fig. 7.1). At the strategic level, the driver consciously
makes a decision to increase driving comfort or efficiency and thereby makes the decision
to use the system. At the manoeuvring level, the information provided by the system trig-
gers the decision to initiate a driving manoeuver (e. g. a lane change). The control level
is changed in cases where the recommending driver assistance system influences specific
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Fig. 7.1 Influence of recom-
mending driver assistance
systems on the levels of the
driving task [1, 2]

action patterns (e. g. using the gas pedal to control speed). Hence, action patterns that are
usually deeply engrained and performed without consciousness come to driver’s attention
by recommending driver assistance systems.

7.3 HMI Concept for a Traffic Light Assistant (AdamOpel AG)

The UR:BAN project supported the development of a traffic light assistance system. From
a technical perspective, the traffic light assistant is based on Vehicle-to-Infrastructure
communication. Wireless communication units (with IEEE standard 802.11p) allow that
vehicles approaching the intersection receive information sent out by the traffic light.
Available information is for example the current traffic light phase, the phase duration,
the next traffic light phase and GPS traces for the driving lanes (which allow for lane
matching). In cases with additional sensor technology, the traffic light can provide infor-
mation on the length of the queue of vehicles waiting at the intersection. This is important
to track because vehicles standing at the intersection will shift the virtual stop line.

The in-vehicle algorithm integrates the information from the traffic light with in-vehicle
dynamics, in order to predict the traffic light phase at arrival at the intersection. Then the
algorithm deduces a target driving speed and the current deviations from it and sends
the recommended driving behaviour to the HMI units for presentation to the driver. The
dynamic feedback system results into an information cycle, whereby the system influences
driving behaviour and the driving behaviour influences the output of the system [3]. The
two main goals of the traffic light assistant are:

� Avoiding stops by crossing the intersection at a green light phase.
� Initiating efficient stops (e. g. by early coasting), in cases of an unavoidable red light

phase.
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7.3.1 HMI Development

The first research question covered the development of the HMI concept for the traffic
light assistant system, including the definition of the modality and HMI component, the
selection of appropriate information units and the evaluation of the developed concepts in
a driving simulator study.

7.3.1.1 Selection of Visual Modality
There are several arguments pointing towards the usage of visual displays for the traffic
light assistant. First, the traffic light assistant provides continuous support during the traf-
fic light approaches. Presenting the information and recommendation in a continuous form
on a visual display allows drivers to re-evaluate the detailed content multiple times within
an approach. As mentioned above, the recommendations are dynamic and might change
due to the current driving situation. In line with this, the visual display allows drivers to
re-evaluate their behaviour. Second, visual information provides detailed content by using
multiple codes (e. g. colour, symbols, and texts), which enables representation of informa-
tion with high levels of complexity. Third, the traffic light assistant provides information
that relates to modifications in driving speed. Therefore, presenting information in close
proximity to the speedometer is preferred. Finally, previous studies showed that a combi-
nation of visual and auditory information for a traffic light assistant did not change driver
behaviour compared to a presentation of visual information only [4].

7.3.1.2 Definition of Presented Information Units
Traffic light assistance systems provide a large variety of information that could possibly
be presented to the driver. Driver performance studies support the decision on which in-
formation content is relevant, necessary, valuable, accepted, and low distracting for the
driver.

A literature analysis showed that previous recommending driver assistance systems
contained at least one of the following information units:

� Current traffic light phase (e. g. [5]), which is beneficial as long as the drivers them-
selves are not able to see the traffic light in the road.

� Traffic light phase durations (e. g. [6]), which assume that drivers translate the phase
durations into appropriate driving behaviour (e. g. adaptions of driving speed).

� Action recommendations (e. g. [7]), which allow to instruct specific driving behaviour
directly (e. g. instructing to accelerate or decelerate).

� Speed recommendations (e. g. [8]), which provide target speeds that will guide the
driver through a certain driving situation.

For action or speed recommendations, the systems require a higher level of automation
and intelligence because more information needs to be integrated compared to the status
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information on the traffic light phase. With status information, the system requires that the
driver interprets and performs the correct driving behaviour.

When presenting multiple information units in a visual display, two opposing theories
were considered. A classic effect in divided attention research is that participants respond
faster to redundant stimuli as compared to single stimuli [9–11]. The possible contents
presented above contain a certain level of redundancy (e. g. the action recommendation to
accelerate implies that the current driving speed is lower than expected). In case the basic
research transfers to HMI design, driver performance should improve with a presentation
of combined information units in the visual display compared to non-redundant informa-
tion in the display. On the contrary, classic resource models (e. g. [12]). state that the extent
in which two tasks use the same resource defines how well both tasks can be performed
simultaneously. The driving task is mainly visual, and a visual display should be designed
so that it draws on “residual capacities” that are available next to the primary driving task
[12]. For the design of the visual display of the traffic light assistant, one can hypothesise
that an increased number of information units in the display leads to decreases in driver
performance due to increasing visual load and increased processing times.

7.3.1.3 Evaluation of Visual HMI Concepts
The study presented in the following section addresses two questions: Which information
units should be presented in the visual display when approaching an intersection? Does
a combination of information units lead to improved performance due to redundancy or
to driver overload? The study included a systematic comparison of driver performance in
relation to different display concepts.

In the experiment, drivers approached urban traffic light intersections with differ-
ent traffic light phasing in a driving simulator environment. During the traffic light
approaches, the traffic light assistant was active starting around 300m in front of the
intersection. The HMI concepts were presented in the instrument cluster next to the
speedometer and contained the three different information units: traffic light phase infor-
mation including phase duration, action recommendations and speed recommendations.
The current traffic light phase was either red or green; the duration of the yellow phase
was added to the red phase. Before termination of the traffic light phase, the filling of
the traffic light phase started reducing like a countdown timer. A quarter of the coloured
filling related to two seconds. An arrow next to the traffic light phase indicated at which
traffic light phase drivers would arrive at the intersection based on their current driving
behaviour. The action recommendations were either “coast”, “brake”, “drive” (i. e. keep
speed) or “accelerate”. Each recommendation was presented as a symbolic depiction of
an arrow (e. g. arrow pointing downwards for deceleration). The speed recommendations
were presented as numbers (e. g. 30 for 30 km/h). The combination of the presence and
absence of each information unit resulted in overall eight HMI versions (Fig. 7.2). The
HMI version without any information unit included the current traffic light phase without
countdown timer and without information on the phase at arrival.
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Fig. 7.2 HMI versions eval-
uated in the driving simulator
study. The HMI versions ei-
ther contained (+) or did not
contain (�) each of the in-
formation units traffic light
information (TL), action
recommendations (action)
or speed recommendations
(speed)

Each participant experienced all of the eight HMI versions in eight drives through
the simulated test track (containing different orders of the intersections and traffic light
phases). The order of the eight drives was permuted between participants according to
a Latin square. 32 participants took part in the study.

The subjective evaluation included a forced-choice question, i. e. drivers indicated
which HMI they liked best, second best and third best. They also decided which HMI was
worst and second worst after experiencing all HMI versions. The ratings were weighted
giving three points to the best HMI version, two points to the second best HMI version,
and one point to the third best HMI version. Similarly, the bad HMI versions were rated
by giving two points to the worst option and one point to the second worst option. Fig. 7.3
shows the weighted number of observations. The HMI versions containing information on
the traffic light phasing received the highest ratings. The HMI version containing all three
information units was rated most often as the best HMI. The worst rating was given to
the HMI version not containing any additional information on driving behaviour or traffic
light phasing. The second worst rating was given for the option containing only action
recommendations.
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Fig. 7.3 Results from the forced choice decision to evaluate the best, second best and third best
HMI version and to evaluate the worst and second worst HMI version. The HMI versions either
contained (+) or did not contain (�) each of the information units traffic light information (TL),
action recommendations (action) or speed recommendations (speed; [1])

Driving behaviour was evaluated in terms of speed profiles. Fig. 7.4 shows the mean
driving speed averaged over all participants and repetitions, differentiated for the four dif-
ferent traffic light phases. The plots contain the target speed profile as calculated by the
algorithm when entering the situation (dotted line) and the profiles when driving with each
of the eight HMI versions. The deviations from the target speed were largest, when par-
ticipants drove with the HMI version containing no information unit. The second largest
deviations were observed when participants only received traffic light phase information
without any speed or action recommendations. The lowest deviations from target speed
were measured when the HMI contained action and speed recommendations.

There was an influence of the traffic light phase at arrival at the intersection. When
approaching green traffic lights, the deviations in driving speed were generally low and
additional information in the HMI display did not influence driving behaviour. In partic-
ular, drivers benefited from the recommendations, when the traffic light phase changed
during the traffic light approach (e. g. changed from red to green or from green to red).

In order to evaluate the visual load that drivers experienced when driving with the dif-
ferent HMI versions, gaze durations were analysed. The 85% percentile was below 1.4 s
gaze duration and the 95% percentile was below 1.7 s gaze duration for all HMI versions.
The longest average fixation durations were measured for the HMI version showing traffic
light information and action recommendations. The shortest average fixation durations oc-
curred with the HMI version showing no information, followed by the version containing
action and speed recommendations. As a conclusion, all HMI versions met the standard
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Fig. 7.4 Mean driving speed for the 30 distance sections in the 300m traffic light approach to solid
green, red to green, solid red and green to red traffic lights. The dotted line shows the target speed
as calculated by the traffic light assistant. The HMI versions either contained (+) or did not contain
(�) each of the information units traffic light information (TL), action recommendations (action) or
speed recommendations (speed; [1])

criteria of the Alliance of Automobile Manufacturers (AAM), recommending an 85%
percentile of 2 s for single gaze durations [13] and the ISO 15005:2002, which mentions
maximum gaze durations of on average 1.5 s [14].

7.3.1.4 Conclusions
The study showed that drivers preferred HMI versions containing traffic light phase infor-
mation. This supports previous research indicating a preference for status information in
non-time critical situations [15]. From a driver perspective, the traffic light phase informa-
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tion best visualised the increased knowledge provided by the assistance system and might
have served as an explanation for the action and speed recommendations. Driving perfor-
mance was best with a combination of action and speed recommendations; by presenting
these information units, drivers do not rely on their own interpretation of the traffic light
status. Instead, the system provides the most efficient behaviour. Additionally, it is likely
that providing speed and action recommendations allows drivers to rely on the informa-
tion unit that is most relevant in each driving situation (e. g. speed recommendations when
approaching a green light, action recommendations when stopping at red). In particular,
the assistant was helpful in situations with a traffic light phase change. This is in line with
research that demonstrated that recommending driver assistance systems support drivers
in situations in which a necessary driving manoeuver (e. g. deceleration) cannot be per-
ceived in advance [16]. There was no negative influence on gaze behaviour and drivers
showed no indication for overload or stress in reaction to any HMI version. Hence, for the
visual display of the traffic light assistant the combination of all three information units is
recommended. The results confirm the redundancy rather than the overload hypothesis.

7.3.2 Traffic Light Assistance in Platoon Driving

Traffic is a social system and interactions between road users frequently occur in an urban
road environment. For the evaluation of a recommending driver assistance system, it is
valuable to evaluate the acceptance for and the effectiveness of the system in the context
of driving in a platoon with other road users.

7.3.2.1 Interactions Between Road Users
When driving in a platoon of drivers, a lead vehicle driving with traffic light assistant natu-
rally influences the driving behaviour of following vehicles. For example, [17] showed that
when only the lead vehicle of a platoon of ten vehicles was equipped with a traffic light
assistant, the overall fuel consumption was reduced by 30% compared to the condition
without any equipped vehicle in the platoon. Others pointed out that especially in busy
conditions like congested traffic, drivers attention is on safe driving rather than follow-
ing the recommendations of driver assistance systems. Hence, the potential for efficient
driving is reduced when drivers are not in free-flowing driving situations [18].

As mentioned above, the adaptions in driving behaviour cover basic driving behaviours
like speed choice, acceleration, or deceleration. The drivers following the recommen-
dations of the traffic light assistant have an increased awareness for their basic driving
behaviour. Therefore, it was hypothesised that drivers following the recommendations of
the traffic light assistant might also have an increased awareness of the influence of their
own driving behaviour on other road user’s perception. It is likely possible that the changes
in basic driving behaviour are perceived by surrounding road users.

At the same time, the communication channels for the interactions between drivers are
limited [19]. Research has shown that conflicts occur in situations when drivers in the
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same platoon come to different conclusions on the choice of speed, acceleration, and de-
celeration [20]. This is particularly of relevance when considering mixed penetration rates
for recommending driver assistance systems. In traffic, there might be informed drivers
with traffic light assistant as well as drivers without knowledge from such systems. The
latter are not aware of the reasons for unexpected driving behaviours by the informed
drivers.

7.3.2.2 Experiment in Multi-driver Simulator
In the experiment [21–23], drivers approached traffic light intersections in a platoon of
four drivers. The multi-driver simulator as presented in Chap. 21 is a tool to carry out
standardised experimental conditions for multiple drivers within the same virtual driving
reality. The drivers were individually instructed. Half of the drivers were equipped with
a traffic light assistant, while half of the drivers did not know of the presence of any
assistance system. Each participant approached the intersection with varying positions in
the platoon (positions 1, 2, 3 and 4; Fig. 7.5). The traffic light assistant was activated either
200m or 400m in front of the intersection. During the drives, the HMI screen presented
the visual recommendations of the traffic light assistant.

In the analyses, the percentage of traffic light approaches with stops at the traffic light
was determined for each condition. The scenarios were planned so that drivers sticking to
the recommendations could either cross the intersection by adapting their driving speed
or initiate a stop at a red light. Based on that, the deviation from predicted percentage of
stops as planned from the structure of the scenarios and the actual percentage of stops for
each condition was identified. Values lower than 0% indicate that drivers stopped more
often than would have been necessary when sticking to the recommendations of the traffic
light assistant. The higher the calculated values, the higher the beneficial effects of the
system on driving behaviour.

On average, drivers with traffic light assistant crossed the intersection more often with-
out a stop compared to drivers who did not receive the recommendations from the system
(with assistant: m =�20.31%, without assistant: m =�30.00%). Hence, driving with the
traffic light assistant has the potential to improve efficiency when approaching the traffic

Fig. 7.5 Vehicles A–D represent the four drivers in one platoon. Drivers A and C drove with traffic
light assistant. Drivers B and D did not receive recommendations. In the experiment, four orders
were realised [23]
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light intersections, whereby drivers without traffic light assistant benefit from drivers with
system driving in front of them.

Certain conditions reduced the efficiency of the traffic light assistant (Fig. 7.6a). Drivers
were less compliant to the recommendations of the system when driving in the front po-
sitions of the platoon, resulting into a higher likelihood for a stop at a red light. The
influence of the position in the platoon was stronger, when the recommendations started
further away from the traffic light. Beneficial effects of an early start of the recommenda-
tions at 400m in front of the intersection were only realised when drivers were in the back
positions of the platoon.

An explanation for the lower compliance in certain conditions could be seen in the
drivers’ emotional evaluation of the situations. Participants driving with traffic light assis-
tant were instructed to pull a lever at the steering wheel when they felt they were bothering
other road users. Fig. 7.6b shows the percentage of traffic light approaches with lever
pulls of drivers with traffic light assistant in relation to the total number of traffic light
approaches in each condition. The numbers were differentiated for the position in the pla-
toon, the distance at which the HMI notification turned on, and the actual distance area
in front of the intersection (i. e. if the lever pull occurred between 0–200m in front of

Fig. 7.6 a Deviation of real percentage of stops from predicted percentage of stops when consid-
ering full compliance to the traffic light assistant, differentiated for the notification distance and the
positions in the platoon. b Percentage of traffic light approaches in which drivers pulled the lever
to express that they felt they were bothering other road users, differentiated for the notification dis-
tance, the positions in the platoon and the actual distance section in front of the traffic light. The
graphs show means with 95% confidence intervals
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Table 7.1 Proportion of approaches in which a driver pulled the lever when the directly leading
vehicle also pulled the lever [%]. The pairs are described by the position of the lead vehicle with
traffic light assistant (position 1, 2 or 3) and the position of the directly following driver without
traffic light assistant (position 2, 3 or 4)

Notification distance Pair 1/2 Pair 2/3 Pair 3/4

200 31.25 53.33 0.00
400 42.11 55.88 50.00

the intersection, or between 200–400m in front of the intersection). The graph shows that
drivers more often felt they were bothering other road users when driving in the front po-
sitions of the platoon compared to the fourth position. Lever pulls were related to system
activation: When the system was activated 200m in front of the intersection, hardly any
drivers felt they were bothering others between 200 and 400m in front of the intersection.
Hence, with no following vehicle, or when there was no system activated, no drivers felt
that they were bothering other road users.

The results raise the question if the drivers’ feeling of bothering others was justified,
i. e. if the other road users were actually annoyed. During the experiment, participants
driving without traffic light assistant were instructed to pull the lever at the steering wheel
whenever they felt annoyed by other road users. Table 7.1 shows the relation between
traffic light approaches in which a driver with traffic light assistant pulled the lever and
the approaches in which the directly following driver also pulled the lever. On average, in
38.76% of the traffic light approaches in which a driver with traffic light assistant pulled
the lever, the directly following driver also pulled the lever. Hence, in many situations in
which drivers believed they bothered others, the following driver actually was not annoyed
by the lead vehicles behaviour.

7.3.2.3 Conclusions
The compliance to the information presented by a recommending driver assistance sys-
tem does not only depend on the HMI strategy in terms of display design, but also on the
drivers’ own perception of his current role in a platoon of vehicles. The driving simulator
setting was realistic concerning the fact that no driver was aware of the presence or ab-
sence of systems in other vehicles. The results showed that in many situations in which
drivers believe they bother others, they actually do not trigger anger in the following ve-
hicle. Nevertheless, the feeling of bothering others might explain the lower compliance in
certain driving situations. In future, informing other road users of the presence of a rec-
ommending system in other vehicles (e. g. by providing stickers at the trunk) could offer
the possibility to communicate and explain deviations from expected or “normal” driving
behaviour to other road users. In the end, this will increase the acceptance for other road
users’ behaviour in drivers without system and might increase comfort with sticking to
the recommendations of the system in drivers equipped with the traffic light assistant. The
information on the presence of the system in others could also increase the awareness of
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drivers who do not own the assistance system that they can benefit from following a lead
vehicle with system.

Finally, the results will influence the design and parameterization of recommending
assistance system. The system could avoid recommending certain driving behaviours in
scenarios in which drivers feel uncomfortable by sticking to the recommendations. For
example, the system should not recommend very low driving speeds at far distances to the
intersection and a lower limit for given speed recommendations (e. g. 30 km/h for urban
environments) should be considered. Like this, anger or frustration with the system can
be avoided and drivers might be more willing to use the system in a larger number of
situations, instead of turning it off for good due to low acceptance in specific situations.

7.3.3 The Influence of Complex Traffic Conditions

The two studies reported in the previous chapters were conducted in controlled driving
simulator environments. The evaluation of the HMI concept in real traffic conditions repre-
sents a crucial part of the development of the system. In real traffic conditions, the number
of possible influences on driving behaviour is large and both, system and driver, might
show different behaviour compared to controlled environmental conditions.

7.3.3.1 Driving in Real Traffic
In the UR:BAN project, an intersection in Braunschweig, Germany was build up with
research equipment and vehicle-to-infrastructure communication units. The four-way in-
tersection shows a high level of complexity. There are multiple lanes in each of the four
directions, allowing different numbers of lanes for turning left or right (Fig. 7.7). Addi-
tionally, the intersection is busy in terms of traffic density. During the testing reported
in the following paragraphs, the traffic light sent information on the current traffic light
phase, but did not include information on standing vehicles at the intersection.

An investigation in real traffic took place with four participants approaching the traffic
light overall 28 times between 11 am and 3 pm of a weekday in May 2015. The instruction
to the drivers was to approach the intersection while sticking to the recommendations of
the traffic light assistant presented in the cluster display.

During the traffic light approaches, there was a major influence of the complex traffic
conditions on the scenarios experienced by the participants. The likelihood for a stop at
the intersection was very high, because of the missing information on the queue length
of vehicles at the intersection and the high traffic density. In only 3% of the traffic light
approaches, the participants were able to follow successfully the recommendations for
a green light. Additionally, the chances for standardisation and reproduction of conditions
within and between participants were low. Each traffic light approach took place under
a different combination of traffic (e. g. length of the queue of vehicles ahead, vehicles
turning, vehicles changing lanes) and traffic light phases, which resulted in subjective
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Fig. 7.7 The Braunschweig research intersection rebuild in the data base editor of the driving simu-
lator software SILAB of WIVW GmbH with objects representing the infrastructure elements of the
real intersection

evaluations of the system and driving behaviour that could not be interpreted in a mean-
ingful way.

Following the observations in real traffic, a study design was developed that allowed to
test the influence of complex traffic conditions in a standardised way [24].

7.3.3.2 Complex Traffic Conditions in the Driving Simulator
The Braunschweig intersection was re-build in the data base editor of the driving sim-
ulator software SILAB of the WIVW GmbH. The simulation contained a rebuild of the
exact number of lanes, the position of buildings and trees and the position of the traf-
fic lights. Additionally, the original vehicle application for the traffic light assistant was
implemented. The system was able to process information on the queue of standing ve-
hicles at the intersection. Hence, in cases with standing vehicles at the intersection, the
increasing distance of the virtual stop line to the intersection was considered in the rec-
ommendations of the system. The system did not include information on driving vehicles
around the intersection area (Fig. 7.8).

The experimental design of the driving simulator study was driven by the complexity of
the road environment and the natural limitations of the function (information on standing
but not on driving vehicles). There were different lead vehicle conditions, with either no
lead vehicle, driving lead vehicles, or standing lead vehicles at the intersection (Fig. 7.9).
The traffic light was either red or green. Additionally, the likelihood for driving through
the green light was varied. From the test drives in real traffic, the expectation was that the
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Fig. 7.8 Schematic depiction of a traffic light approach with a queue of three vehicles. A line up of
vehicles leads to a virtual shift of the stop line. The algorithm considers assumptions on the duration
for the reduction of the queue

likelihood for an arrival at red would influence the driver’s perception of the traffic light
assistant. Hence, a third of the participants experienced a 25% likelihood for reaching the
light at red (i. e. more often caught a green light), another third of the participants expe-
rienced a 50% likelihood for stopping at a red light and a last third experienced a stop at
the intersection in 75% of the traffic light approaches. Resulting from the combination of
the lead vehicle and traffic light conditions and one repetition of each condition, drivers
approached the intersection in the simulated environment 12 times with traffic light assis-
tant, in addition to a baseline drive without traffic light assistant. Overall, 36 participants
took part in the study that was conducted in a static driving simulator. Subjective evalu-
ations and fuel consumption were investigated considering 12 traffic light approaches in
total, which allows conclusions on the variation of the likelihood for arrival at a red light.

Fig. 7.9 Picture of the Braunschweig intersection with a standing lead vehicle in the SILAB driving
simulator at WIVW GmbH
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The analysis of individual traffic light approaches allowed investigating the influence of
the traffic light phase at arrival and the lead vehicle conditions.

After driving through the whole test track with the traffic light assistant, drivers were
asked about the helpfulness of the system overall. They answered on a verbal-numeric
scale from 0 (not helpful at all) to 15 (very helpful). Fig. 7.10a shows that the agreement
to the question was medium to low. There was an influence of the likelihood for arrival
at a red light: When drivers frequently stopped at a red light, they rated the helpfulness
of the system as low. In addition to the overall evaluation after the whole test drive, the
experimenter asked for an evaluation of the system after each traffic light approach (“How
helpful was the system in the current situation?”; Fig. 7.10b). The presence of lead vehi-
cles had a significant influence on drivers’ evaluations of the system. Without lead vehicle,
the system was most helpful. Helpfulness was lower with standing vehicles and decreased
further with driving vehicles at the intersection. With no lead vehicles and standing vehi-
cles, the system was rated as more helpful when drivers reached the intersection at a green
light compared to the conditions in which they had to stop at a red light. In the condition
with driving lead vehicles, there was no influence of the traffic light phase at arrival.

During the tests, the experimenter collected open comments about the reasons for the
numeric helpfulness evaluation. The categorization and frequencies for comments are de-
picted in Fig. 7.11. In conditions with driving lead vehicles, there was a large number of
comments relating to other road users (e. g. “Even though there is a lead vehicle, the sys-
tem recommends a high speed”). Hence, the low evaluations of helpfulness in lead vehicle
conditions was actually related to the presence of the driving lead vehicle. With red traffic
lights, there was a large number of comments relating to the benefit of driving with the
system. Two examples for comments from that category are “Without assistance, I would

Fig. 7.10 Helpfulness evaluation differentiated for the likelihood for an arrival at red during the
whole experiment (a) and for the lead vehicle and traffic light phase conditions averaged over indi-
vidual traffic light approaches (b). The graphs show means with 95% confidence intervals



7 HMI Strategy – Recommended Action 135

Fig. 7.11 Categorized number of comments stated by participants after each traffic light approach.
Note that the same statements were categorised according to the lead vehicle conditions (a) and the
traffic light conditions (b)

have driven exactly the same” and “The display did not show anything wrong, but I still
had to stop at the intersection”. Interestingly, only one single driver in a single situation
commented that “it is not the systems fault if lead vehicles brake” (orange category). As
a conclusion, even though drivers experienced that their driving behaviour was disturbed
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Fig. 7.12 Percentage of improvements in fuel consumption when driving with traffic light assistant
compared to driving without traffic light assistant differentiated for the likelihood for an arrival at
red during the whole experiment (a) and for the lead vehicle and traffic light conditions averaged
over individual traffic light approaches (b). The graphs show means with 95% confidence intervals

in some situations by lead vehicles, their expectation was that the system considers the
presence of lead vehicles in its recommendations.

Finally, the objective benefits of driving with the system were evaluated in terms of
fuel consumption. Therefore, the SILAB driving simulator consumption model recorded
fuel consumption. Fig. 7.12 shows the improvements of fuel consumption in the test runs
compared to the baseline condition in percentages. Positive values indicate the percent-
age of improvements in fuel consumption (i. e. less fuel consumption when driving with
compared to without system), negative values indicate deterioration of fuel consumption
(i. e. more fuel consumption when driving with compared to without system). Again, the
data were analysed based on all traffic light approaches during the whole experiment,
and based on a comparison of individual traffic light approaches with different traffic
conditions. In general, driving with the traffic light assistant led to improvements in fuel
consumption between 5–10% during traffic light approaches. There were no significant
differences between any of the conditions. Fuel savings were achieved even in conditions
in which drivers evaluated the system as not very helpful.

7.3.3.3 Conclusions
First, from the investigation of the influence of complex traffic on acceptance and effi-
ciency of a traffic light assistant, a methodological conclusion can be drawn. The complex
conditions that were observed in the real traffic were successfully varied in the driving
simulator setting. The original traffic light assistance system recommended instructions
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based on the participants driving behaviour. Therefore, the dynamics of the system were
mirrored in the virtual reality, but controlled variations for lead vehicle and traffic light
phasing allowed for clear interpretation of results. Second, the system led to improvements
of efficiency in terms of fuel consumption. With traffic light assistant, drivers consumed
less fuel compared to driving without the assistant. Third, the traffic conditions influenced
how drivers experienced and evaluated the traffic light assistant. Limitations in the ability
to stick to the recommendations were not attributed to the traffic conditions (e. g. a stand-
ing lead vehicle), but to the system itself. Drivers expected that in situations in which
they could see the lead vehicles, the system should consider these traffic conditions. Ad-
ditionally, an increasing likelihood for the arrival at red decreased the acceptance for the
system. Even though the case of arrival at red is considered as a use case (and in fact
leads to improvements in efficiency when following the system instructions), drivers see
the traffic light assistant as a support for crossing the green light rather than as a support
for an efficient approach to a red light.

Finally, the exact information on the traffic conditions in terms of surrounding vehicles
and tailgating at the intersection are essential to be considered by the traffic light assis-
tant. This could be realised by the integration of information from different sensor systems
(on board sensors, sensors at the traffic light itself, Vehicle-to-X communication). Conse-
quently, the efficiency and the acceptance for the system will improve. Emphasizing the
benefits of the system to drivers (in particular for red light approaches) might improve the
willingness to use the system.

7.3.4 Summary

The research presented in this section demonstrated an example for the development of
an HMI concept for a recommending driver assistance system. The choice of the HMI
component and the design for the presented contents was presented, along with evaluation
criteria for the selection of the most appropriate concept. For the traffic light assistant,
drivers subjectively desired information on the traffic light phasing, while specific recom-
mendations of actions and driving speed improved their driving performance. The traffic
light phase information was desired because it offers dynamic status information about
the infrastructure that the drivers cannot perceive or deduct themselves.

The complex urban traffic conditions while using the traffic light assistant are crucial
for driver’s attention for the recommendations, the ability, and the willingness to follow the
recommendations. Depending on the technical capabilities of the system, the system might
consider other vehicles (e. g. by detection through on-board sensors), the road geometry
(e. g. provided by map data), or the infrastructure elements (e. g. provided by Vehicle-to-
X communication). Still, due to the complexity and dynamics of urban traffic, there are
limitations to the correct representation of the real traffic conditions in the system. Even
though these limitations seem obvious from a technical perspective, the studies showed
that drivers experienced the provided information as incorrect because they were not able
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to follow or did not feel comfortable with the recommendations. The information did not
match their own perception of the traffic conditions.

The advantage of recommending assistance systems in comparison to regulating sys-
tems is that the driver is the control unit who integrates all relevant information available
from the system and the environment at any time. While in regulating systems, the sys-
tem support ends with driver interference, recommending systems offer the opportunity
for the continuous recommendation of beneficial behaviours. The system provides the
dynamically changing information and the driver decides if in the current situation the
recommended behaviour makes sense (e. g. in terms of limitations in traffic) and feels
comfortable (e. g. in terms of bothering other road users). This might also be the reason
for the subjective preference of traffic light phase information in the display, which allows
the drivers an improved interpretation of the traffic situation while concluding self-paced
the modification of their own driving behaviour. As a consequence, future research needs
to investigate how more information on the actual benefits of using the system in various
situations and on how the system actually integrates the available information, along with
explanations about the influence of sticking to the recommendations on other road users
could increase the acceptance and the willingness to use the system.

7.4 Generic, Integrative HMI Concept for Multiple ADAS
(Technical University of Munich)

In the future, full use of advanced driving assistance systems will shift from highways
and freeways to urban areas. This additional ADAS use case may require communication
of additional information and warnings to the driver. Urban areas themselves are charac-
terised by much greater complexity for different reasons such as a variety of different road
users or greater information density (Chap. 1).

The solution for this might be a more generic, integrative HMI concept using a multi-
modal approach for recommending driver assistance systems. New technologies for in-ve-
hicle components such as the head-up display (HUD), a programmable instrument cluster
(head-down display, HDD), or a force feedback pedal will also change the way informa-
tion is presented to the driver. Consequently, a new HMI concept needs to be iteratively
developed and evaluated.

Defining the terms “integrative” and “generic” may help to understand the aim of this
new concept. While older HMI design concepts are characterised by single solutions for
every component and every single driver assistance system, an integrative approach was
taken here to ensure the fewest possible information redundancies as well as action-ori-
ented strategies featuring very little effort decoding the given information. The generic
idea also combines similar ADAS with related actions in a way that the driver does not
necessarily know where the information comes from but does know what to do in a spe-
cific scenario. This solution provides the expandability and flexibility to add new driver
assistance systems later in the final concept.
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The overall concept, developed and evaluated by the Institute of Ergonomics in the
“Human-Machine-Interaction” subproject, can be found in the HMI tool kit’s path “Rec-
ommended action” (see Fig. 7.13) (cf. Chap. 4). It consists of two visual and one haptic
component augmented by the auditory channel for very critical warnings and navigation
commands. The benefit of using different modalities derives from the multiple-resource
theory [25], which states that stimuli of various modalities are processed faster than just
single stimuli of the same modality. The head-up display and the instrument cluster were
therefore chosen as visual components. Additionally, the force feedback pedal (FFP) rep-
resents the haptic component. These components all have several advantages (as stated
earlier in the design guidelines) and disadvantages and impose qualitative and quantitative
requirements [26]. For example, while information presented in the HUD allows much
shorter reaction times [27], information can be much more detailed in the instrument clus-
ter [26]. Furthermore, the FFP allows information to be presented where the driver needs
to react [28] while keeping his eyes on the road.

In total, five different studies were conducted. Experiment 1 (Sect. 7.4.1) started with
a literature search for the aforementioned components as well as with a specification of
different information and warning strategies. In the experiment itself, the head-up and
head-down display were compared in the respective categories. An initial concept was
subsequently created and implemented with the information gathered for Experiment 2
(Sect. 7.4.2) in a static driving simulator. The aim of this initial study of the overall concept
was to evaluate different ADAS and the way to present them to the driver in an urban
setting.

The increasing number of different ADAS occasioned an additional study comparing
two different ways of presenting information in a head-up display, which was conducted in
Experiment 3 (Sect. 7.4.3). The results should help promote a more user-centred, action-
oriented presentation of information.

Fig. 7.13 Scheme of this specific HMI concept for the “Recommended action” HMI strategy
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On the basis of those first three studies, an upgraded version of the HMI concept
was implemented and evaluated in two different parts of Experiment 4 (Sect. 7.4.4) test-
ing either longitudinal or lateral driver assistance systems alone. As a final experiment
(Sect. 7.4.5), with input from all of prior studies, the final concept was tested and com-
pared to a purely iconic approach – again in a static driving simulator. This final study
included both longitudinal and lateral driving assistance systems.

7.4.1 Experiment 1: Head-up vs. Head-down Display

The information from the ADAS for the driver can be categorised into five different types.
The information in each category aims to trigger different driver reactions. Fig. 7.14
presents the five categories.

The study aimed to investigate which of these five types of information is most suited
for head-up or head-down displays in terms of reaction time, level of disturbance, and
workload. As the first step, this should define some general guidelines for the visual com-
ponents [29].

The study was conducted in a static driving simulator with 180° front view. All par-
ticipants had to perform a navigated driving task in an urban environment. Each operated
either the head-up display or the head-down display. Different scenarios with the afore-
mentioned information categories were used. The driver’s workload was also measured
using the standardised NASA-TLX questionnaire [30]. Furthermore, objective data was
recorded to compare driving performance with both conditions in terms of reaction time,
lane keeping, and speed violations.

The results show no significant difference except for a tendency to favour the head-
up display in terms of reaction times. Moreover, the distance to lane centre shows no
significant difference either. However, the NASA-TLX reveals significantly less workload
for the head-up display in the overall score (see Fig. 7.15). In detail, the physical effort,

Fig. 7.14 Categorisation of the content of information given with a warning/information [26]
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Fig. 7.15 The overall NASA-TLX score for the global task load index with the average of all six
categories (a) and the score for each category in particular (b) [29]

frustration, and subjective performance are significant less. In the subjective questionnaire,
participants significantly preferred the HUD to the HDD regarding the level of disturbance
caused by status and indication symbols.

In conclusion, the head-up display is preferred for time critical, dynamic, and direct
driving-related information while the head-down display can display non-critical, proac-
tive, and other information in much greater detail. Götze and Bengler [29] provide all the
results in detail.

7.4.2 Experiment 2: First Draft of the Overall HMI Concept

An initial draft of an overall generic, integrative HMI concept was developed after evalu-
ating the different information and warning strategies. The force feedback pedal is hence-
forth included as a haptic component. A clustered HMI design concept for the head-up
display was chosen (Fig. 7.16) in consequence of the literature research [26] and the first
study’s results [29].

Fig. 7.16 Cluster of the head-up display in the coloured version (a) and monochrome version (b)
[31]
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The information presented in the three clusters is divided into different categories. All
of the speed-relevant information such as current speed and speed limit is presented on
the left. The centre cluster is used for navigation instructions. The last category includes
all of the ADAS information for the driver.

This method helps the driver to locate relevant information much more quickly. The
head-down dis-play (or instrument cluster) presents non-time-critical and driving-relevant
information. All of that information is displayed between the two gauges, which are left
untouched. Finally, the force feedback pedal transmits an adjustable pressure threshold
(speed maintenance) or a noticeable counter-pressure (speed reduction) [32]. Neither vi-
sual nor haptic information was displayed to the driver without an active ADAS.

As a first approach with the overall HMI concept, assistance systems were implemented
only in the longitudinal direction. These comprised a speed assistant using the FFP’s hap-
tic feedback to help the driver maintain the legal speed limit, speed-sign icons in the
HUD and HDD, and a traffic-light assistant to reduce possible downtimes when approach-
ing a traffic light. A vehicle-distance assistant was implemented to help when following
a leading vehicle.

The study’s procedure was similar to that for the initial study. Participants completed
two urban driving tasks: one with the HMI concept and one without any ADAS infor-
mation. Objective and subjective data was recorded once again. The results showed no
significant workload difference between the two concepts using the NASA-TLX score.
That means displaying all that additional visual and haptic information does not create
further distraction. Furthermore, significantly more speed violations exceeding 5 km/h
happen without the system (cf. Fig. 7.17b).

The traffic-light assistant resulted in significantly less loss of speed when approaching
a traffic light using the HMI concept (see Fig. 7.17a). Unfortunately, participants did not

Fig. 7.17 Average speed while approaching the traffic light (with speed range of all participants) (a)
and Velocity curve of all participants using either the speed assistant or no ADAS in an area with
speed limit. The graph shows the average speed of all participants with active speed assistant (blue)
and without (baseline; red) (b) [31]
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like the vehicle-distance assistant, because some preferred larger and others smaller gaps.
An adjustable version might solve this problem.

In sum, the force feedback pedal has great potential for providing speed-related in-
formation without demanding the driver’s visual attention. Participants reported that the
instrument cluster became unnecessary since they preferred the HUD and FFP for ob-
taining all of the important information and warnings. As a next step before adding more
ADAS to the overall HMI design concept, a new generic way of presenting information in
the HUD should be considered because of the limited space for displaying information.

7.4.3 Experiment 3: Generic Head-up Display vs. Cluster Design

The way information is presented in head-up displays needs to change due to the in-
creasing number of ADAS available in the vehicle. While some years back most cars
displayed only the current speed, traffic signs, and cruise-control information in the head-
up display, there is now a lot more available such as traffic-light assistance, assistance for
intersections, or narrow-space assistance. The new design concept needs to be more ac-
tion-oriented, generic, and driver-focused. The idea is to present the necessary information
in the centre of the head-up display with less important information at the periphery.

The new concept was compared to a well-known cluster-design concept [33] used in
current vehicles. The study was conducted in a BMW X5 test vehicle with a series-type
head-up display (480 × 240 px) with the colours red, yellow, and green. The vehicle was
positioned in front of a protection screen (see Fig. 7.18). Participants completed a choice
reaction time task (CRT) [34] and an occlusion task [35–37] using a joystick and a key
pad.

During the CRT task, participants had to react to different stimuli. Reaction time and
accuracy were recorded. For the occlusion task, different kinds of questions needed to
be answered; only accuracy was recorded. Additionally, the Post Study System Usability

Fig. 7.18 Framework of the study showing the different (virtual) distances between the driver, the
vehicle, head-up display and projection screen [38]
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Questionnaire (PSSUQ) [39, 40] was used to measure the usability of the different HMI
concepts and as an open questionnaire.

Thirty participants took part in the study [38]. Results showed significantly better reac-
tion times for the new generic HMI concept (using the CRT task). No significant accuracy
difference was found in either experimental part. The PSSUQ showed a tendency to signif-
icance for the clustered HMI design. Participants also commented that the cluster design
felt tidier and cleaner, but the objective data contradicted them.

In summary, both concepts have advantages and disadvantages. A combined solution
could offer the benefits of both design concepts for a new and better HMI for urban driving.
The answer might be a clustered design with efficient classification into speed-related,
navigation, and ADAS information presented in a generic, integrated way in the middle
of the HUD.

7.4.4 Experiment 4: Overall HMI Concept in Longitudinal
or Lateral Recommendations

With the lessons learned from studies 2 and 3, a revised version of the overall HMI concept
was developed and implemented in a simulation environment. While the initial study took
only ADAS in longitudinal direction into account, this experiment added an experimental
part with assistance systems in the lateral direction. Participants drove either way in an
independent sample.

Fig. 7.19 shows the final concept. The upper part represents the head-up display; the
lower part shows the instrument cluster. The force feedback pedal was included as in
the initial study. Traffic sign, traffic light, and speed assistants were implemented for the

Fig. 7.19 The final concept with the head-up design (top) and the instrument cluster design (bottom)
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Fig. 7.20 The SUS score of 78 for both parts of the experiment with a rating between “good” and
“excellent” for the overall HMI design concept

longitudinal part. The lateral experimental part included a traffic-sign assistant and a speed
assistant as in the longitudinal part in addition to lane-keeping, lane-change, overtake,
intersection, and narrow-space assistants.

Each of the parts was compared to a simple setup lacking HUD, force feedback pedal,
and active ADAS. Objective data was again recorded to measure speed trends, time-to-
collision in front of traffic lights, and reaction times. Further, the system usability scale
(SUS) [41] rated the HMI concept’s subjective benefits.

The results showed significantly fewer speed violations in both parts compared to no
HMI concept as in the initial studies. Similar results were found for downtimes in front of
traffic lights: significantly less waiting time and fewer speed fluctuations while approach-
ing traffic lights. The lane-keeping assistant had no effect since it just informed the driver
when leaving the lane and most drivers preferred driving nearer the centre of the street
(not lane) when oncoming traffic was absent.

The information that the intersection assistant gave helped to avert significantly more
collisions without actively assisting the driver. Furthermore, the narrow-space assistant
significantly reduced entry speed. Both experimental parts show no significant workload
difference compared to the part without the HMI. This indicates that the generic HMI con-
cept’s assistance for the driving task compensated for the additional visual load. Finally,
the overall SUS score was 78 (Fig. 7.20) – the same for both parts, which is between
excellent and good according to [42].

7.4.5 Experiment 5: The Generic, Integrated HMI Design Concept

The aim of the last study [43] was to evaluate the final HMI concept in an experiment
with both lateral and longitudinal ADAS. The generic way of presenting the recommend-
ing information to the driver was not expected to cause a significantly greater workload
compared to a very simple, purely visual HMI design consisting of icons (with no haptic
feedback). Additionally, a prioritization strategy was developed to decide which informa-
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tion is more important in certain urban scenarios if several ADASs are simultaneously
active.

The study was repeated in a 180° static driving simulator featuring an urban environ-
ment in which the final HMI design and the iconic HMI design were implemented. The
experimental setup consisted of two very similar 15min urban tracks with each of the
aforementioned HMI designs. The head-up display, the instrument cluster, and force feed-
back pedal were used as in the prior studies. The speed and velocity profile, position data
and distances, and TTC data were recorded for the test evaluation. Further, the NASA-
TLX measured subjective workload, the SUS score rated usability, and an unrestricted
questionnaire compared different subjective evaluations.

Thirty healthy volunteers with an average age of 25 years (SD= 4 years) participated
in this study. Significant speed-violation differences favouring the generic design were
found on both tracks (see Table 7.2). Track 1 showed about 4.1% speed violations for the
iconic design compared to only 1.1% for the generic design. The difference on the second
track was even higher with 9.2% excessive speed for the iconic concept and 2.3% for the
generic HMI design. In addition to the significantly fewer speed violations, the variation
in speed was much steadier and predictable, which yields even further advantages for
efficient, proactive driving (Fig. 7.21).

This time, no significant differences were found for downtimes, TTC, or velocity vari-
ations when approaching a traffic light. There was a trend but no statistically relevant
results. One of the reasons could be the identical timing of the given visual information
in the head-up display and instrument cluster for both HMI concepts just with different
graphics and icons. The subjective results for this ADAS implementation showed partici-
pants reporting significantly less information from the iconic design than from the generic
one while yielding almost similar objective results. The narrow-space assistant produced
the same results with no objective differences but subjective preference for the generic
version.

The biggest difference between the two HMI designs for the intersection assistant is
the localization of possible risk in the generic version while the iconic system just warns
in general. The subjective results showed that this localization helped the driver to see
the danger significantly earlier, with significantly less workload and significantly more
awareness of other events occurring at the intersection.

Table 7.2 Speed violations for both tracks with the iconic design concept and the generic design
concept. Both with significant less violations using the generic version

Track 1 Track 2

Iconic Generic Iconic Generic

Mean 4.13% 1.13% 9.20% 2.27%
SD 4.34% 1.55% 6.14% 2.43%
Significance U=�2.61; p = 0.009 U=�3.52; p < 0.001
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Fig. 7.21 Variation in speed passing a speed limit sign and an intersection with the iconic HMI
design (red) and the generic design concept (blue)

Both concepts showed similar workload results for the NASA-TLX score. This is in-
teresting because the generic HMI design gives a lot more specific information, which
participants evaluated as significantly better. Furthermore, the overall SUS score was 72
for the iconic concept and 76 for the generic HMI design. Again, while the generic HMI
falls between good and excellent and the iconic one is at the top end between OK and
good, the difference is too small to show a significant advantage.

In sum, the new generic HMI concept exhibits the advantages of giving the driver
detailed information without increasing workload or distraction. On the other hand, par-
ticipants rated the iconic design significantly worse regarding information detail and ease
of decoding. Moreover, the objective data showed significant advantages for the generic
version particularly regarding speed- and velocity-related data. This can be transferred to
more efficient and proactive driving. Altogether, the new concept fulfils the three main ob-
jectives of the UR:BAN project: safer, more efficient, lower stress driving in urban areas.

7.4.6 Key Messages for the Head-up Display and Force Feedback Pedal

The aforementioned studies in the project yielded a lot of interesting information and re-
vealed the ad-vantages of different HMI in-vehicle components. This summary will help
to provide an overview of the most important characteristics of the head-up display and
force feedback pedal in urban scenarios. The key messages for both components regard
general recommendations about “what” information should be displayed and, equally im-
portantly, about “how” this information should be displayed to the driver. Fig. 7.22 gives
a short but comprehensive overview of those findings.
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Fig. 7.22 General and design recommendations for the HMI components head-up display and the
force feedback pedal
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Part IV
Behaviour Prediction and Intention Detection



8Behaviour Prediction and Intention Detection
in UR:BAN VIE – Overview and Introduction

Dietrich Manstetten

8.1 Introduction

Driver assistance and traffic systems have an enormous potential to improve road safety
by targeted support of the human user (in this case the driver) in overly demanding or
hazardous situations. To realise this potential and to achieve driver compliance, the sys-
tems need to act in accordance with the driver’s own driving intentions and not at cross-
purposes. This requirement is particularly important in urban traffic, due to its great com-
plexity, diversity of situations and options for driver response; the limiting factor is usually
the time budget for decisions, which is generally smaller than in freeway traffic and must
be used as effectively as possible. If the intervention strategy of a vehicle system clashes
with the intentions and actions of the driver, the resulting ambiguous situation could lead
to delays, missing the window of opportunity for mitigating a traffic conflict. Hence, in-
ferring the driver’s intentions and predicting his response to a hazardous situation as early
as possible are of central importance for coordinated driver assistance; intention inference
and behaviour prediction should be adapted to the individual driver and the situation.

The central aims of the UR:BAN sub-project VIE (VIE is a German acronym for
“Verhaltensprädiktion und IntentionsErkennung”, i. e. “Behaviour Prediction and Inten-
tion Detection”) were:

� Systematic detection of driver intentions in urban areas on a manoeuvre and navigation
level,

� prediction of his behaviour for a following manoeuvre (e. g. lane changing, turning),
� demonstration of real-time modules for driver intention inference and behaviour pre-

diction in project test vehicles,
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� integration of the modules into the corresponding applications of the UR:BAN project
“Cognitive Assistance”,

� assessment of effectiveness for the overall goal of “user-friendly, safe, and anticipatory
driving in urban areas”.

An overview of these objectives and their consideration in the framework of the
UR:BAN MV project was given in [1].

This introductory chapter on the “Behaviour Prediction and Intention Detection” part
is organized as follows. It starts with a brief description of the main working steps, which
were carried out in UR:BANVIE in order to achieve the objectives. It will then summarize
the main results of the project and interpret them in the context of future needs in direction
of automated driving. In a final section the structure and topics of the following chapters
presenting more detailed results will be addressed.

8.2 Working Steps in UR:BAN VIE

8.2.1 Literature Overview on Driver Intention

As a first working step a detailed literature review was carried out in order to capture and
organize the existing research dealing with the topic of driver intention (UR:BAN VIE
Report, [2]). The review was oriented according to several guiding questions, e. g.

� How to define driver intention?
� Which driving manoeuvres have been considered?
� Which measurement parameters have been used to detect driver intentions?
� How have the data been analysed, e. g. machine learning methods?
� What is the benefit of driver intention detection?
� Which models are well-suited to describe driver actions and intentions?
� Which future research need can be identified?

Some of the most relevant literature sources identified were [3–8]. It should be added
that recently a good comprehensive overview to the topic appeared in [9].

8.2.2 Specification on Relevant Driving Scenarios

The requirements for the algorithms on behaviour prediction and intention detection to be
developed in VIE were described in form of scenarios (UR:BAN VIE Report, [10]). As an
elementary part of the scenarios the concept of driving manoeuvres was used. VIE con-
centrated on eight of the ten manoeuvres as defined in [11], ignoring only the ‘Overtake’
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Stand Merge / Lane Change Turn Start

Follow Stop Approach Pass Obstacle

Fig. 8.1 Manoeuvres used in UR:BAN VIE. (Photographs UR:BAN VIE, Fraunhofer IAO)

manoeuvre and the ‘Slow Navigation & Parking’ manoeuvre, as those were outside the
scope of UR:BAN. Fig. 8.1 shows the eight base manoeuvres used in VIE.

The description of the scenarios for VIE used the methodology of the sub-project UF,
with some enhancements for the driver intentions and the phases of the drivingmanoeuvre.
Overall, the scenarios in VIE concentrated on lane changes, intersections, approach &
follow scenarios, and emergency braking & evading situations.

8.2.3 Data Collection

Data representing the specified scenarios were essential in order to develop the algorithms
for diver intention detection. Most of the empirical studies performed in VIE were con-
ducted in real traffic (see Fig. 8.2), some as well on a test track or in a driving simulator.
Overall, more than 400 subjects participated in the studies, driving more than 15.000
kilometers. All studies have been documented in a joint report of the project partners
(UR:BAN VIE Report, [12]), concentrating on the following aspects

Fig. 8.2 Data collection in specific scenarios with equipped vehicles. (Photographs UR:BAN VIE,
TU Chemnitz/Bosch)
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� Overview, including the main objective of the study,
� boundary conditions, mainly description of the environment and course, as well as

temporary conditions,
� subjects, including criteria for selection and demographic overview of the participants,
� measurement equipment, e. g. vehicle parameters, eye tracking system, questionnaires,
� course of experiment, including manoeuvres to be performed, eventual secondary tasks

and cover story.

8.2.4 Algorithmic Concepts

The development of algorithmic concepts was the heart of the work within the project,
see Fig. 8.3 for an example. Based on the specification of scenarios, Sect. 8.2.2, and using
the empirical data of the performed studies, Sect. 8.2.3, multiple methods were used to
derive these concepts. Bayes’ nets, Fuzzy Logic, Hidden Markov Models, and Reinforce-
ment Learning were among these methods to learn the characteristics for the detection of

History of trajectories Predicted trajectories

Fig. 8.3 Course prediction for intersections based on observed trajectories. (Graphics: UR:BAN
VIE, Daimler)
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driver’s intention, as well as for his preparation and initiation of the following manoeuvre.
An overview of the developed concepts was given in (UR:BAN VIE Report, [13]).

8.2.5 Test for Performance, Acceptance and Behavioural Changes

In a final step of activities, additional studies were conducted in order to test the perfor-
mance of the implemented algorithms. To what extent can they realise the specification
as given earlier and fulfill the expectations of detecting the intention and predicting the
driver’s behaviour? In some cases, additional tests were carried out testing the user ac-
ceptance and possible behavioural changes. Precondition for these additional tests is the
integration of the algorithm in a functional concept reacting on the intention detection. An
example for a test on user acceptance was the automatic setting of the turn indicator in
case of a detected intention to change lane. The description and results of the studies were
described in (UR:BAN VIE Report, [14]).

8.2.6 Demonstrators

At the final demonstration event of the UR:BAN project, held in October 2015 in Düs-
seldorf, six vehicles showed results of the VIE sub-project, see Fig. 8.4. These vehicles
demonstrated for example

� the quality of a camera-based estimation of the viewing direction,
� a visualization of the probabilities according to the current status of manoeuvre predic-

tion,
� a coordinated lateral assistance based on early detection of lane change behaviour,
� an automatic setting of the turn indicator according to camera-detected viewing be-

haviour,

Fig. 8.4 Demonstration scenarios lane change / evading / turning / collision warning (non-atten-
tive) / collision warning (attentive). (Graphics: UR:BAN VIE)
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� an adaptation of a driver warning in following situations according to the predicted
driver behaviour (warning concept in cooperation with sub-project MMI),

� the integration of detected brake intentions in a pedestrian protection system (pedes-
trian protection system of sub-project SVT).

8.3 Summary of Results and Outlook Towards AutomatedDriving

The sub-project VIE demonstrated the usage of driver intention detection for urban as-
sistance functions as developed within the UR:BAN initiative. This section is structured
in four segments: the assessment of relevance for the input signals, the restriction of the
approaches, the functional benefit and an outlook to automated driving.

8.3.1 Assessment of Available Input Signals

An important contribution of VIE was the assessment of available input signals on driver,
vehicle, and environment. Which signals are best suited to serve as an input parameter
for driver intention detection? Different data sources show a very different potential as
a predictor for driver behaviour. Interior cameras deliver data of driver’s head orientation
and gaze direction. A temporal and spatial analysis of these data seems to be sufficient
for a basic prediction on driver behaviour. Head orientation and gaze direction allow for
an earlier prediction of driving manoeuvres in comparison to vehicle data (e. g. for lane
change prediction), at the price of larger inter- and intraindividual differences. Vehicle data
are leading to a higher robustness, but showing a smaller predictive horizon. The potential
of camera-based driver monitoring for behavioural prediction cannot be attributed equally
to all types of manoeuvres, but depends on

� the relevance of environmental parameters for preparation and execution of the ma-
noeuvre,

� the spatial assignment of the viewing areas and the resulting availability of the view-
ing signal (e. g. large viewing area needed for intersections compared to smaller areas
during car-following scenarios),

� the dynamics of location and moment of the manoeuvre execution.

The quality of a driver intention detection can be widely increased by use of situa-
tional information. Hence, information on driver and driver behaviour should be always
evaluated together with environmental information. This leads to an integration of the
behavioural prediction to a situational analysis. The relevance of the signals can change
during the sequence of the detection. The development of an intention manifests itself in
a different way than the direct preparation or the execution. Typically, a specific point in
time exists, when the decision for execution of the manoeuvre is taken and will not be
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canceled anymore (see the description of the rubicon model in Chap. 14). An optimal be-
havioural prediction needs, beside the processing of objective and robust data on driver,
vehicle and environment additional information on the driver’s attentional level. Finally,
the potential of an individual parametrization of the driver model should be considered.

8.3.2 Restrictions

The usage of methods for behavioural prediction is determined by its quality and the tem-
porary horizon. The temporary horizon is typically limited to about 10 s, as this correlates
to the overall cycle of a manoeuvre execution. The quality of prediction is decreasing with
an expansion of prediction time; an unsure information gains certainty with increasing time
of observation. The temporal benefit of an intention detection depends on the driver and is
larger for comfort manoeuvres as for emergencymanoeuvres. The latter is a direct result of
the fact that an emergencymanoeuvre asks for direct action without larger planning phases.

A driver intention detection can never be perfect and error-free. In the isolated case
a spontaneous, non-predicted action cannot be excluded. As a consequence, any measure
based on the intentional information has to be designed in a way, that a wrong classifica-
tion will not lead to catastrophic consequences. As an example, a faulty driver warning
might be annoying but is forgivable. In this context, a balance between transparent system
behaviour on one side and the safety potential of an adaptive warning on the other side
has to be performed.

8.3.3 Usage Scenarios and Benefit

The detection of driver intentions and planned actions allows for an adaptive design
of warning functions. This can provide a significant contribution to solve the warning
dilemma. A warning can be delayed, if due to the prediction there is a high probability
that the warning will not be needed by the driver. Examples are

� rear-end collision warnings in case of an upcoming lane change manoeuvre,
� cross-traffic warnings in case of a detected plan for a turning manoeuvre in front of the

cross traffic,
� a warning for a pedestrian possibly crossing the street in case of a detected glance

towards the pedestrian and a driver readiness to brake.

The optimizing of an assistance function by adapting the warning time can not only
increase the safety, but also helps to gain better user acceptance, as unnecessary warnings
can possibly be avoided at all. In single cases, the driver intention detection can lead to
additional independent functions as well. The automatic activation of the turn indicator in
case of a detected lane change intention is an example for such an added benefit.
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8.3.4 Intention Detection in the Context of Automated Driving

The work within the UR:BAN sub-project VIE was performed with the background of
manual and assisted driving. Future development in direction of automated driving is
changing the driver’s role in the vehicle. This will make some of his activities prepar-
ing a manoeuvre needless if he does not have to act. On the other hand, without acting on
the stabilization level the driver may still have some tasks on tactical and navigation level.
Hence, there can be a changed need for the vehicle to detect these intentions. Addition-
ally, there is a strong need for a detection on the driver’s state and his readiness to resume
control in the context of automated driving. A detailed description of the research needs
with a specific focus on human factors work is given in [15].

An additional focus has to be set on the intentions of other traffic participants. Whereas
the VIE project studied the driver of the ego-vehicle only, the intentions of other vehicles,
respectively their drivers, will remain important with automated driving. Predicting the
behaviour of bicycles and pedestrians will be a further topic of relevance; [16] have already
pioneered some work concerning the recognition of pedestrian intentions.

8.4 Outline of Following Chapters

This introductory chapter on the sub-project VIE gives only a very high-level overview
but cannot go in the details of the work performed in the project. Therefore, the following
six chapters of this part will address specific aspects and results of the project. The focus
of the selection is not on completeness, but on a scientific presentation of particular top-
ics representing the project’s activities. The sequence of the chapters follows largely the
working steps of VIE.

Chap. 9 addresses the challenges of collecting and handling real world driving data.
This comprises strategies for data storage, data extraction, data correction and data enrich-
ment. All these strategies are illustrated with examples from a study on driving behaviour
when approaching an intersection under real environmental conditions.

An example of developing an algorithmic concept is described in Chap. 10 in the con-
text of visual driver distraction. The driver’s strategies to switch between on-road and off-
road glances are modeled based on sub-optimal control. This leads to an approach for
prediction of situation specific human behaviour in distracted driving.

The lane change behaviour out of an on-road study is analysed in Chap. 11 in order
to derive predictors on the behavioural, strategic, manoeuvreing and control level. It is
demonstrated that the familiarity with the route is the most important predictor for the
number of lane changes. Mirror glance patterns for specific lane change types resulted as
promising and quite stable intention predictors.

Chap. 12 is directly tied to the preceding chapter as it adds the assessment of the envi-
ronmental situation to the driver’s behaviour in order to predict upcoming lane changes.
The two information means are fused by means of a Bayesian network. The implemented
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algorithms work in real-time and provide a probabilistic estimation of the intention of the
driver to perform a specific manoeuvre.

Beside lane change manoeuvres the algorithms described in Chap. 13 focus on emer-
gency braking and evading situations. The algorithm is derived by means of Fuzzy Logic
and Edit Distance; the data concentrates on the driver’s vehicle control and his head- and
gaze behaviour. The real-time implementation calculates the manoeuvre probability and
the time horizon until it will be conducted.

The final Chap. 14 of this part focusses on an algorithm to detect the driver’s inten-
tion to brake when passing a pedestrian. Eye gaze data is analysed together with pedal
activity to assess the driver’s attention towards the pedestrian and his readiness to brake.
The implementation in a research vehicle allows for early warnings, while simultaneously
limiting their frequency to really relevant situations.

The work of the sub-project VIE is documented in several additional publications.
Some of the English written papers to be suggested for further reading include [17–27].
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9Analysing Behavioural Data fromOn-Road Driving
Studies: Handling the Challenges of Data
Processing

Matthias Graichen, Verena Nitsch, and Berthold Färber

9.1 Introduction

While driving studies on closed test-tracks or in driving simulators are characterised by
a high degree of experimental control (e. g. [1]), the diverse requirements of urban driving
cannot be easily simulated within these settings (e. g. concerning scenario programming).
Moreover, experimental studies with a high degree of control over potentially confound-
ing variables necessarily fail to reflect the complexity of real world scenarios. Observing
driving behaviour in real-traffic environments, however, entails numerous challenges of
data handling (similar to naturalistic driving studies), before data analysis, interpretation
or modelling can be performed. In behavioural research, this will mostly entail calcu-
lations of statistical parameters for specific performance measures [1], e. g. mean speed
when entering an intersection. When aiming to predict driving manoeuvres, this also in-
volves the preparation of “clean” datasets, which allow for appropriate data modelling
techniques and robust classification results free of interferences. The present chapter aims
to outline methodological issues and provides guidelines for analysts to tackle the numer-
ous data (and video) handling challenges that surface when confronted with similar on-
road driving studies. Specifically, these data handling challenges refer to:

� data storage,
� extraction of pertinent data,
� data correction procedures,
� enrichment of data.

The challenges and possible solutions are illustrated with examples from a study that
was conducted as part of the UR:BAN research initiative “Behaviour Prediction and Inten-
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tion Detection”, which aimed at investigating driving behaviour when approaching inter-
sections under real environmental conditions. Specifically, research objectives (amongst
others) entailed:

a. exploration of on-road driving behaviour when approaching different kinds of inter-
sections,

b. identification of indicators for predicting turning manoeuvres,
c. establishing a data base as basis for the algorithm implementation.

After briefly outlining the research rationale and the data collection process, the data
handling challenges and possible solutions are described.

9.2 Driving at Urban Intersections

Driving in urban areas, one encounters a great variety and dynamic of traffic participants
in diverse scenarios. Additionally, urban traffic scenarios vary with regard to many dif-
ferent environmental features which are likely to affect driving behaviour. Environmental
conditions can rapidly change as the driver moves along the blocks and stretches of roads
with variations in geometry or other architectural features and constraints which influence
the general visibility of traffic participants and other potentially safety-relevant objects.
The inner-city traffic scenario with the highest accident risk are intersections, where 24%
of accidents with personal injuries occur, and 16% of accidents occur while turning [2].
While approaching intersections, the driver is confronted with a great number of tasks,
which may vary throughout each intersection segment [3–5] and take predominantly part
on the strategic level of the driving task [6], for example:

� planning imminent trajectories (and indicating driving direction to other participants)
and safely merging into the ongoing traffic,

� while considering regulatory traffic measures (e. g. speed limits, stop signs, or traffic
lights),

� and also observing and anticipating the behaviour of other traffic participants, such as
pedestrians or cyclists (which may appear at crossing points or elsewhere, and may
move in contradiction to actual traffic regulations).

The extent to which these tasks can be executed successfully and safely depends in
part on the general visibility of these traffic features. The driver has to detect, identify and
assess an increasing amount of visual stimuli correctly [7] within a brief time span, while
approaching and crossing the intersection. Expectedly, drivers tend to perceive these spots
as highly demanding, particularly when confronted with low visibility at intersections and
when turning left [8]. Providing the driver with more support or (visual) information in
these complex scenarios gives rise to the challenge of avoiding a cognitive overload ([9];
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as cited in [10]). If the driver is confronted with unnecessary warnings, it may reduce
driving comfort or even impact safety negatively.

Hence, not every urban scenario requires the same amount of assistance. Preferably,
an ADAS should determine the general necessity for supporting the driver by considering
both situational and individual aspects and adapt accordingly. This was shown (i.a.) in the
UR:BAN research project “Human-Machine Interaction for Urban Environments”. For
example, a comprehensive situational analysis of intersections may contribute towards
developing an appropriate workload management, e. g. by suppressing incoming phone
calls [8, 11]. Analyzing situation-specific driver behaviour and individual driving data
may also be used to detect the driver’s awareness of crossing traffic and give out warnings
when an appropriate driver reaction is missing [12, 13].

The UR:BAN project “Behaviour Prediction and Intention Detection” also aims to
adapt ADAS strategies by predicting the intended driving manoeuvres of the driver in
the near future. Focusing on intersections again – and corresponding manoeuvres of turn-
ing or just going straight – information about imminent driver intentions might be used
to adjust intersection assistance systems, e. g. by re-evaluating the necessity of blind spot
warning which appears when a cyclist is approaching from behind and the driver wants
to turn, even if he has forgotten to activate the indicator. Regardless of crossing cyclists
or pedestrians the recognition of driver’s intent to turn at the next intersection, the system
might just kindly remind the driver to use the indicator (up to 25% of drivers fail to comply
with appropriate turn signal usage [14, 15]).

9.2.1 Effects of Driver Characteristics and Driver State
on Driving Behaviour

As long as the driver remains a part of the control loop, driving and safety behaviour is
more than just “the mechanical operation of a vehicle” [16], but also depends on individ-
ual’s characteristics (and temporary states, e. g. stress or fatigue). In Skippon et al. [17], the
correlation of observed driving data (in a driving simulator), personality traits and various
subjective measures of driving style were found, such as speed choice and accelerating or
braking behaviour. Similarly, the relationship of a more generic driving style measure and
longitudinal and lateral accelerating behaviour in real traffic environments was shown by
Deml et al. [18]. Sagberg et al. [19] outlined a conceptual framework for understanding
the relationship of global driving styles and actual measures of driving data and self-report
questionnaires. This relationship may be attributed to the effect of individual characteris-
tics and personality traits e. g. locus of control, sensation seeking or risk taking [16, 20]
on forming driving habits [19] and attitudes towards speed limits [21].

Combined, the previously mentioned findings suggest that drivers will behave accord-
ing to their individual characteristics (e. g. driving style) as well as according to situational
demands (e. g. stressful situations). For example, a driver assessed with a sporty driving
style will likely accelerate more strongly from a standing position and decelerate later be-
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fore turning than drivers assessed with a more relaxed driving style. In the former case,
higher situational demands (e. g. time pressure) may not necessarily provoke a sportier
driving style (e. g. because they already drive slightly above the speed limit). But this
might not hold true for drivers with a more comfortable driving style. Here, stressful con-
ditions may evoke a sportier driving style in order to meet the situational demands (e. g.
to arrive on time at the destination). Hence, prediction algorithms, which are designed to
detect the average behavioural data pattern before performing a driving manoeuvre (e. g.
turning manoeuvres), might not recognise the corresponding manoeuvre intention of ei-
ther sporty drivers or non-sporty drivers under high situational demands, as their driving
behaviour will not match the learnt data pattern. Thus, it is assumed, that the correlation of
driver characteristics and driving behaviour will also affect the classification performance
of prediction algorithms which rely on driving data. The intention of the project activities
was to investigate the potential and necessity of adjusting prediction algorithms to meet
the requirements of individual driver characteristics (e. g. driving style or driver state) in
order to provide either more precise or more timely and distinct manoeuvre predictions at
urban intersections (e. g. turning or going straight).

After a brief description of the considered driving scenario, the applied strategies to
gather insight into behavioural aspects when approaching intersections are presented using
actual data recorded in the study.

9.2.2 Data Collection of Driving Behaviour
when Approaching Urban Intersections

The on-road study entailed three identical rounds through an urban area of Munich, each
with a length of about 10 km. Each round lasted about 25min and included 17 turning
manoeuvres, which varied in approaching speed (limited to 30 or 50 km/h), turning di-
rections and structural characteristics (number of turning lanes, visibility at intersections,
etc.). The sample consisted of 30 participants (15 female) with a mean age of 30.43 years
(SD= 11.95 years) with an average total driving experience of more than 200,000km.
Half of the participants drove at least five times a week on a regular basis. The experimen-
tal vehicle was an instrumented Audi A6 Limousine, equipped with five cameras (front
scenery, right-hand scenery, pedal view and two cameras for driver observation), CAN-
bus interface and DGPS signals.

After filling in questionnaires that assessed demographic data and behavioural aspects
of driving, participants familiarized themselves with the experimental vehicle. In a first
round, participants experienced the route and a baseline of driving behaviour was estab-
lished. The following rounds were used for manipulation of driver state (induction of
stress). Participants were informed about the route prior to driving and were navigated by
an instructed examiner throughout the experiment. Upon return, the driver as well as the
examiner filled out a protocol to subjectively assess potential changes in driving behaviour
(e. g. regarding acceleration, gap behaviour or decreasing glance behaviour into mirrors)
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in the stress-induced round. At the end of the session, participants were fully debriefed.
Overall, the experiment took about 1.5 to 2 h.

9.3 Exploring Behavioural Data fromOn-Road Driving Studies:
Challenges and Solutions

When observing driving behaviour in real traffic environments, the obtained data must be
extensively explored and cleaned up in order to create comparable data sets which then can
be used in further (statistical) analyses. Regarding behavioural aspects while approaching
intersections or performing turning manoeuvres, several confounding variables must be
identified and filtered, such as static intersection attributes (e. g. visibility, intersection size,
or traffic regulation) as well as dynamic influences, e. g. stopping manoeuvres due to red
traffic lights or interactions with other traffic participants. Moreover, to handle the great
amount and variety of data from on-road studies, several data handling strategies must
be conceived, which pertain to the following aspects: Data storage, data extraction, data
processing, data quality, and data enrichment. In order to achieve this, a comprehensive
infrastructure was developed, as shown in Fig. 9.1 [22]. The following sections describe
the applied strategies to create comparable datasets, which can then be further processed
in common analysis tools, e. g. SPSS, R or MATLAB, for inferential analyses or data
modelling. In addition, various methods are proposed, to enrich the analyses with meta-
information on intersections or by extracting additional information already inherent in the
obtained data. Each step will be explained using the actual data from the study described
in the previous section.

Fig. 9.1 Data handling infrastructure
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9.3.1 Data Storage

For the present work, all data from the CAN-interface, GPS-signals, questionnaires and
various meta-information about intersections were stored in an open-source PostgreSQL
database ([1, 23]; http://www.postgresql.org). For managing DB systems the freeware
version of EMS SQL Manager for PostgreSQL (http://www.sqlmanager.net) can be re-
commended.

The main reason for using DB were the limitations of common analysis tools with
regard to handling large amounts of data, as most store the data in the computer’s work-
ing memory (WM). For example, the exported data of selected CAN-signals from the
present study take up about 38 Megabyte on average when saved in a text-based csv-for-
mat. Importing the data of all 30 participants into R would already take up more than one
Gigabyte of the available WM. Moreover, as several steps of further data processing are
necessary, there will also be additional instantiations of data objects within the used frame-
work. Even if not all sections within these datasets are relevant at first, filtering for these
sections would take up additional WM, before irrelevant sections can finally be removed
to deallocate WM. In addition, this filtering of data may be preceded by computationally
extensive calculations of new variables on the complete dataset for each participant that
are necessary for the extraction of comparable data sections (e. g. distance to intersection;
Sect. 9.3.2), and which would ultimately exceed the WM limits of common computers.

An alternative approach would be a sequential application of data filtering and process-
ing techniques. But this procedure does not easily allow for effective data enrichments
(e. g. adding data of annotated glance behaviour; Sect. 9.3.5.3) or flexible extraction of
data sections with changed criteria (e. g. starting at 100m before entering the intersection,
instead of 50m).

By design, common DB types [1] use the hard drive instead of the WM for storing and
instantiation of data objects. Technically, computational seek time will be faster on WM,
so final analysis would be done using common tools such as those stated above. But as
the computation of the intended extraction criteria on the complete data will only be exe-
cuted once, it is considerably more effective when executing the computation procedures
and storing both the data and the newly computed values within a unique DB. Addition-
ally, when using solid-state drives (SSD), computational time will significantly decrease
compared to typical hard disk drives (HDD).

Aside from the advantages for data management and flexibility, an initial constraint
related to DB utilization concerns the complexity of DB systems, which can lead to dif-
ficulties in user interaction without training and knowledge of a particular DB language
(e. g. SQL; e. g. [24]). For more details on developing a DB for storage and analysis of
behavioural data, see Pereira et al. [23].

http://www.postgresql.org
http://www.sqlmanager.net
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9.3.2 Data Extraction: Identification and Computation of Filter Criteria

For the extraction of relevant data sections, it is necessary to define points-of-interest
(POI) on the driven route, which can then be filtered when querying data from the DB.
With regard to the research objective of developing prediction algorithms for intersection
manoeuvres, the POIs were defined as the last position before entering an intersection at
which any supporting ADAS may benefit from prediction results to support the driver and
to avoid safety critical events (e. g. when observing rare glances into the side mirrors or
glances over the shoulder to check the blind spot before performing a turning manoeuvre).
This might be the middle position on the stopping line, or otherwise an imaginary line
when no road markings are available, e. g. the adjacent border of the cross road, dedicated
walkways or cycle lanes.

In order to operationalise a POI as a potential filtering criteria when querying data
from the DB, an approximate arrival measure was computed using values of GPS, driven
distance and timestamps in five steps (cf. Fig. 9.2):

1. Detecting GPS-coordinates for each POI j as reference point Refj using digital map
data.

2. Computing the linear distances dij .t/ D d.Refj ;GPSi .t// between each reference
point Refj and the actual GPS-positions GPSi .t/ of the driver i at each timestamp t .

3. Filtering dij for minimum values dij;min D min.dij /.
4. Extracting corresponding values for driven distance DDi .t/ and driven time DTi .t/ at
dij;min.

Fig. 9.2 Left: GPS-trajectory, GPS reference point and DTI of maximum steering angle (a) and
GPS-anomalies (b)
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5. Computing either the distance-to-intersection DTIij .t/ and time-to-intersection
TTIij .t/ for each intersection by subtracting actual values DDi .t/ or DTi .t/ from
the extracted values DDij .t/dij;min or DTij .t/dij;min found in the previous step.

Refj was determined by a meaningful position (here, using Google Maps) lying close
to the anticipated driver’s trajectory. The linear distances in step 2) were computed within
the DB using PostGIS (http://postgis.net; [25]). The last step will result in an approximate
measure of arriving at the POI, as Refj may not lie exactly on the drivers trajectory. For
example, assuming a DTIij D 0, the arrival measures will still exhibit spatial deviations
from the real Refj (d= 1.07m and �d= 0.65m), as dij only represents the smallest radius
around Refj found in the data of each driver i . To obtain more accurate values, arrival
measures can be re-computed within the analysis framework after applying extracting
a small relevant data section, applying the interpolating procedures and by-re-determining
Refj on (e. g.) the median GPS trajectories of all drivers within the extracted data section.
The arrival measures can also be used for synchronizing data when comparing driving
performance at different intersections.

For efficient computation of the arrival measures within the DB (as well as for reasons
of clarity and comprehensibility), it is recommended to split the imported (and synchro-
nised) vehicle data (e. g. GPS data and CAN signals) into separate datasets according to
their absolute necessity for computing values of DTI or TTI. Here, this only concerns the
variables of driver ID, elapsed time, driven distance, round, and GPS coordinates. Thus,
no unnecessary data (e. g. values for speed) get included in each computation step, which
has beneficial effects on computation time and occupied hard drive space.

9.3.3 Data Processing: Building a Framework

For querying the data from the DB and further data processing a comprehensive frame-
work in R (http://www.r-project.org) was (iteratively) developed using RStudio (http://
www.rstudio.com). The complete framework consists of numerous functions, which were
continuously developed throughout the project. These functions can be assigned to five
modules: Initializing, data querying, data pre-processing, data analyzing and modelling,
and data visualization. The main reason for setting up this modular structure was to
establish a versatile platform which facilitates a) exploring and analyzing data for all
intersections from the present study and following studies, b) filtering of potentially con-
founding variables, adding supplemental variables or easily selecting different processing
parameters (e. g. extraction criteria, or clustered groups and similarity measures), and
c) high reproducibility and transparency of the applied procedures.

9.3.3.1 Initializing
The module “Initializing” was essential for all other modules, as it prepared all necessary
components for further data processing when starting the framework. This was realised

http://postgis.net
http://www.r-project.org
http://www.rstudio.com
http://www.rstudio.com
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Table 9.1 R packages

Function Package Main objective
Database DBI Communication between R and relational DB

RPostgreSQL R interface to the PostgreSQL database
Data manipulation dplyr Tool for working with data frame like objects

tidyr Tool for data tidying
Pre-processing zoo Infrastructure for time series

geosphere Functions for geographic applications
Analysis TraMineR Analyzing and visualizing state sequences

kml Clustering longitudinal data

dtw Computing dynamic time warping alignments for
clustering

LICORS Cluster analysis using kmeans++

TSclust Time series dissimilarity measures for clustering
Visualization ggplot2 Implementation of Grammar of Graphics

ggmap Spatial visualizing

googleVis Interface between R and the Google visualization API

plotly Interactive web graphics

using adjusted starting parameters of R and a single script setting up necessary data paths
(e. g. for loading already processed data from the last analysis session), libraries, functions
(e. g. for interpolation or correction procedures), and preliminary settings (e. g. for data
analyzing, modelling and visualization). Following additional packages (which can be
easily found online by searching for “R+ [package name]”) were used for effective data
exploration and analysis (see Table 9.1).

9.3.3.2 Data Querying: Setting Data Selection and Loading Data
from the Database

For efficient data retrieval from the DB a function within the R framework was built,
which constructs a complete SQL query command using specified settings in a R script
concerning a) data source (table name within the DB), b) selection of session-related vari-
ables (e. g. driver ID, round and intersection) and extraction criteria (e. g. DTI or TTI), and
c) a selection of relevant variables of driving behaviour. The complete SQL string could
then be sent to the DB using the package DBI for querying and receiving data from the
DB. Additionally, DBI-functions were also used to write new data into the DB (e. g. when
using R as efficient processing tool for processing questionnaire data in Excel or annotated
video data from ELAN, or for saving results from diverse analyses).
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9.3.3.3 Data Pre-processing
Data pre-processing involved procedures for data exclusion, data correction and data inter-
polation. For example, data exclusion concerned cases, in which drivers had to stop, e. g.
due to red traffic lights or high traffic density. Data correction procedures concerned the
adjustment of arrival measures due to some GPS-anomalies (Sect. 9.3.4.2) and the value
range of some variables. Interpolation procedures were applied to harmonise datasets of
different drivers in terms of DTI or TTI (e. g. equidistant steps, e. g. of 1/10 meters or
seconds). This was necessary in order to correctly extract statistical key values (e. g. mean
speed at a DTI of 5m) or prepare data for cluster analyses. As the application of these
procedures depends on the aim of following data analyses, they were not already included
into the data querying procedure described above.

9.3.3.4 Data Analyzing, Modelling and Visualizing
The module of data analyzing and modelling consists of several standard procedures for
inferring (statistical) key values (e. g. speed differences between the conditions of normal
and stressed driver condition) and methods for data exploring (e. g. cluster analyses of
speed profiles when approaching the intersections), which were transformed into re-usable
functions for divergent research questions.

When confronted with data from real-traffic scenarios, data visualization is crucial part
for gaining insights into data. Particularly interactive graphic packages (e. g. plotly and
googleVis) allow for fast and valuable insights into data and case-wise identification of
outliers. To create sophisticated plots, and allow for standardised designs in project reports
several scripts and functions were developed for efficient re-utilization.

9.3.4 Data Quality: Exploration and Correction Procedures

Before any data exploration or analyses can be performed, many preliminary strategies
for storing, cleaning, enriching and pre-processing data must be applied. Each of these
strategies may be a potential source of error, particularly when applying complex pro-
cessing procedures as the computation of arrival measures (Sect. 9.3.2). As a preventive
measure against flawed analyses and interpretations, it is crucial to check the results of
each processing step and the recorded data itself for plausibility.

9.3.4.1 Data Exploration and Plausibility Check
In order to check the data plausibility efficiently at each data processing step, it is recom-
mended to establish a routine for creating statistical summaries or visualizations, which
can be easily queried on demand. The type of these routines depends on the current com-
putation procedure or tool (DB or data processing framework). A possible source of errors
within the data can be failures in the recording procedure (which potentially cannot be
changed in closed systems). For example, in the present study, this concerned the value
range of GPS signals and position data of the accelerator pedal, which could easily be
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adjusted by linear transformation within the DB. Visual procedures were applied within
the R framework, e. g. for checking variables involved for computing the arrival measures.
Moreover, exploratory visualization of GPS data within extracted data sections revealed
GPS signal anomalies at some intersection crossings (Fig. 9.2). Based on these data explo-
rations appropriate correction procedures or filter methods can be developed, which can
then be applied before performing final data analyses.

9.3.4.2 Correcting GPS Signal Anomalies
When applying the described procedure for computing an arrival measure to the identified
intersection crossings containing GPS signal anomalies, minimum GPS distances to Refj
and corresponding values of DTIij or TTIij would be displaced. This displacement had
also been indicated by visualization of values for individual steering angle profiles while
turning (Fig. 9.3), which should approximately lie on top of each other. As sample size
is crucial for statistical analyses and model validation, a correction procedure was imple-
mented using data from intersection crossings without GPS anomalies. This procedure
comprises the relocation of displaced arrival measures by the difference that results from
the individual drivers’ position when reaching the maximum steering angle (Fig. 9.2) to-
wards the overall median position when reaching the maximum steering angle. This can
be implemented as follows:

1. Visually exploring GPS signals of each individual intersection crossing CROSSij and
determining relevant cases CROSS_anomij required to be corrected.

2. Determining if signal anomalies in CROSS_anomij led to positive or negative dis-
placement of arrival measures.

3. Filtering values of steering angles ıij for maximum values max.ıij / for each CROSSij .
4. Extracting corresponding values for DTIij .t/or TTIij .t/ within the filtered data from

the previous step, where ıij D max.ıij /.

Fig. 9.3 Steering angle values before (a) and after correction (b)
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5. Filtering data for :CROSS_anomij (cases without signal anomalies) and computing
the median of DTIij .t/ıij Dmax.ıij /.

6. Filtering data for CROSS_anomij and compute the difference between the actual
DTIij .t/ıij Dmax.ıij / and the medianeDTIij .t/ıij Dmax.ıij / computed in the previous step.

7. Moving the actual values DTIij .t/ıij Dmax.ıij / of cases CROSS_anomijby adding or
subtracting the computed difference from the previous step.

9.3.5 Data Enrichment

Data collections from real-traffic environments are affected by many variables. In order
to analyse and interpret the data, it is therefore necessary to identify, and extract or quan-
tify these potentially confounding variables. With regard to intersections, this particularly
concerns both data related to static (e. g. obstructed visibility) and dynamic environmen-
tal aspects (e. g. preceding vehicles). Previous research also found a correlation between
intersection features (e. g. geometry, turning angles and visibility at intersections) and
driver perception and safety behaviour [26–28]. Moreover, the recorded data can be used
to extract even more information than the actual driving performance measured by CAN
signals, e. g. glance behaviour or pedal activity. Further differentiations of behavioural as-
pects in intersection approaches have also been made using scenario segmentations and
comprehensive task analyses regarding driver’s operational activities and estimated mental
workload (see e. g [3, 4].).

Regarding the approaching behaviour at urban intersections, the present analysis con-
cerned the classification of confounding or supplementing data, shown in Table 9.2.

Table 9.2 Classification of variables obtained from data enrichment

Data related to: Variables Data source
Static environmental aspects Intersection type OSM

Speed limitations OSM, CAN, Video

Priority regulations GoogleMaps (Satellite), Video

Number of turning lanes GoogleMaps (Satellite), Video

Intersection angle OSM, GoogleMaps

Intersection size CAN

Path curvature GPS

Intersection visibility Video
Dynamic environmental aspects Other traffic participants Video

Traffic flow Video & CAN
Driving performance Arrival measures GPS & CAN

Glance activity Video

Pedal activity CAN, Video

Driving style CAN
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The first additional data related to driving performance have already been obtained by
computing arrival measures using GPS signals and CAN data (Sect. 9.3.2). The followings
sections describe the extraction of this additional information from the recorded vehicle
or video data, and other external data sources to enrich the analyses and interpretation
processes.

9.3.5.1 Intersection Characteristics Obtained from External Sources
The intersection type (three-leg T-intersection, coded as “T”, or full four-leg intersection,
coded as “X”) and speed limitations can be easily determined by searching for relevant
street names on OpenStreetMap (OSM; http://www.openstreetmap.org) and exploring the
map data and the “maxspeed” parameter given in the street information panel. However,
this data should also be verified by checking the actual speed profiles in corresponding
data sections, and by exploring the recorded video data for street signs.

To determine priority regulations and the number of dedicated turning lanes at relevant
intersections satellite images of GoogleMaps can be used. However, these data should also
be verified by checking the recorded video data, which also provide information about
potential temporary obstructions or construction works.

Map data (OSM or GoogleMaps) can also be used to determine the general (categor-
ical) intersection angle (e. g. closed, perpendicular or opened angle; see [28]). Numeric
values for angles can be calculated approximately by means of imaginary lines between
GPS reference points on relevant crossroads, the apparent intersection center and the ori-
gin of the driver.

9.3.5.2 Supplementary Information Obtained from Recorded Data
In addition to the information on static environmental aspects obtained from external
sources, more data of interest are contained within the actual recorded data, which are
not readily obtainable. The following sections describe methods for extracting additional
information from the data regarding further environmental aspects or driving performance.

9.3.5.2.1 Intersection Size
A measure for intersection size was derived using the distance between the Refj and the
averaged position where drivers reach DTImax.ı/ij while turning. Values range from 2.4m
(e. g. small intersections without traffic light) up to 32.9m (e. g. multi-lane intersections
with traffic lights). Table 9.3 shows a summary of categorical intersection characteristics.

9.3.5.2.2 Path Curvature
The anticipated path curvature of the driver was computed in order to implement parts of
the prediction algorithm by [35], which is based on desired speed profiles when approach-
ing intersections. To generate these profiles, they propose (i.a.) a method by extracting
and converting the path curvature from digital map data into speed profiles. As no digital
map information was available in the present data, path curvature was extracted using the
median GPS trajectory at each intersection and an approximate computation procedure.
This can be implemented as follows (cf. Fig. 9.4):

http://www.openstreetmap.org
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Table 9.3 Intersection characteristics

Nr. Typea Regulation Intersection size in m (SD) Lanes (turning)c N after exclusion

1 TL give way 2.38 (1.58) 1 (-) 54

2 XL light 12.16 (4.41) 2 (-) 42

3 SL give way 7.99 (2.26) 2 (1) 53

4 TL (light)b 2.41 (2.68) 2 (-) 44

5 XR light 15.02 (1.64) 1 (-) 28

6 XL light 13.72 (2.24) 3 (1) 28

7 XR light 12.32 (2.58) 3 (1) 36

8 TL light 17.18 (4.79) 2 (1) 42

9 XL light 32.94 (4.23) 3 (1) 44

10 XL light 23.67 (4.53) 3 (1) 40

11 XR light 9.41 (3.3) 1 (-) 25

12 XL light 14.82 (2.58) 3 (2) 37

13 SR light 10.52 (3.6) 2 (1) 28

14 TR give way 8.79 (2.4) 1 (-) 55

15 XL light 30.8 (6.31) 2 (1) 27

16 SR light 17.1 (2.52) 1 (-) 40

17 SL give way 7.83 (4.74) 1 (-) 58

a First letter represents T-intersection (T), full intersection (X) or T-intersection for either turn or
going straight (S). Second letter represents direction of turning left (L) or right (R).
b Intersection 5 regulated by traffic lights 15m before drivers still had to halt for giving way.
c Lanes represent general number of lanes before entering the intersection, independent of potential
designated direction. Turning lanes correspond only to turning direction.

1. Computing the median GPS trajectory values eGPSj .s/ for each intersectionj
2. Smoothing values for eGPSj .s/, e. g. using a moving average filter to obtain a more

realistic curvature profile.
3. Calculating the radius for each data section of three points, e. g. eGPSjsmoothed.s1I s2I s3/.
4. Limiting the obtained curvature values rj(s) to a plausible value range (depending on

smoothing parameters).
5. Calculating the reciprocal of the obtained values rj(s) to calculate curvature values
� j(s).

6. Smoothing values of � j(s) to obtain the approximate path curvature model.
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Fig. 9.4 Conversion of curvature radius into path curvature (a) and path curvature models of each
intersection, aligned at maximum values of path curvature (b)

9.3.5.2.3 Visibility at Intersections
Models of visibility at intersections were estimated using scene stills from the front cam-
era of one driver. For this purpose, images of the video were extracted at each timestamp
corresponding to DTIs beginning at �50m and ending at 0m .Refj /, in steps of five me-
ters. Relevant video time stamps could easily be exported using the DB. In these images,
xy-coordinates of pixels were measured (using IrfanView; http://www.irfanview.com) as
markings (Fig. 9.5a) for the maximum range for potential glances to the left (red line) and
right side (green line). Visibility values can be computed either as percentage of range to
any side relating to the center of the camera (black line) or the middle of the intersection
(blue line). For smoother projection of the data against DTI, computed visibility values
were smoothed by curve fitting (see Fig. 9.5b).

Fig. 9.5 Extraction of visibility parameters (a) and clustered visibility models into each cross-
road (b)

http://www.irfanview.com
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To obtain more precise visibility models, sophisticated methods using LiDAR tech-
niques are proposed in literature, which can also consider parameters of the vehicle model
and the driver’s eye-height [29, 30]. Moreover, further differentiations could be made by
determining actual (e. g. poles) and potential obstructions (e. g. tree branches; see [30]),
or – with regard to urban areas – temporal obstructions, as parking delivery trucks.

9.3.5.2.4 Other Traffic Participants and Traffic Flow
To avoid biased interpretations of individual driving behaviours, the presence of preceding
vehicles had to be analysed using video analysis for each subject at each intersection. In
combination with speed data it could be determined if the crossing involved 1) free-flow-
ing traffic without stopping (unimpeded driving), 2) free-flowing traffic, but stopping (e. g.
at stopping line, due to red traffic light), 3) following a preceding vehicle without deceler-
ating, 4) following preceding vehicle decelerating to stop, and 5) approaching the end of
a tailback (2–5 impeded driving). Here, a lower deviation of 5 km/h before entering the in-
tersection was used as stopping criteria (Fig. 9.6). Further, video data of interactions with
pedestrians or cyclists were explored, which did not occur at the relevant intersections.

With regard to the research question, these filters for stopping drivers or preceding
vehicles (impeded driving vs. unimpeded driving) were used to establish a “clean” data
basis for modelling driver behaviour when approaching intersections and implementing
the prediction algorithm for turning manoeuvres.

9.3.5.3 Video Annotation of Glance Behaviour
The study was intentionally designed with the constraint of using only technologies, which
can already be used in commercially available cars (e. g. CAN signals, GPS data or cam-
eras for driver observation) and would not require any additional actions by the driver.
Hence, no system for detecting eye- or head movements was used to avoid distraction of
the driver, potential discomfort due to eye tracking glasses or time-consuming calibration

Fig. 9.6 Speed profiles for impeded and unimpeded driving before entering the intersection
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Fig. 9.7 Areas of interest. (© UR:BAN)

procedures. Past research efforts has demonstrated the possibility of extracting glance di-
rections by means of video cameras (e. g. [31]). Although similar computational detection
algorithms for deriving glance activity could have been used in offline data, a manual an-
notation procedure was preferred to ensure that the analysis and interpretation processes
are based on a complete dataset.

Glance directions were annotated from video data of two driver observation cameras,
frame-by-frame. For the annotation process the software ELAN (http://tla.mpi.nl/tools/tla-
tools/elan/; [32]) was used. The analysed categories for glance directions (Fig. 9.7) were
chosen based on preliminary considerations of potential areas-of-interest and literature
(e. g. [33]). Glances to side mirrors could not be differentiated consistently from general
glances to corresponding sides and were therefore merged into global categories of “left”
and “right”.

Only video data for the second and third round were annotated, and only for sections
immediately preceding the intersection. Annotations started at DTIs within a range of
�100 to maximum �35m, depending on the intersection lying within the driver’s field of
view, and ending at corresponding video timestamps when reaching Refj . Relevant ranges
of video time stamps could easily be exported using the DB. All data were double checked
by a second annotator. Annotation data were stored and synchronised with CAN-signals
in the DB (Sect. 9.3.1).

9.4 Summary and Conclusion

Compared to studies on closed test-tracks or in driving simulators, observing driving be-
haviour in real-traffic environments not only involves a great amount of data but also
numerous potentially confounding variables. The purpose of this chapter was to outline
methodological challenges that ensue when confronted with on-road driving studies or
analyzing driving behaviour in complex (urban) traffic scenarios. Several strategies were
proposed to meet the related challenges of data handling. The strategies were illustrated

http://tla.mpi.nl/tools/tla-tools/elan/
http://tla.mpi.nl/tools/tla-tools/elan/
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based on a study that had been conducted to analyse and predict turning manoeuvres at
urban intersections based on real driving behaviour.

With the proposed infrastructure, data correction procedures and extracted filters for
potentially confounding variables, it is possible to establish a “clean” data basis to im-
plement and adjust a prediction algorithm for turning manoeuvres according to individual
driver characteristics.

Urban intersections are characterised by numerous individual features. The proposed
classification of environmental features can be used to build a comprehensive model of
an individual urban intersections in order to better understand related driving behaviour
(but is not intended to be exhaustive). This classification could also be used to supplement
analyses of driver operations (or driver workload) in task analyses. Within each section, all
necessary tools or packages were cited (and are freely available) to re-build the proposed
infrastructure.

Applying the described strategies for data handling using DB systems and data process-
ing framework as well as applying the procedures of data correction and data enrichment
is effortful, time consuming, and requires some additional programming skills and soft-
ware knowledge (which can be easily learned considering the many free online tutorials
on SQL, R, MATLAB etc.). Nevertheless, experience has shown that it is worth the ef-
fort in many ways. Storing data in a unique place makes data easy accessible and allows
for highly flexible analyses. Further research activities also built upon the proposed infra-
structure (e. g. [34]). Moreover, the procedure of computing extraction criteria has been
successfully applied to other on-road studies. With respect to large-scale research initia-
tives (such as UR:BAN) or similar complex research questions involving driving studies
in real-traffic environments, it is highly recommended to anticipate a similar comprehen-
sive structure for data processing and analyzing from the beginning, as it will yield many
benefits throughout further research activities.
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10Predicting Strategies of Driving in Presence of
Additional Visually Demanding Tasks: Inverse
Optimal Control Estimation of Steering and
Glance Behaviour Models

Felix Schmitt, Andreas Korthauer, Dietrich Manstetten, and
Hans-Joachim Bieg

10.1 Introduction

Driver distraction is a psychological concept that can be defined as “diversification of at-
tention away from activities critical for safe driving towards a competing activity” [1].
Commonly, driver distraction is categorized into three types: Visual distraction, is the di-
versification of visual attention from the scenery in front of the vehicle to other regions.
For example, drivers are frequently looking at an in-vehicle display instead of the road
ahead of the vehicle. Often, interaction with in-vehicle infotainment does not only re-
quire looking at a display but also removing one hand from the steering wheel to press
certain buttons. Hence, this activity does impose manual distraction in addition to visual
distraction. Finally, distraction can also result from bound cognitive resources, e. g. during
intense conversations, which is cognitive distraction (ibid.). Safe driving requires predom-
inately the acquisition and processing of visual information for lateral and longitudinal
vehicle control [2]. Accordingly, several studies found distinct negative effects of visual
distraction, i. e. too less glancing on the road, on driving performance. Some authors e. g.
showed slower and impaired response to lead vehicle braking [3] or impaired lane-keeping
[4] of visually distracted drivers. In contrast to that, the influence of cognitive distraction
on driving performance is rather ambiguous: [5] found a decrease of the deviation from the
lane-center, while in [6] a delayed hazard response was observed. Therefore, this chapter
will focus on modelling driver behaviour under visual distraction only. All forms of dis-
traction considerably contribute to accidents on streets, roads and highways. An analysis
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of the 100-Car Naturalistic Driving Study even concludes that approximately 80% of all
crashes and 65% of all near crashes involve inattentive drivers as a contributing factor [7].
Hence, mitigation of the driving deficiencies caused by driver distraction promises a great
impact on road safety.

10.2 Distraction and Additional Tasks in Driving

As already included in Lee’s definition, distraction is normally induced by an additional
activity the driver is engaging while driving. The activity, that can range from reading in-
vehicle instruments, to checking the mirrors, using the vehicles infotainment, or texting
on the smartphone, is considered as a secondary task opposing the primary task of safe
driving. Some authors differentiate secondary tasks e. g. (ibid.) between distraction by
non-driving related secondary tasks (e. g. texting on the smartphone) or driving-related
inattention to the forward roadway (e. g. checking the mirrors). Instead, we follow [8] and
treat glances away from the forward-road the same independently of the cause. Regarding
driving safety, the most important driving tasks are keeping the vehicle in lane and keeping
a safe distance to all obstacles in driving direction. As both of these tasks require the
perception of visual cues in the forward scenery, all long glances off the road endanger
driving safety.

10.3 Approaches to Mitigate Distraction

10.3.1 Conventional Driver Assistance Systems

Critical situations resulting from visually distracted drivers can already be partially miti-
gated by conventional driver assistance systems, e. g. forward collision and lane departure
warning. However, these systems can be greatly improved in their risk assessment, if they
take into account the driver’s ability to deal with the current driving situation by his own.
For example, an impending lane crossing can be the result of an intended lane change or
be rooted in a driver who is distracted and does not perceive the vehicle’s position in lane.
Considering the vehicle’s trajectory alone both cases are hardly distinguishable. However,
in the first case a warning is not necessary and can even be a nuisance, whereas in the
latter case even an earlier warning might be appropriate. Hence, knowledge of the driver’s
distraction state and a holistic risk assessment could prevent unnecessary interventions
and greatly improve system effectiveness, as demonstrated in [9, 34].
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10.3.2 Driver Assistance Systems for Assessment of Distraction

Because of its strong influence on crash risk, several approaches for detection and assess-
ment of inattention have been proposed, which are reviewed in [10]. Recent progress in
computer vision enabled real-time eye tracking. Therefore, many approaches that address
visual distraction rely on the driver’s gaze-direction (or the head-orientation as an approx-
imation). Many authors [7, 11], first processed the raw gaze direction by detecting if it
intersects a certain Region Of Interest (ROI). This region is defined as a plane, through
which the driver has to look to gather necessary visual information for lane keeping and
headway control in the forward road scenery. A possible ROI is depicted in Fig. 10.1.

An open question in driver distraction research is how to algorithmically decide, that
drivers are too distracted in a specific situation. Yet, an assistance system would warn
or even intervene on the algorithms decision. Consequently, the system would become
a nuisance if the driver was falsely detected distracted too often and cause the driver to
turn it off. Nevertheless, any dangerous situation has to be classified correctly.

Several authors, e. g. [11, 12], proposed algorithms for decisions on critical distraction
that in fact detect the periods of engagement in a secondary task during driving. Often such
additional tasks are the reason for long off-road glances, as alreadymentioned before. Still,
this approach has an issue: Some potentially visually distracting activities, e. g. checking
the speedometer or mirrors, are required for safe driving. If those instruments are placed
carefully, those activities pose little risk in many situations, as they require only short
glances. Additionally, drivers often apply compensatory mechanisms [13] in secondary
task engagement. Therefore, drivers should not receive interventions from the system for
those task per-se in low criticality situations. For example, a short glance on the rear
mirror or also to the infotainment (as we don’t distinguish between types of tasks) should
be allowed at low speed in light traffic on a highway.

As an alternative to detecting secondary task engagement the perceived distraction can
be predicted, as proposed by [14, 35]. To achieve this, subjective distraction ratings based
on 10 s of video of the driver and the outside scenery were used. While ratings are very
useful to judge the quality of a final mitigation system including warnings, this approach
is problematic for the sole assessment of distraction. First, it does not reliably relate to
objective risk. Objective risk, e. g. the probability of a lane departure, depends on several
variables of the situation, like the position of the vehicle in lane or the vehicle’s velocity,
which can rapidly change over seconds. Although humans are able to process these vari-
ables and act accordingly, it is usually munch harder to jointly quantify these in a single

Fig. 10.1 Illustration of a typi-
cal ROI
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rating. This is the case especially if a rather vague definition as the one of [1], which we
cited in the introduction, is used for instruction.

Prediction of the relative crash risk by ROI-based algorithms was investigated by [15].
Here, the authors used data of a large naturalistic driving study [7]. Similar to the other
approaches, the dependence of appropriate gaze behaviour on the specific situation was
neglected. For development of a mitigation system, this methodology bears an additional
problem: It would require a similar amount of crash data with the specific sensor concept
of the system for algorithm evaluation. Clearly, this is not economically feasible.

10.4 Modelling Driver Strategies for Allocation of Visual Attention

A major problem of the reviewed approaches for assessment of driver distraction was
a missing relation of the attentional demands of the current driving situation for safe driv-
ing. However, it is long known in the human factors and cognitive science communities
that drivers are able to adequately adapt their gaze behaviour to situational demands: [16]
showed already that the time drivers are willing to drive with occluded vision monoton-
ically decreases with the vehicle’s velocity. Other authors, e. g. [17], repeated the exper-
iments and found similar results. In this chapter we present how these findings can be
modelled in the context of a present secondary task. Here, we consider attentional de-
mands of driving situations and the additional task and derive the potentially sub-optimal
strategies applied by drivers.

10.4.1 Related Approaches based on Optimal Control

In driving and many other cases attention is closely linked to performance in a control task,
e. g. keeping the vehicle in lane. For these scenarios [18] suggested that the behaviour of
an experienced operator can be characterised by an optimal joint attention allocation and
control strategy. Blaauw et al. [19] applied this model to lane keeping under temporary
occlusion, where the experimental data of experiment [17] could be predicted.

As the opinion paper [20] suggested, we build on the optimal attention allocation con-
trol concept for modelling visually distracted driving. In this work, similar as [19] the
scenario of lane keeping is considered. Here, we extend previous approaches by em-
ploying the principle of Maximum Causal Entropy (MCE) [21] to explicitly model to
what extent drivers deviate from the optimal strategy. This is highly important for risk
assessment. In contrast to previous work, where the attention allocation strategy was com-
puted by “brute-force” search, we recently presented an efficient solution for optimal gaze-
switching distracted driving by means of dynamic programming [22]. Finally, we adapt
the inverse optimal control method ofMCE to infer the optimization objectives and the hu-
man execution precision from real-traffic behavioural data. In previous work those values
were hand-tuned.
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10.4.2 Optimal Strategies in Markov Decision Processes

Markov Decision Processes (MDP)s provide a mathematical framework for characteriz-
ing sequential decision-making. An MDP consists of a state space X , a control space
U , a stochastic process model P.xtC1jxt ; ut /; xt 2 X;ut 2 U and a reward function
r.xt ; ut /. The goal in a finite-horizon MDP is to find a policy �.ut jxt/ maximizing the
expected reward

E

"
TX
tD0

r.xt ; ut /

ˇ̌̌
ˇ̌ P.xtC1jxt ; ut /; �.ut jxt/; p0.x0/

#

over a time horizon T , conditioned on the policy � , the dynamics P and an initial state
distribution p0. The optimality criterion is given by the famous Bellman equations:

QT .xT ; uT / D rT .xT ; uT / (10.1)

Qt.xt ; ut / D rt .xt ; ut /C EŒVtC1.xtC1/jP.xtC1jxt ; ut /� (10.2)

� 0
t .ut jxt/ D argmaxut ŒQt.xt ; ut /� (10.3)

Vt .xt / D EŒQ.xt; ut /j� 0
t .ut jxt/� (10.4)

Here, the function Vt WX 7! R is called Value-function andQt WX � U 7! R is called
Q-function. Note that EŒV0.x0/jp.x0/� equals expected reward

E

"
TX
tD0

r.xt ; ut /

ˇ̌̌
ˇ̌ P.xtC1jxt ; ut /; � 0.ut jxt/; p0.x0/

#

under the optimal policy. Starting with QT the Bellman equations can in principle be
used to optimally solve MDPs recursively, what is referred to as dynamic programming.
However, in practical problems X;U are usually of large size or even continuous. This
often prevents analytic computation.

The optimal policy � in Markov Decision Processes requires perfect knowledge of
the state xt . However, in visually distracted driving this is not the case: If the driver is
not looking at the road he/she cannot perceive the vehicles position. Instead, he/she re-
lies on an uncertain estimate of the states. Partial Observable Markov Decision Processes
(POMDPs) offer an extension of ordinary MDPs to account for this issue. Instead of per-
fect state knowledge the policy relies on observations ot that result from the “true” state
by an Observation Model (OM) pot .ot jxt/. These observations can be used to maintain an
estimate of the state xt in form of a belief distribution bt.xt / that encodes the uncertainty
about the true states. Given a new observation ot the belief is updated by means of Bayes’
rule

bt .xt / / po .ot jxt/E ŒP .xt jxt�1; ut�1/ jbt�1.xt�1/; ut�1� ; (10.5)
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using the past belief bt�1.xt�1/ and the past applied control ut�1. Defining new states
x0
t WD bt .xt / and a new reward r 0.x0

t ; ut / WD E Œr.xt ; ut /jbt .xt /�, every POMDP can
formally be transformed into an equivalent MDP in the belief states. However, as x0

t is in
any case continuous valued, solution via the Bellman equations is often intractable.

10.4.3 AMarkov Decision Process Model for Lane Keeping
Under Distraction

10.4.3.1 Vehicle Model
We start with modelling the vehicle’s lateral dynamics by a kinematic single-track model
that is also frequently used in lane keeping systems e. g. [23]. It is formulated by the
system of ordinary differential equations2
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775 : (10.6)

The model can be derived from geometric relations illustrated in Fig. 10.2, using linear
approximations for trigonometric relations involving the small angle˚ . We also employed
a linear approximation of the steering wheel angle to P̊ relation. The variables and param-
eters of the vehicle are explained in Table 10.1

In this work we investigate driver behaviour based on data obtained in a rate of 25Hz.
Hence, we time-discretize the differential equation system and obtain the following dis-

Fig. 10.2 Illustration of the
geometrical relations of the
variables in the kinematic vehi-
cle model

Table 10.1 Variables and Parameters of Kinematic Vehicle Model

Symbol Definition Unit

yt Lateral position wrt. lane center lc m
˚t Angle between tangent of lane and vehicle’s longitudinal axis rad
˛t Steering angle rad
vt Vehicle’s absolute velocity m/s
�t Curvature of lane 1/m
c Steering-wheel transmission ratio
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crete-time linear-affine system

x
p
tC1 D A.vt /x

p
t C B.vt/u

p
t C a.vt /C �t : (10.7)

Here, we summarize the vehicle states in a primary-task state xpt D Œyt I Pyt I˚t I˛t � ; and
define upt D P̨ t . To account for unmodeled effects, our model also includes a normally
distributed noise �t according to a distribution N.0;˙s/.

10.4.3.2 Model of the Driver’s Perception
In this work, we make two simplifying assumptions about the driver’s perception of the
vehicle states:

1. All vehicle states are perfectly perceived when the driver’s glance is on the road.
Although this is not entirely physiologically plausible, as e. g. the human vestibu-
lar system cannot detect yaw rates below � 0:025 rad=s [24], we chose this model
as it allows more efficient optimal control. We compensate model errors by allowing
stochastic deviations from the optimal policy.

2. The driver can perfectly perceive the steering angle and cannot perceive all other vehi-
cle states during distracted driving. For the secondary task we used in the experiment,
this assumption is reasonable, as it requires glances with high eccentricity from the
road viewing direction. Hence, effects of peripheral vision can be considered negligi-
ble.

These aspects can be formalized in the OM

p.ot jxpt / D H.xot /x
p
t WD

(
ot � Œyt I Pyt I˚t I˛t � if xot D 1

ot � Œ0I 0I 0I˛t � if xot D 0
; (10.8)

where the binary variable xot indicates whether the driver looks through a ROI what allows
to obtain information about the vehicle state (D 1) or not (D 0). The driver can change xot
by means of gaze switches uot :

xotC1 D
(
xot if uot D 0

:xot if uot D 1
: (10.9)

10.4.3.3 Rewards for the Primary Task of Vehicle Control
To finalize the MDP a reward-function is required to assess policies. Regarding the vehicle
states we apply the reward model

�T '.yt ; Pyt ; ˚t ; ˛t ; P̨t / D ��1y2t � �2 Py2t � �3˛2t � �4 P̨ 2t ;8i W �i � 0: (10.10)

We assume that the driver seeks to keep the vehicle in the lane center, hence the squared
deviation from the road center and the squared lateral velocity are minimized. Further,
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penalties for the square of the steering angle and its velocity are employed to account for
steering of minimal effort. Note, that previous work used similar objectives in POMDP
modelling of automobile driving [19, 33].

10.4.3.4 Transformation from POMDP to Belief MDP
Before we proceed with describing the reward model on the secondary task and the gaze
behaviour, we first transform the discussed POMDP element into a belief MDP.

The partial observable vehicle states are subject to linear-affine dynamics and a linear
observation model with Gaussian noise. Hence, as a basic result from filter theory, the
belief is a Gaussian bt

�
x
p
t

� D N
�
�
p
t ;˙

p
t

�
that is given by the a-posterior distribution

resulting from the Kalman filter. Accordingly, the belief update manifests in

˙
p

tC1 D ˙1
tC1 �˙2

tC1 (10.11)
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T /�1 (10.14)
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tC1: (10.15)

The reward model of the belief, E
�
�T '
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p
t ; u

p
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� jbt
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��
can be expressed by

� �1 .EŒy�/2 � �2 .EŒ Py�/2 � �3 .EŒ˛�/2 � �4 P̨ 2 � tr
�
diag.�1; �2; 0; �3/˙

p
t

�
: (10.16)

Here, tr.X/ denotes the sum of the diagonal elements of a matrix X and diag.x; y/
denotes the diagonal matrix built from the scalars x; y. Note that as ˙p

t D 0 if the driver
is looking at the road, i. e. if xot D 1, the number of the timesteps dt the driver’s glance is
off the road can be used to substitute ˙p

t .

10.4.3.5 Rewards for Secondary Task and Gaze Behaviour
The optimal policy with respect to the objective on the vehicle states alone, results in fully
attentive driving. This is because the observation model when glancing away from the
road decreases control performance and leads to lower reward. Therefore, we assume that
the secondary task engagement is of some utility to the driver, i. e. also produces a certain
amount of reward. Mathematically, we formulate this as a generic constant positive reward
for every time step of engagement,

�5'
�
xot
� D �5x

o
t ; �5 � 0; (10.17)
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to account for a variety of tasks. As long as the reward from the secondary task outweighs
the loss of reward resulting from deteriorated vehicle control a certain amount of glances
will be paid to the secondary task. However, in the current reward model the optimal policy
will switch between both tasks in a high frequency: Because of the gradual increase of the
covariance in the belief xot D 0 will be held for only very few time steps. However,
in driving less gaze switches occur in the time scale of 25Hz. This is because switches
require interrupting the task, moving the eyes from the secondary to the outside scenery,
and likely also a refocus. Hence, we add a penalty

�6'.u
o
t / D �6u

o
t ; �6 	 0 (10.18)

to the reward model to account for the effort of gaze switching, similar as proposed in
[18].

10.4.3.6 Taking into Account Human Execution Quality
Although, optimal control provides a sound basis to characterise the driver’s strategic
behaviour, the optimal policy is not perfectly executed in real driving. One reason for
this is, that we neglected certain human limitations in the MDP. Additionally, individual
drivers differ in the specific choice of the control objective: For example, some drivers
might value the secondary task higher than others. For these reasons a stochastic policy
is more appropriate for predicting the range of real-world behaviour of drivers. This is
important especially in lane keeping, as the steering performance additionally influences
the necessary gaze policy: A driver who uses a more foresighted and low-noise steering
policy can glance away from the road much longer. Already [19] mentioned, that the
driver’s steering noise had a strong influence in their model. We adapt the principle of
Maximal Causal Entropy MCE [21] to systematically address this aspect in the optimal
control model. Here, we assume that drivers act according to a distribution of policies:

p.e�.ujx// / exp

 
E

"
TX
tD0

r.ut ; ut /jP .xtC1jxt ; ut / ;e� .ut jxt / ; p0.x0/
#!

: (10.19)

Under this distribution, the likelihood of a specific policy is a monotonic function of its
expected reward, i. e. the higher the reward, the more likely is the policy. This leverages
the interpretation of MCE as a model of sub-optimal yet proficient behaviour. Note that
scaling the reward controls the spread around the optimal policy – multiplying r with
a factor 0 < c < 1 results in an increase in variation.

The stochastic policy (this is equivalent to a distribution over policies) can be computed
by “softened” Bellman equations:

eQT .xT ; uT / D rT .xT ; uT / (10.20)

eQt.xt ; ut / D rt .xt ; ut /C E
�eV tC1.xtC1/jP .xtC1jxt ; ut /

�
(10.21)
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Fig. 10.3 Illustration of the final model comprising of a driver and a vehicle model that are con-
nected by the driver’s policy

eV t .xt / D log

�Z
exp

�eQt.xt ; ut /
�
dut

�
(10.22)

e�t .ut jxt/ D exp
�eQt.xt ; ut / � eV t .xt /

�
(10.23)

Similar as [25], we apply the MCE to the previously derived belief-MDP. This enables
to compute the stochastic policy by a Riccati-type iteration combined with the “softened”
Bellman equations [22]. The final model including the vehicle kinematics, driver percep-
tion and the policy is illustrated in Fig. 10.3.

10.4.4 Learning Driver Strategies

For numerical computation of the drivers policy and behaviour prediction, it is necessary
to specify the reward parameters �i ; i D 1; 2; : : : ; 6. The correct numerical values are of
high importance as they implicitly define both the optimal and the MCE policy.

10.4.4.1 Inverse Optimal Control
In this work we infer � from collected driving data. We assume that the driver follows
an optimal or proficient policy that generated sequences of states and controls D D˚
.xit ; u

i
t /; t D 0; 1; : : : ; T

�
; i D 1; 2; : : : n in the derived stochastic process model under

a reward model �T '.yt ; Pyt ; ˚t ; ˛t ; P̨ t ; xot ; uot / with unknown parameters � . In this setting
the parameters of the underlying reward can be estimated by means of Inverse Optimal
Control (IOC).

In our case of a linear parametrization of the reward, the feature matching condition
for reward reconstruction [26] can be applied. This criterion is stated as follows: If reward
parameters O� are found that the optimal policy O� for reward O�T '.x; u/ fulfils the feature
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matching condition
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tD0

'.xit ; u
i
t /;

(10.24)
then O�T '.x; u/ is a reward the observed policy is optimal for.

10.4.4.2 Inverse Optimal Control in MCE
While the scale of � does not matter in optimal control (without restriction � can be as-
sumed to have unit norm), in MCE this quantity is controlling the execution quality and
must also be inferred. For this purpose, in IOC in the MCE framework the feature match-
ing condition is combined with maximization of the conditional entropy of the policy
�E Œ� .ujx/ log� .ujx/ jp .x/� : Here, p.x/ is the state distribution resulting from roll-
out of �.ujx/ wrt. to the MDP process model. Effectively, this estimates the policy dis-
tribution with the highest variation that still archives the same expectation in all parts of
the reward model as the data. As shown in [21], this results in a very statistically robust
estimation procedure. Mathematically, this approach is formulated as the following con-
strained optimization problem

max� � E
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tD0

�t .ut jxt/ log�t .ut jxt/
ˇ̌̌
ˇ̌ p.xt /

#
(10.25)
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The optimization problem can efficiently and globally be solved by solution of the

equivalent [22] unconstrained convex minimization problem

min� E
� QV �
0 .x0/ jp .x0/
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Here eV �
0.x0/ is the result of Eq. 10.22 given a specific � . The gradient of the optimiza-

tion objective required for numerical solution is given by
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10.5 Experiment in Real Traffic

10.5.1 Experiment

To evaluate our modelling approach, we conducted a experiment on a public highway. We
decided against a experiment in a driving simulator because of possible influences on the
participants’ behaviour by absence of real risk. In addition to that, evaluation of prediction
robustness on realistic sensor input, i. e. noisy signals, is important.

We recruited seven drivers (6 male, 1 female) that had taken part in an internal driv-
ing safety training. The experiment consisted of four fixed driving speed conditions
f80; 90; 100; 110g km/h. Vehicle speed was controlled by the vehicle’s Adaptive Cruise
Control (ACC) to prevent drivers from adjusting their speed as a compensatory action
while being engaged in a secondary task. A conservative time gap was employed to
ensure that the distance to preceding vehicles did have the least possible influence on
the drivers’ behaviour. When the vehicle travelled at the required speed, the measure-
ment periods were started. Such a period was either a reference, where the participants
drove fully attentive or involved a visually distracting secondary task. At each speed level
three secondary tasks and three reference periods per participant were triggered by the
investigator.

The task we used in this experiment consisted of reading and typing a series of 3 �
10 random numbers. The individual numbers that could either be a “1” or a “2” were
displayed at the position of the vehicle’s central information display. Fig. 10.4 shows both
the position of the display and the task presentation. Once the participant had pressed
the correct number on a number pad, the next number was generated and displayed. To
induce realistic behaviour, the participants were instructed to “perform the secondary task
as quickly and correctly as possible while not endangering driving safety”. This artificial
task was chosen, as it resembles the principle of a variety of real visual-manual tasks
performed while driving, and possesses several advantages. First, the task state is fully

Fig. 10.4 Illustration of the used secondary task. Left picture shows the task representation on
the display where the participant is requested to type the first digit “1” and second digit “2”. The
remaining digits are not shown yet, instead their fields are initialized with “0”. Right picture shows
a participant conducting the secondary task while driving
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measurable and can be modelled easily, in contrast to the tasks on the vehicle’s interaction
system. Second, the participants needed only little practice to reach maximum execution
performance, resulting in no significant learning effects during the experiment.

10.5.2 Sensors andMeasured Signals

10.5.2.1 Measurement Equipment
The demonstrated behaviour in the experiment was recorded with a variety of sensors:
The position of the vehicle in lane yt , the angle between the tangent of the lane boundary
and the vehicle’s longitudinal axis ˚t and the curvature �t were measured by tracking the
lane boundaries using the Multi-Purpose Camera (MPC2) system (Robert Bosch GmbH,
Stuttgart, Germany). The remaining vehicle signals were recorded from the vehicle’s
Controller Area Network (CAN). The driver’s gaze direction and head orientation were
estimated using the infra-red eye tracking system with active illumination SmartEye Pro
(SmartEye AB, Gothenburg, Sweden). The test-vehicle was equipped with three-cameras
in the left A-pillar, in front of the instrument cluster and on the dashboard above display.
The output of the eye-tracking system was fused by an in-house algorithm and reduced
to the binary eye-on-road or eyes-off-road signal xot based on a ROI-algorithm similar to
other authors [1].

10.5.2.2 Pre-processing
In order to ensure sufficient quality for numerical evaluation and computation of statistics,
the following pre-processing and filtering steps were performed on the collected raw data:

1. We first selected the valid trials according to a fixed protocol. Here, we automatically
excluded lane changes and their preparation phases: As a different driving manoeuvre
than lane keeping it requires a different driving and gaze policy. Also situations where
the ACC controller reduced the vehicle speed by more than 5% were left out: We found
that approaching a preceding vehicle increases the amount of glance time in the ROI.
Additionally, distinct speeds are required to separate the driving conditions. The final
dataset consisted of 136 valid segments comprising of 53 reference and 83 secondary
task periods with an average duration of 20 and 45 s.

2. As the used sensors operate at different frequencies, e. g. the eye-tracking at 60Hz but
the lane-tracking at 25Hz, we subsampled all signals to 25Hz. Thereafter, the Kalman-
smoother was employed for filtering of the partially low resolution signals y;˚; ˛; P̨ ; �
using the previously presented kinematic vehicle model. The system parameters c;˙s

as well as the sensor noise-covariance ˙� were estimated by expectation-maximiza-
tion as proposed for vehicle models by [27]. Here, we used the data of both reference
and secondary task periods.
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Fig. 10.5 Illustration of the distribution of off-road glance duration. Dashed lines in red indicate the
5 and 95% percentiles, the median is indicated with a black continuous line

10.5.3 Behavioural Statistics

In the experiment similar glance behaviour as described in previous work in real traffic
[5] was observed. As can be seen in Fig. 10.5, the artificial secondary task resulted in
a pronounced mode at the median of the distribution of the off-road-gaze duration at ap-
proximately 1.2 s. This mode appeared to be consistent across the four speed conditions.
In contrast, the higher percentiles decreased with increasing speed. This could statistically
be verified for the groups 80, (90, 100), 110 km/h and the 75 precentile.

Another important metric used for quantification of the effects of distraction is the stan-
dard deviation of the lane position. We computed this statistic for each period of reference
driving and driving with a secondary task.

As can be seen from Fig. 10.6, this metric was significantly lower in driving without
a secondary task p D 3�10�4. This shows that the used secondary task induced significant
distraction resulting in decreased driving performance.

Fig. 10.6 Illustration of the
standard deviation (std) of the
lane position. Continuous line
indicates the median, while
the dashed lines indicate the
95 and 5% confidence bounds
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10.6 Numerical Evaluation

To demonstrate the effectiveness of our IOC-based approach we conducted two numerical
evaluations which will be presented in the following section. Here, we compared against
a baseline comprising of established behaviour models for human attention allocation and
foresighted steering.

10.6.1 Baseline Model

Johnson et al. [28] presented a model for gaze-switching in visual dual tasking, where the
probability of a glance to a task is a logistic function of the uncertainty in its states. In our
case, uncertainty is only present in the vehicle states – the random number on the display
is either known if the driver has seen it already or unknown otherwise. Hence, we adapted
the original approach to our scenario and applied a model given by the switching policy
�	.uot jxot ;˙p

t /

p(uot jxot D 1/ D exp .	1/C uot
exp .	1/C 1

(10.29)
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�
uot j xot D 0;˙

p
t

� D exp
�
	2 C tr.
˙p

t /
�C uot

exp
�
	2 C tr.
˙p

t /
�C 1

(10.30)

with parameters 	1; 	2;
.
Furthermore we used the two-point-steering model of [29] to model human foresighted

steering, including curve negotiation. In that model it is assumed that the driver’s steering
policy builds on a visual near-angle ˇ1 and a visual far-angle ˇ2. Given a line with width
w, the visual near-angle is defined as the angle between a line from the vehicle center to
a point on the road center typically 2m ahead and the vehicle’s longitudinal axis. The far-
angle ˇ2 is defined as the angle of minimal magnitude of the angles between the tangents
from the vehicle’s center to both boundaries and the vehicle’s longitudinal axis. Both
angles are illustrated in Fig. 10.7 using an arc approximation of the track.

Fig. 10.7 Illustrations of the
geometric relations in the two-
point steering model, give an
arc track-model
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Correspondingly, we computed both angles using the equations:

ˇ1 D � arctan
y

2m
� ˚ (10.31)

ˇ2 D

8̂̂<
ˆ̂:

� arccos
�

1

1��.w2 Cy/

�
�˚ if � < 0

C arccos
�

1

1C�.w2 Cy/

�
� ˚ if � � 0

: (10.32)

The resulting angles were fed into a stochastic policy

P̨ D 	3ˇ1 C 	4ˇ2 C 	5˛ C �6: (10.33)

This differs from the approach of (ibid.), were a proportional-differential (PD) con-
troller was applied. However, using the arc-approximation of curves the PD turned out
to be unstable on real data. The reason is, that the curvature measured by lane tracking
oscillated around 0 leading to frequent jumps in angle ˇ2.

Both approaches for attention allocation and foresighted steering were combined by
replacing y;˚ in Eq. 10.32, by their expectation under the Kalman filter, if xot D 0, i. e.
if the gaze of the driver is off the road. Note, that this principle was also adopted in [28],
however the authors used a proportional-integral-differential controller acting directly on
the vehicle states.

10.6.2 Evaluation Protocol

In the numerical evaluation of our MCE-IOC based approach against the baseline, we
subdivided the reference and secondary task periods Sect. 10.5.1 into smaller snippets of
5s. Which is the maximum realistic prediction horizon of an assistance system relying on
behaviour prediction.

A common issue in statistical parameter estimation is the problem of overfitting. This
occurs when parameters are inferred that are too specific for a subset of the data not
generalizing on the rest of the data. For this reason often the parameters of models are
regularized in the estimation procedure. In MCE-IOC we relax perfect feature matching
Eq. 10.26 to a tolerance of one percent of the norm of the empirical feature expectationˇ̌
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(10.34)
what effectively adds a regularization of �j� j to the MCE-IOC objective. The baseline
parameters 	i were inferred by rewriting both models as generalized linear models. MAT-
LAB’s implementation of parameter estimation including auto-optimization of a regular-
ization of �j	j was used in the numerical experiment [30].
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To assess the prediction quality of both approaches in the evaluation snippets, the first
states xs0; x

o
0 were used as the initial state distributions p0. Following, we sampled 100

state sequences of each model by policy roll-out, i. e. given a state new controls were
sampled from the policy and together a new state was sampled by means of the process
model. Here, the pre-estimated steering angle transmission ratio c and system model noise
covariance ˙s Sect. 10.5.2.2 were used. Two numerical experiments were conducted:

1. We evaluated the overall prediction performance. Therefore, we randomly divided the
entire data into two subsets of equal size independently of participant, condition and
track topology. One set was used for parameter estimation (train) while the other set
was used for evaluation on unseen data (test). Afterwards the roles of both sets were
changed. To increase robustness in the performance statistics, we repeated the proce-
dure 10 times.

2. We evaluated the transfer performance, i. e. the generalization of the approaches on
unseen driving speeds. If employed in any assistance system, a prediction model has
to be of low error in all relevant scenarios. However, it is impossible that all these
scenarios are contained in a training dataset. For this reason, it is important to also asses
if and to what extent the prediction quality is affected when testing on unseen speeds.
For this purpose, we first trained on half of the data of a single speed. Thereafter, we
evaluated on the other half of the same speed (same) and the all the data of other speeds
(trans). Similar as in evaluation (1.) the procedure was repeated 5 times.

On the obtained data in both evaluations the prediction quality was assessed by two
metrics:

We computed the expected squared error in prediction of the trajectory, i. e. the se-
quence of lane positions:

SEi .y/ D E

"
1

T

TX
iD0

�
yt � yit

�2 ˇ̌̌ˇ̌ �;P; pi0
#
: (10.35)

This metric assess if the effects of distraction on driving behaviour can be predicted.
Note that both the steering policy and the gaze-switching policy contribute to this metric.

In addition to that, we also separately assessed the prediction of the gaze behaviour.
Here, we investigated the difference in distribution of the time passed since the last glance
on the road, i. e. the eyes-off-road duration dt , in the collected data pi .d/ and the predic-
tion p.d/. This difference can be quantified in the Kullback-Leibler divergence, defined
by

KL
�
pi .d/ jˇ̌p .d/� D

X
d

pi .d/ .logpi .d/� logp .d//: (10.36)
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Note, that both metrics are strictly positive resulting in skewed distributions. For this
reason, we will report nonparametric statistics in the following results section.

10.6.3 Results

The results of the first evaluation comparing the baseline model (base) and our approach
(ours) are presented in Table 10.2, while Table 10.3 summarizes the results of the second
evaluation.

The results are further illustrated by box-plots in Fig. 10.8. Here, the strongly skewed
shape of the error distributions, mentioned earlier, are apparent.

Table 10.2 Results of Evaluation 1 – Overall Prediction Performance

Metric Base train Test Ours train Test

Median SE 0.0482 0.0484 0.0154 0.0157
Median KL 0.0998 0.1006 0.0731 0.0727

Table 10.3 Results of Evaluation 2 – Transfer Prediction Performance

Train Metric Test

80 km/h 90 km/h 100 km/h 110 km/h
80 km/h SE ours 0.0154 0.0143 0.0164 0.0154

Base 0.0293 0.0572 0.0725 0.0836

KL ours 0.0851 0.0744 0.0738 0.0701

Base 0.1280 0.1180 0.1025 0.1216
90 km/h SE ours 0.0152 0.0148 0.0159 0.0163

Base 0.0310 0.0365 0.0477 0.0627

KL ours 0.0833 0.0748 0.0730 0.0721

Base 0.1307 0.1146 0.1018 0.1200
100 km/h SE ours 0.0147 0.0160 0.0155 0.0161

Base 0.0311 0.0390 0.0450 0.0584

KL ours 0.0838 0.0763 0.0731 0.0693

Base 0.1374 0.1124 0.1100 0.1173
110 km/h SE ours 0.0157 0.0152 0.0179 0.0177

Base 0.0401 0.0408 0.0479 0.0603

KL ours 0.0825 0.0724 0.0755 0.0721

Base 0.1249 0.1076 0.0901 0.1102
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Fig. 10.8 Illustration of the
error distribution in both ex-
periments. Boxes indicate the
25 and 75 percentiles, with the
median as a horizontal line in
between. The whiskers denote
1.5 times the median to corres-
ponding percentile distance

10.6.4 Discussion

In the current section we will consider a significance level of ˛ < 0:01 for the correspon-
ding non-parametric tests (signed rank, rank-sum) on the medians.

Our model based on inverse optimal control shows consistently better performance, i. e.
it has a lower prediction error, in both evaluations and in both metrics. In the first evalua-
tion, performance of our approach was highly significantly better, what can also be seen
in the notches of the boxplot. For both parameter-estimation (ours, base) the regulariza-
tion was chosen appropriately as no significant performance differences between training
and test could be established. The difference between our approach and the baseline likely
results from two aspects: First, our steering model takes into account the track curvature
of the entire prediction horizon what appears to be a more appropriated model for human
foresighted steering. Second, by modelling both steering and gaze behaviour in a joint
POMDP, the resulting gaze-switching policy takes into account the future consequences
of the uncertainty during off-road glancing. In contrast, Johnson et al.’s barrier model is
reactive and operates solely on the recent uncertainty and also lacks a link to the steer-
ing policy. The second evaluation gives further insight into the differences in prediction
quality: First, our approach performs significantly better in almost all (train speed, test
speed) conditions. For both approaches significant between-condition-variations could be
established by a Kruskal-Wallis test. However, the variance of our model was significantly
lower according to an Ansari-Bradley test. Finally, the difference between the median er-
ror on unseen speeds and seen speeds was significantly higher for the baseline approach
in both metrics. The low variance in prediction error of the IOC based approach can be
explained by its higher level of behaviour abstraction: Instead directly estimating a be-
haviour model in form of a policy, IOC rather estimates the preferences or motivations in
form of the reward model that cause the policies. If those preferences and the situational
dynamics can be described, IOC can accurately predict the specific policies in a broad
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range of different scenarios. This could been shown in a variety of modelling problems,
e. g. [31], and is confirmed by the good transfer performance in the considered case.

10.7 Conclusion

In this chapter, we presented an approach to model situation specific driver behaviour
in visually distracted lane keeping. Based on the paradigm of “the human as an optimal
controller and information processor”, we first derived a model of the control task in lane
keeping and introduced a model for the impaired perception of the driver looking off the
road for some secondary task. We used maximum causal entropy inverse optimal control
to identify both the driver’s reward model and his execution precision from data obtained
in a real-traffic experiment. In two numerical evaluations our model consistently show
significantly lower prediction error than established behaviour models. This holds true,
especially, in the prediction in situations unseen in parameter estimation.

Although the results of the conducted numerical evaluation are very promising, further
investigation have to be done. First, we used a simplistic model of the driver’s perception
that was grounded on reasonable assumptions for the secondary task used in the exper-
iment. However, these assumptions will no longer be valid for other display locations.
Therefore, further research has to address the perception model and to develop methods
for its inference from data. Second, the scenario addressed in the experiment quite re-
stricted: Constant high speeds 80, 90, 100, 110 km/h. To finalize the validation of the
proposed approach, significantly lower speeds as well as accelerations and decelerations
have to be addressed. Finally, lane keeping is only one aspect of safe driving, besides head-
way control or special manoeuvres as lane change. Hence, also models for these actions
have to be developed.
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11Lane Change Prediction: FromDriver
Characteristics, Manoeuvre Types and Glance
Behaviour to a Real-Time Prediction Algorithm

Matthias Beggiato, Timo Pech, Veit Leonhardt, Philipp Lindner, Gerd
Wanielik, Angelika Bullinger-Hoffmann, and Josef Krems

11.1 Introduction

Lane change manoeuvres pose high demands on the driver [1, 2] and are connected with
a substantial accident risk. In Germany in the year 2014, 13% of accidents with personal
injury on motorway were associated with lane change manoeuvres, 5% on roads within
built-up areas [3]. Lane Change Decision Aid Systems (ISO 17387:[4]) aim at providing
assistance for this type of manoeuvres. Estimations of the safety potential for lane change
assistance/blind spot warning range up to 24% of addressable lane change-crashes [5] and
25% of crash severity reduction [6]. However, to fully exploit this potential it is essential
that drivers accept these systems and use them in daily live. One important precondition
for acceptance is the ability of Advanced Driver Assistance Systems (ADAS) to provide
reliable assistance specifically when required [7]. False alarms in situations where the
driver has no intention to change the lane could annoy, distract and irritate drivers. As
a consequence, ADAS could be disregarded or disabled and the potential safety benefit
gets lost. Driver intent information is supposed to reduce the mismatch between driver
expectations and system reactions. If an intended lane change can be predicted before it is
initiated, 1) lane change assistance can be activated specifically at this moment, 2) param-
eters of other ADAS such as lane departure warning, adaptive cruise control or collision
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warning can be adapted to avoid nuisance alerts and 3) workload-manager can use the
information to suppress unnecessary non-driving activity, e. g. messages from the naviga-
tion system or incoming calls. Within the German research initiative UR:BAN, the I-FAS
investigated lane change intentions at different levels of analysis in order to finally develop
a real-time prediction algorithm. The present chapter shows the analysis of lane change
predictors on the behavioural, strategic, manoeuvring and control level. Technical details
on the real-time algorithm as well as the head-tracking-based glance area estimation can
be found in the book-chapter of Leonhardt, Pech, Lindner and Wanielik.

11.1.1 Previous Research

Several studies already focus on the assessment of lane change intentions. Best prediction
rates can usually be achieved by data fusion from three sources [8]: 1) driver behaviour
observation e. g. eye-tracking or head-tracking, 2) sensor information about the environ-
ment, e. g. front/side radar and lane detection and 3) vehicle parameters, e. g. turn signal,
speed, acceleration, steering wheel angle . . . etc. Different algorithms are used to inte-
grate these data sources and predict the intention, e. g. Hidden Markov Models, fuzzy
logic, cognitive models, neural networks or regression models [9]. The turn signal appears
as rather unreliable indicator for lane changes: In a blind observational study, Ponziani
[10] observed 2000 lane changing vehicles at different places and recorded 52% of lawful
turn signal usage. Similar values are reported by Lee et al. [11] with 44%, ranging from
11 to 94% for different lane change types. A German study reported a turn signal usage
of 55% for lane changes on urban roads and 75% on highways [12]. Similar results were
obtained in a second observational study including almost 400,000 vehicles with a turn
signal usage of 71% on German highways [13]. Due to this uncertainty, gaze behaviour
is considered as a promising predictor at an early stage of manoeuvre planning. The time
period of three to four seconds prior a lane change is considered as critical phase of vi-
sual search to determine the feasibility of the manoeuvre [8, 14, 15]. As gaze behaviour is
linked to the early cognitive phase of information gathering, warnings e. g. from collision
avoidance systems are supposed to show a higher impact during this phase compared to
action execution at a later stage [16]. Even prior to information gathering, motives for lane
changes can be determined. Lee et al. [11] identified a set of 11 reasons for lane changes
on interstates and U.S. highways: exit- respectively entry to a highway, slow lead vehicle,
return to the original lane, tailgating vehicle, obstacle, merging vehicle, lane drop, added
lane, unintended and other. This classification provides a useful basis to distinguish lane
change manoeuvres, identify potential predictor variables and perform distinct analysis
for each manoeuvre type.
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11.1.2 Research Questions at Control, Manoeuvring, Strategic
and Behavioural Level

Present study aimed at identifying early predictors of lane change manoeuvres on arterial
roads in city areas. By using a systematic and comprehensive approach, possible predic-
tors were investigated at different levels of analysis according to the extended hierarchical
driver behaviour model of Michon [17]. Michon [18] distinguished three hierarchical lev-
els of the driving task: The control level operates at time constraints of milliseconds and
refers to basal car control processes involving automatic action patterns such as lane keep-
ing. On the manoeuvring level, controlled action patterns in time units of seconds are
executed, such as lane change manoeuvres. The strategic level comprises general plans
with a longer time horizon, such as route and speed choice as well as pre-trip decisions.
As an extension of this model, a fourth “behavioural level” was proposed [17], including
rather stable individual dispositions such as sociodemographic factors, personality and at-
titudes that might influence driving behaviour. All levels are linked and interact with each
other, e. g. higher general risk taking tendencies on the behavioural level might lead to
higher speed choices on the strategic level, resulting in more frequent overtaking on the
manoeuvring level which in turn requires more mirror glances and steering activity on the
control level. Due to these interdependencies, analyses of potential lane change predic-
tors on all four levels are required to optimize a real-time prediction algorithm. Thus, the
following research questions were addressed in the present study:

� Behavioural level (dispositions): How do driver characteristics such as age, gender,
cognitive abilities and personality affect the number of lane change manoeuvres per-
formed?

� Strategic level (trip planning): Does the familiarity with the route play a role for the
number of lane changes performed?

� Manoeuvring level (controlled action patterns): Are all lane changemanoeuvres similar
with regard to intent recognition or do we have to distinguish specific patterns for lane
change subtypes? Which rates and timings for turn signal usage can be observed?

� Control level (automated action patterns): Which mirror-glance patterns can be iden-
tified prior to lane change manoeuvres? How are the patterns related to lane change
types, traffic situation and turn signal usage? How stable are these patterns?

To answer the research questions, an explorative on-road study with 60 participants
was carried out with a minimum of restrictions in order to assess real driving behaviour as
naturalistic as possible.
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11.2 Methods

11.2.1 Participants

Participants were selected in a two-step procedure. In a first short online questionnaire,
interested candidates could apply for the study. The questionnaire covered gender, age,
driving experience and contact information. Out of the 116 applicants, 60 participants
were selected to take part in the study. The aim of the selection was to create two gender-
balanced age groups in order to allow for stable statistical analysis of age and gender re-
lated issues. The younger age group ranged from 20 to 35 years (M= 28, SD= 4.13) and
the older group from 40 to 65 years (M=51, SD= 6.33). Details on all sample characteris-
tics are presented in Table 11.1. The mean age of the 30 men and 30 women was 39 years
(SD= 12.86) with a mean driving experience of 13,500 km per year (SD= 7800).

11.2.2 Study Design and Procedure

The on-road study design was explorative with a minimum of restrictions for the drivers
in order to assess natural driving behaviour. Participants were invited for a two hour ap-
pointment at the University of Chemnitz. After arriving, information about the aims and
procedure was given and all subjects signed the informed consent. Participants were in-
formed that the study aims at acquiring naturalistic driving data (without any reference
to lane change manoeuvres). All drivers were instructed to drive as they would usually
do and the route was explained. Subsequently, all participants were introduced to the car
handling and drove a short test drive of approx. 850m around the University, accompanied
by an experimenter. After clarification of all questions, participants drove the experiment
route unaccompanied. Navigation instructions were given by a pre-programmed naviga-
tion system in the car. After return, participants filled in the questionnaires and received
a remuneration of 20 C.

Table 11.1 Sample characteristics regarding age, gender and mileage per year

Age group Men Women Total

N Age
M (SD)

km/year
M (SD)

N Age
M (SD)

km/year
M (SD)

N Age
M (SD)

km/year
M (SD)

20–35 15 28
(4.56)

10,600
(7300)

15 28
(3.60)

10,100
(4800)

30 28
(4.13)

10,400
(6100)

40–65 15 52
(6.15)

17,000
(6800)

15 50
(6.66)

16,300
(9700)

30 51
(6.33)

16,700
(8200)

Total 30 40
(13.34)

13,800
(7700)

30 39
(12.58)

13,200
(8100)

60 39
(12.86)

13,500
(7800)
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11.2.3 Route and Test Vehicle

The experiment route had a total length of 40 km and was composed of two identical
20 km parts within the urban area of Chemnitz (Fig. 11.1b). Each 20 km trip consisted
of a 2.5 km two-lane stretch with a speed limit of 50 km/h (A to B), a 13.6 km two-lane
part with a speed limit of 70 km/h (B to C to D) and a final 3.9 km one-lane stretch with
a speed limit of 50 km/h (D to A). Mean driving time was 1:02:12, ranging from 0:51:42
to 1:28:03.

The test vehicle was a standard VW Touran 2.0 TDI with automatic transmission
(Fig. 11.1a). The car was instrumented with a data acquisition system including seven
video cameras, differential GPS with a precision up to 40 cm, six radar systems and CAN-
logger for vehicle data. The images of the driver camera were captured with 40Hz and
a resolution of 640 × 480 pixels. The front- and the interior camera captured images at
a maximum rate of 30Hz with a resolution of 640 × 480 pixels (Fig. 11.2). Further de-
tails on the technical specifications of the test vehicle can be found in the following book-
chapter of Leonhardt et al.

11.2.4 Questionnaires and Data Preparation

Driver characteristics were assessed using questionnaires and included:

� age, gender and average mileage per year,
� experience with automatic transmission (1 = none to 5 = very experienced),
� familiarity with the route (1 = unknown to 5 = very well known),
� normed Big Five personality trait scores (t-values): agreeableness, openness, conscien-

tiousness, extraversion, neuroticism (NEO-FFI, [19]),
� sensation seeking (Brief sensation seeking scale BSSS; [20]),

Fig. 11.1 Instrumented test vehicle VW Touran 2.0 TDI (a) and experiment route, 2 × 20 km in the
urban area of Chemnitz, Germany (b). (OpenStreetMap contributors, 2016)



210 M. Beggiato et al.

Fig. 11.2 Video examples front camera (c), interior camera (a), driver camera (b) and synchronised
GPS-track (d). (OpenStreetMap contributors, 2016)

� perceptual speed assessed by a normed trail-making-test (Zahlenverbindungstest ZVT;
[21]).

Lane change manoeuvres as well as mirror glances 10 s prior to lane changes were
manually annotated out of the front/driver/interior video using the Annotation Software
ELAN (http://tla.mpi.nl/tools/tla-tools/elan/). Lane changes were defined as the moment
when the centre of the vehicle crossed the line between two lanes. Every lane change was
categorized according to the classification of Lee et al. [11] additional to the lane change
direction (left/right). Mirror glances were manually annotated in a time interval 10 s prior
to every lane change using both the face and interior video. Discrete glance areas in-
cluded ahead, rear mirror, left mirror, left window, right mirror, right window and other.
To obtain all mirror glances for the whole trips, an algorithm was developed to estimate
driver’s mirror glances out of video-based head tracking data. A head tracking application
programming interface (API) was used, which provided access to algorithms and meth-
ods for head tracking in images. Manual video annotations served as training data for the

http://tla.mpi.nl/tools/tla-tools/elan/
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Fig. 11.3 Glance areas (a) and demonstration of the real-time head-tracking algorithm for the de-
tection of mirror glances (b)

algorithm to map glance areas and head tracking angle data. Details on the algorithm de-
velopment and evaluation can be found in Pech, Lindner and Wanielik [22]. The real-time
mirror glance detection using a mono camera has been demonstrated in the test vehicle
during the mid-term and final presentation of UR:BAN (Fig. 11.3b). The complete dataset
including video annotations, head tracking angles, GPS-, radar- and CAN-information
was stored in a relational PostgreSQL-database. For all glance analyses presented in this
chapter, the glance areas “ahead” and “other” were merged to “ahead”, “left window” and
“left mirror” to “left” and “right window” and “right mirror” to “right” (Fig. 11.3a). As
a pre-analysis revealed that only 0.24% of single glances lasted shorter than 100ms, all
data was aggregated to 10Hz.

11.3 Results

11.3.1 Behavioural and Strategic Level

Analyses on the behavioural level focussed on the influence of driver characteristics on
lane change behaviour. On the strategic level, the impact of the familiarity with the route
was evaluated. To compare the relative predictive potential, all variables on both levels
were included in the same analysis and are therefore presented together in this section. In
total, the 60 participants performed 1869 lane change manoeuvres during the 60 trips. The
number of lane changes per person ranged from 14 to 47 with a mean of 31 (Fig. 11.4a).
Video analysis revealed that some drivers performed fewer lane changes, but drove longer
on the left lane of the street (fast lane/overtaking). Therefore, an additional statistic was
calculated indicating the percentage of road-kilometres driven on the left lane per trip. The
value ranged from 7% to 57% with a mean of 31% (Fig. 11.4b).

To determine the predictive potential of driver characteristics and pre-trip factors on the
behavioural and strategic level, a linear regression analysis was computed (Table 11.2).
Two separate models were calculated for predicting 1) the number of lane change ma-
noeuvres and 2) the percentage of km driven on the left road side. For the number of
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Fig. 11.4 Number of lane change manoeuvres per trip (a) and percent of km driven on the left lane
per trip (b)

Table 11.2 Results of regression analysis predicting the number of lane changes performed and the
percentage of km driven on the left road side (N = 60)

Predictor
Number of lane changes (LC) Percent left side

B SE(B) β rpart p B SE(B) β rpart p

gender -2.50 1.88 -.18 -.19 .190 -2.11 2.98 -.08 -.10 .483

age 0.08 0.09 .14 .12 .402 0.28 0.14 .27 .27 .062

sec. ZVT 
(perceptual speed) -0.11 0.08 -.24 -.20 .163 -0.30 0.12 -.36 -.34 .015

experience with 
automatic transm. 1.02 0.76 .18 .19 .184 3.00 1.20 .28 .34 .016

familiarity with 
the route 3.87 1.24 .45 .41 .003 8.38 1.97 .53 .52 .000

sensation seeking -0.33 1.71 -.03 -.03 .850 -3.11 2.71 -.14 -.16 .257

NEO-FFI: 
extraversion 0.17 0.12 .23 .20 .171 0.48 0.19 .35 .34 .015

NEO-FFI: 
neuroticism 0.00 0.12 0.00 .00 .998 0.07 0.19 .05 .05 .719

NEO-FFI: 
agreeableness -0.09 0.10 -0.14 -.13 .364 -0.15 0.15 -.12 -.14 .336

NEO-FFI: 
conscientiousness -0.09 0.11 -0.12 -.11 .427 -0.12 0.17 -.09 -.10 .489

NEO-FFI: 
openness -0.01 0.11 -0.01 -.01 .927 -0.04 0.18 -.03 -.03 .831

R 2adjusted .177 .402

Note. F(11, 48) = 2.16, p = 0.034 for number LC, F(11, 48) = 4.60, p < 0.001 for percent left side.
Statistically significant predictors are highlighted.
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lane changes, results showed familiarity with the route (strategic level) as the only sta-
tistically significant predictor. The better the knowledge about the route, the more lane
changes were performed, regardless of other driver characteristics. The regression model
explains 18% of the variance in the data. Concerning the percentage of km driven on the
left side, familiarity with the route was still the most important predictor. Additionally,
better perceptual speed, higher extraversion and more experience with automatic trans-
mission showed a statistically significant influence in terms of more km driven on the left
side. The regression model explains 40% of the variance in the data.

11.3.2 Manoeuvring and Control Level

Analyses on the manoeuvring level (controlled action patterns) focused on subtypes of
lane change manoeuvres as well as rates and timings of turn signal usage. Because of
the smooth transition from controlled to automated action patterns (control level), mirror-
glance patterns prior to lane changes are as well reported in this section.

Fig. 11.5 shows type and number of all lane changes observed in the study, based on
the classification of Lee et al. [11]. In total, 1869 lane change events were identified,
classified into seven distinct types. Slow lead vehicle includes lane changes only to the
left side to overtake a vehicle driving at slower speed, e. g. trucks. Overtaking of parking
and standstill vehicles at traffic lights is included as well into this category. Added lane
means lane changes to the right or left on additional lanes, e. g. if the road extends from
two to three lanes. In our sample, all added lanes were turn lanes (see picture in Fig. 11.5).
Lane changes in order to enter a road (e. g. from a feeder road) were coded as type enter.

Fig. 11.5 Lane change types, direction and number
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On our experiment route, only left lane changes for entering were observed. Construction
zones on the right lane forced lane changes to the left due to obstacles. Lane changes
because of other vehicles entering the roadway were classified as merging vehicles. Return
includes right lane changes to return to the preferred driving lane, e. g. after an overtaking
manoeuvre. Unknown refers to all lane changes without identifiable reason.

To investigate mirror-glance patterns and turn signal usage, sequences of max. 10 s
prior to a lane change manoeuvre were identified and marked in the database. If another
lane change took place within the 10 s interval (multiple lane changes), the second se-
quence has been truncated. Therefore, sequence length can be shorter than 10 s. Examples
of typical sequences for different lane change types are shown in Fig. 11.6. Red, green and
blue blocks (respectively patterns) represent glances to the corresponding mirrors whereas
the thin yellow line indicates the usage of the turn signal.

Turn signal use: Table 11.3 shows the detailed statistics on turn signal use and glance
patterns for all lane change types. The turn signal (column 4) was used in 95% of the
lane change manoeuvres, ranging from 78% for the obstacle type up to 100% for merging
vehicles. These values are considerably higher than results from other studies [10, 11].
However, turn signal usage rate is comparable to prior studies in Chemnitz with 89% [23].
For further details please refer to the discussion section.

Glances before turn signal: Column 5 reports the percentage of lane changes with at
least one corresponding mirror-glance before the activation of the turn signal. For left
lane changes, glances to the left mirror were considered, whereas for lane changes to
the right side, glances to the right or the rear mirror were taken into account. Aim of the
analysis was to reveal the potential of glances as even earlier predictor than the turn signal.
Results showed relatively high percentages of glances before blinking for lane changes due
to merging vehicles (90%), unknown reasons (left 90%), slower leading vehicles (86%),
return (85%) and entering (77%). Less glances prior to the turn signal were observed for
added lanes (13% left, 28% right), unknown reasons (right 50%) and obstacles (58%).

Glance patterns before left lane changes: Columns 7 to 10 of Table 11.3 show the
mean number of glances to the left, right and rear mirror, whereas columns 11 to 13 list
the respective mean total glance duration for each lane change type. Glances ahead are
not listed separately; they cover the remaining sequence duration. The first six rows of
Table 11.3 show lane changes to the left. Consequently, the number as well as the duration
of glances to the left were considerably higher than for lane changes to the right. Especially
for entering, unknown reasons and slower lead vehicles more than two left glances per
sequence were observed (2.50 to 2.82) with a mean total duration ranging from 1.76 s to
2.27 s. A lower mean number and duration of left glances resulted for the lane changes due
to merging vehicles (1.94 times, 1.27 s) and obstacles (1.84 times, 1.14 s). Considerably
lower glance activity was observed for lane changes on added lanes with 0.30 left glances
per sequence and a total duration of 0.20 s. There were almost no glances to the right
during left lane changes. Glances to the rear mirror ranged from 0.13 to 0.40 times with
a total duration from 0.06 s to 0.23 s.

Glance patterns before right lane changes: Lane changes to right appeared as combi-
nation of glances to the right and the rear mirror (Table 11.3, rows 7 to 9). For the return
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to the preferred lane, 1.47 glances to the right and 1.13 glances to the rear mirror could
be observed with a total duration of 1.15 s (right) and 0.63 s (rear). Similar values resulted
for right lane changes due to unknown reasons with 1.17 right glances and 0.50 glances
to the rear mirror, lasting 0.93 s (right) and 0.35 s (rear). The lowest glance activity was
observed for right lane changes on added lanes: The number of glances ranged from 0.38
(right) to 0.75 (rear) with durations of 0.26 s (right) and 0.39 s for glances to rear mirror.

Overall, lowest glance activity could be observed for lane changes on added lanes,
either to the right and the left side. Glance patterns for left lane changes show a high
proportion of left glances with some few glances to the rear mirror, whereas right lane
changes appear as a combination of right and rear glances.

In addition to these descriptive statistics, the evolution of glances and turn signal use
provides hints on the timing of the parameters. Fig. 11.7 shows exemplarily the cumulative
percentage of mirror glance time (right y-axis) and turn signal use (left y-axis) for the lane
change type slow vehicle ahead and added lane left. The cumulative percentage of glance
time refers to the whole 10 s interval, i. e. a value of 18% at time 0 (moment of lane
change) for left glances means that 1.8 s of 10 s were spent with glances to the left mirror.
The rise of the curves give insights on the overall amount and timings of the parameters.

For the lane change due to a slower vehicle ahead (left chart), the black turn signal curve
shows a sharp increase at about three to two second before changing the lane, ending up
at 95% at the moment of crossing the lane. The red (dashed) line for left glances shows
a substantial increase already before the activation of the turn signal with an additional
growth at the same time period of turn signal activation. Rear view mirror glances (2% at
time 0) and right mirror glances (0% at time 0) don’t play a substantial role for left lane
changes due to a slower vehicle ahead.

In comparison to left lane changes on an added lane (right chart), turn signal activation
starts at comparable times two to three seconds before crossing the lane, however, ending
at a lower rate of 85% at time 0. All mirror-glance curves remain below 4% of total time,
indicating generally low glance activity for this lane change type.

Fig. 11.7 Evolvement of turn signal use and cumulative percentage of mirror glance time for lane
change type slow vehicle ahead (a) and added lane left (b)
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11.4 Discussion and Conclusions

The present study aimed at identifying early predictors of lane change manoeuvres on
arterial roads in city areas. By using a systematic and comprehensive approach, possible
predictors were investigated at the behavioural, strategic, manoeuvring and control level
according to the extended hierarchical driver behaviour model of Michon [17].

Results on the behavioural and strategic level revealed familiarity with the route as
the most important predictor for the number of lane changes performed. The better the
knowledge about the route, the more lane changes were performed, regardless of other
driver characteristics. Moreover, not only the number of lane changes was affected by the
familiarity with the route, but also the driving style connected to the selection of the driv-
ing lane: Driver with better route knowledge spent significantly more time on the left road
side (overtaking), especially when they were familiar with the car handling (automated
transmission), had better cognitive abilities (perceptual speed) and showed more energetic
and assertive behaviour in general (extraverted personality). However, familiarity with the
route still remains the most important predictor for these driving style related changes.
Therefore, a lane change prediction algorithm could potentially be improved by including
(historical) data about the frequency of driving on a certain route for a particular driver.

Analyses on the manoeuvring and control level focused on subtypes of lane change ma-
noeuvres, rates and timings of turn signal usage as well as predictive glance patterns. Lane
changes occur due to different reasons and this motivational factor plays a central role in
predicting the manoeuvres. Thus, a classification was used to categorize lane change ma-
noeuvres on urban arterial roads, based on the approach of Lee at al. [11]. Despite the
classification was established for lane changes on highways and freeways, most of the
categories can be applied as well in the urban context. Differences arise especially with
parking and standstill vehicles on traffic lights, which were both integrated into the cat-
egory of a slower lead vehicle. The classification itself gives already hints on potential
early intent indicators for the different lane change types. Inevitable lane changes due to
infrastructure changes, such as entering a road when driving on a feeder road or to some
extent obstacles (e. g. known construction zones) could best and earliest be predicted by
GPS and map information. For all the remaining lane change types, map information does
not provide intent information unless a specific route is known (e. g. set by the driver or
inferred from historical data such as daily work trips).

In order to reveal potential predictors for the remaining lane change types, rates and
timings for turn signal usage as well as mirror-glance patterns were analysed using a se-
quence approach. The turn signal was used in 95% of the lane changes, ranging from
78% for the obstacle type up to 100% for merging vehicles. These values are considerably
higher than results from other studies: US studies report the turn signal as rather unreli-
able indicator of lane changes with usage rates of 44% [11] and 52% [10]. German studies
found higher rates of 55% for lane changes on urban roads and 75% on highways [12].
However, turn signal usage rate in the present study was comparable to prior studies in
Chemnitz with 89% [23]. A possible reason for the higher turn signal rate could be the
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experimental setting. Therefore, we analysed the turn signal usage of other drivers during
lane change manoeuvres using the video of the four external cameras [24]. The analysis
of 2787 “external” lane change manoeuvres showed a comparable turn signal usage rate
of 87%. An explanation for the generally high turn signal usage could be related to the
traffic situation in Chemnitz: Since the urban traffic in a mid-size German city is relatively
calm and less demanding compared to traffic in metropolitan areas, driver may show more
often learned and automated turn signal behaviour. However, the high turn signal usage al-
lowed for additional analyses on mirror-glances as even earlier manoeuvre predictors than
the turn signal. Results showed that for specific lane change types (slow leading vehicle,
merging vehicle, return, unknown reason left) in more than 85% of the manoeuvres at least
one corresponding mirror glance could be observed in the 10 s interval before crossing the
lane. This gives an indication that glance patterns could provide even earlier intent infor-
mation than the turn signal for certain lane change manoeuvres. Cumulated plots for turn
signal activation and glance activity in the 10 s interval support these findings, showing
an increase of mirror glances already before activating the turn indicator for lane changes
due to a slower lead vehicle. However, it must be considered that not every solitary mirror
glance is associated to a subsequent lane change.

Detailed analysis of mirror-glance patterns showed the lowest glance activity for lane
changes on added lanes, either to the right and the left side. A plausible explanation for
this fact could be the absence of traffic from behind. Glance patterns for left lane changes
showed a high proportion of glances to the left with some few glances to the rear mirror,
whereas right lane changes appeared as a combination of right and rear mirror glances.
A more detailed analysis of glance timing for the “classical” lane change type slow vehicle
ahead showed results that are mainly in line with previous studies [8, 14, 15]: A consid-
erable increase in glance activity could be observed three to four seconds prior to the lane
change, but glance activity was also noticeable beforehand. Compared with the previous
study [23], these glances patterns resulted as quite stable. However, the variance of glance
patterns within the distinct lane change types was still relatively high. Exploratory visual
inspection of the video files revealed that, in addition to the mentioned patterns, the num-
ber of glances in a sequence was primarily associated with the traffic density on the target
lane. The more vehicles on the target lane, the more and longer mirror glances.

The main conclusions out of these findings are that glance patterns are promising lane
change predictors for certain types of lane changes. However, the interpretation of single
glances as indicator for lane change intention is vague and difficult without the integration
of information about the driving situation. Additional information from sensors moni-
toring the vehicle environment allow for better interpretation of mirror glances, e. g. by
providing the number of driving lanes available, the possibility of changing the lane (i. e.
traffic density on the target lane) and the presence of a slower leading vehicle. Therefore,
the I-FAS concept of a real-time lane change prediction algorithm integrates driver be-
haviour, vehicle parameters as well as data from the vehicles’ surroundings in a Bayesian
Network (Fig. 11.8). Technical details on the implementation of the algorithm can be
found in the subsequent book-chapter of Leonhardt et al. The inclusion of predictors on
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Fig. 11.8 I-FAS concept of a real-time lane change prediction algorithm integrating driver be-
haviour, vehicle parameters and data from the surroundings in a Bayesian Network

the strategic level (driver profile/familiarity with the route) could improve the performance
of a lane change prediction algorithm. However, recording a comprehensive driver profile
including the history of performed trips was not a research focus within UR:BAN and
should be subject of further studies.

References

1. Beggiato, M., Krems, J.F.: Real-time assessment of demanding driving scenarios. In:
Bermeitinger, C., Mojzisch, A., Greve, W. (eds.) TeaP 2015 – Abstracts of the 55th Confer-
ence of Experimental Psychologists, p. 35. Pabst Science Publishers, Lengerich (2015)

2. Schiessl, C.: Continuous subjective strain measurement. Intell Transport Syst Iet 2(2), 161–169
(2008). doi:10.1049/iet-its:20070028

3. Statistisches Bundesamt: Fachserie 8 Reihe 7, Verkehr – Verkehrsunfälle 2014. Statistisches
Bundesamt, Wiesbaden (2016)

4. ISO 17387:2008: Intelligent transport systems – Lane change decision aid systems (LCDAS) –
Performance requirements and test procedures. Geneva, Switzerland (2008)

5. Jermakian, J.S.: Crash avoidance potential of four passenger vehicle technologies. Accid Anal-
ysis Prev 43(3), 732–740 (2011). doi:10.1016/j.aap.2010.10.020

6. Bayly, M., Fildes, B., Regan, M., Young, K.: Review of crash effectiveness of intelligent trans-
port systems. Deliverable D4.1.1–D6.2, TRACE project (2007). http://www.trace-project.org/
publication/archives/trace-wp4-wp6-d4-1-1-d6-2.pdf. Accessed 12. Apr. 2017

7. Beggiato, M.: Changes in motivational and higher level cognitive processes when interacting
with in-vehicle automation (Doctoral dissertation). University of Technology, Chemnitz (2015).
http://nbn-resolving.de/urn:nbn:de:bsz:ch1-qucosa-167333.Accessed 12. Apr. 2017

http://dx.doi.org/10.1049/iet-its:20070028
http://dx.doi.org/10.1016/j.aap.2010.10.020
http://www.trace-project.org/publication/archives/trace-wp4-wp6-d4-1-1-d6-2.pdf
http://www.trace-project.org/publication/archives/trace-wp4-wp6-d4-1-1-d6-2.pdf
http://nbn-resolving.de/urn:nbn:de:bsz:ch1-qucosa-167333


11 Lane Change Prediction 221

8. Morris, B., Doshi, A., Trivedi, M.: Lane change intent prediction for driver assistance: On-
road design and evaluation. 2011 IEEE Intelligent Vehicles Symposium (IV). IEEE. (2011)
doi:10.1109/IVS.2011.5940538

9. Henning, M.: Preparation for lane change manoeuvres: Behavioural indicators and un-
derlying cognitive processes (Dissertation). TU Chemnitz, Chemnitz (2009). http://www.
qucosa.de/fileadmin/data/qucosa/documents/6027/data/Dissertation_MHenning.pdf. Accessed
12. Apr. 2017

10. Ponziani, R.: Turn Signal Usage Rate Results: A Comprehensive Field Study of 12,000 Ob-
served Turning Vehicles. SAE International, Warrendale, PA (2012)

11. Lee, S.E., Olsen, E.C.B., Wierwille, W.W.: A comprehensive examination of naturalistic lane
changes. Report DOT HS 809 702. Washington, DC: NHTSA, U.S. Department of Transporta-
tion (2004)

12. Deutscher Verkehrssicherheitsrat e.V. (DVR): DVR-Report: Magazin für Verkehrssicherheit
(No. 2/2007) (2007). http://www.dvr.de/download/dvrreport_02_2007.pdf. Accessed 12. Apr.
2017

13. Auto Club Europa (ACE): Reviere der Blinkmuffel (2008). http://www.ace-online.de/fileadmin/
user_uploads/Der_Club/Dokumente/10.07.2008_Grafik_Blinkmuffel_1.pdf.Accessed 12. Apr.
2017

14. Doshi, A., Trivedi, M.: A comparative exploration of eye gaze and head motion cues for lane
change intent prediction. Intelligent Vehicles Symposium, 2008 IEEE : Intelligent Vehicles
Symposium, 2008 IEEE: Intelligent Vehicles Symposium, 2008 IEEE., pp 49–54 (2008)

15. Liebner, M., Klanner, F., Stiller, C.: Der Fahrer im Mittelpunkt – Eye Tracking als Schlüssel
zum mitdenkenden Fahrzeug? In: Dietmayer, K. (ed.) 8. Workshop Fahrerassistenzsysteme,
FAS2012 Walting im Altmühltal, 26.–28. September 2012. pp. 87–96. Uni-DAS, Darmstadt
(2012)

16. Lethaus, F., Baumann, M.R.K., Köster, F., Lemmer, K.: Using pattern recognition to predict
driver intent. ICANNGA’11, Proceedings of the 10th international conference on Adaptive and
natural computing algorithms – Volume Part I. Springer, Berlin, Heidelberg, pp 140–149 (2011)

17. Cacciabue, P.C. (ed.): Modelling Driver Behaviour in Automotive Environments. Springer, Lon-
don (2007)

18. Michon, J.A.: A critical view of driver behavior models: what do we know, what should we do?
In: Evans, L., Schwing, R.C. (eds.) Human behavior and traffic safety, pp. 485–524. Plenum
Press, New York (1985)

19. Borkenau, P., Ostendorf, F.: NEO-FFI: NEO-Fünf-Faktoren-Inventar nach Costa und McCrae,
2nd edn. Hogrefe, Göttingen (2008)

20. Hoyle, R.H., Stephenson, M.T., Palmgreen, P., Lorch, E.P., Donohew, R.L.: Reliability and
validity of a brief measure of sensation seeking. Pers Individ Dif 32(3), 401–414 (2002).
doi:10.1016/S0191-8869(01)00032-0

21. Oswald, W.D., Roth, E.: Der Zahlen-Verbindungs-Test. Hogrefe, Göttingen, Bern, Toronto,
Seattle (1986)

22. Pech, T., Lindner, P., Wanielik, G.: Head tracking based glance area estimation for driver be-
haviour modelling during lane change execution. 2014 IEEE 17th International Conference on
Intelligent Transportation Systems (ITSC), pp 655–660 (2014)

23. Beggiato, M., Krems, J.F.: Sequence analysis of glance patterns to predict lane changes on
urban arterial roads. Paper presented at 6. Tagung Fahrerassistenz – Der Weg zum automatis-
chen Fahren, Munich, 28.–29.11.2013. (2013). http://mediatum.ub.tum.de/node?id=1187197.
Accessed 12. Apr. 2017

24. Dettmann, A., Thoms, U., Basler, M., Beggiato, M., Bullinger, A. C.: Too busy to indicate?
Indicator usage depending on task demand in urban lane change maneuvers (in prep.)

http://dx.doi.org/10.1109/IVS.2011.5940538
http://www.qucosa.de/fileadmin/data/qucosa/documents/6027/data/Dissertation_MHenning.pdf
http://www.qucosa.de/fileadmin/data/qucosa/documents/6027/data/Dissertation_MHenning.pdf
http://www.dvr.de/download/dvrreport_02_2007.pdf
http://www.ace-online.de/fileadmin/user_uploads/Der_Club/Dokumente/10.07.2008_Grafik_Blinkmuffel_1.pdf
http://www.ace-online.de/fileadmin/user_uploads/Der_Club/Dokumente/10.07.2008_Grafik_Blinkmuffel_1.pdf
http://dx.doi.org/10.1016/S0191-8869(01)00032-0
http://mediatum.ub.tum.de/node?id=1187197


12Fusion of Driver Behaviour Analysis
and Situation Assessment for Probabilistic
DrivingManoeuvre Prediction

Veit Leonhardt, Timo Pech, and Gerd Wanielik

12.1 Introduction

Driving in urban traffic situations is a highly demanding task. The driver continuously has
to observe and assess complex and dynamic traffic situations and intervenes by perform-
ing driving manoeuvres. Due to the limited capabilities of the driver there is a significant
risk of accident. In 2014, 3377 people died and 67,732 people were injured seriously in
connection with road traffic accidents in Germany [1]. 15.7% of all accidents caused by
inappropriate driving behaviour happened while performing driving manoeuvres. Espe-
cially for accidents related to lane changes, Bayly et al. [2] expect a 25% reduction of the
severity of accidents by means of providing lane change assistance.

This reflects the significant need as well as the potential to assist the driver during these
manoeuvres. Consequently, modern cars are equipped with advanced driver assistance
systems (ADAS) aiding the driver in maintaining situational awareness and performing
driving tasks. However, optimal assistance depends on the situation and the driver’s inten-
tions. Moreover, it is important to assist timely and reliably to be actually accepted and
used by the driver. Unneeded or inadequate information, warnings and interventions could
distract the driver and cause driving errors. Hence, modern driver assistance systems also
have to adapt to driver intentions and situations to match the driver’s actual need for assis-
tance. As a result, future assistance systems themselves need knowledge about the driver’s
intentions.

The real-time prediction of lane change intentions and manoeuvres is a complex and
demanding task. It depends on the variety of influences, situations and driver characteris-
tics as well as on the availability of suitable sensor data and computing capacity. That’s
why early scientific work started to predict lane change manoeuvres using CAN data ex-
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clusively. The steering angle, the steering angular velocity and the steering force were
used to detect the realization of lane change manoeuvres [3]. However, relying solely on
steering data causes a lack in terms of robustness [4] and in earliness. Studies as conducted
by Oliver and Pentland [5] indicated the capability of environmental information about the
road’s geometry and surrounding traffic to improve the detection’s performance. Schubert
and Wanielik [6] used environmental recognition to assign tracked objects to specified
lanes and derive lateral manoeuvre recommendations. Parallel research involved the gaze
behaviour of drivers [7–9]. It was proven that this gaze behaviour related to lane change
manoeuvres is characteristic and can be used to predict them in particular situations as
well. In algorithmic terms, authors usually consider the estimation of a driver’s intention
as a task of classification. Hence, classification methods as for example Support and Rel-
evance Vector Machines [10, 11], Fuzzy Logic [12] and Bayesian networks [6] as well as
Hidden Markov Models [3, 4] are applied.

Consequently, the next steps to enable future driver assistance systems to adapt to
drivers on the basis of knowledge about their intentions to change lanes have to aim at
fusion and integration. Complementary features of the environmental situation and the
driver’s gaze behaviour have to be fused to obtain an early as well as reliable prediction
of driving manoeuvres. Subsequently, a real-time prediction has to be implemented, to be
integrated into a vehicle and to be applied to real driving data. Both aspects, the feature
fusion and the integration, were considered and implemented as presented below.

12.2 Preliminary Considerations

12.2.1 Term of Intention

The challenge of detecting intentions is based on their intrinsic character. They can be un-
derstood as endeavours of drivers for certain actions, and by this way, they are influenced
by the drivers themselves as well as by external factors. Intentions strongly affect the
driver’s acting but normally are not expressed and not directly measurable. So to predict
and detect them it is necessary to understand how they work. Which measurable factors
affect their emergence and which factors are affected by them?

In connection with driving the intentions of drivers are determined by the objectives
of reaching a particular destination and of reaching it as fast, safely and comfortably as
possible. If they regard an adjacent lane as more suitable, they will probably aim at per-
forming a lane change manoeuvre to that lane. Hence, the algorithmic task to be solved is
detecting those situations.



12 Fusion of Driver Behaviour Analysis and Situation Assessment 225

12.2.2 Lane Change Process

For lane change intentions, three consequent phases can be distinguished: intention for-
mation, manoeuvre preparation and manoeuvre realization.

First of all, environmental influences trigger the formation of an intention. Motivat-
ing factors encourage the emergence of an intention while others impede the desire for
changing the lane in a certain situation [13]. Hence, the process of formation itself is un-
observable but is dominated by environmental features perceived by the driver. Because
these motivating and impeding features are simultaneously part of the vehicle’s visible
environment, they can be detected and be used to infer the intention. If there is actual
an intention to change the lane, the driver starts to prepare the manoeuvre. This becomes
visible by the driver’s gaze behaviour to make the lane change in a safe way. As shown
in previous work this behaviour is characteristic in connection with different types of lane
change manoeuvres (see preceding chapter of Beggiato et al.). Significant for the phase
of manoeuvre realization is the movement of the vehicle controlled by the driver. Thereby
the controlling includes directing interventions as well as changes in the vehicle’s speed.

The three phases differ in the way they are able to indicate the presence of a lane change
intention in terms of explicitness and time horizon. While the formation of the intention
happens first but needs determination by reasoning, the manoeuvre realization can be de-
tected directly but only at a late stage. The qualities of the phase of manoeuvre preparation
are in between. In consequence, it seems to be useful to concentrate on detecting the in-
tention’s formation and the manoeuvre preparation and then to combine the strengths of
both aspects by probabilistic fusion.

12.2.3 Scenario

In the study conducted for this work different types of lane changes occurred. As described
in the preceding chapter of Beggiato et al., one of the most common types of lane changes
observed is the lane change induced by a vehicle driving ahead slowly. The present work
focuses on predicting this type of lane change.

The corresponding environmental situation is characterised by a multi lane setup with
at least one slow vehicle within the driver’s lane. The assumption made about this situation
is that the vehicle driving slowly is considered to be an obstacle by the driver. It works
as a motivator for changing the lane. If, in addition, there is another lane available that is
assessed as more suitable, the driver will tend to change to that lane as soon as a safe lane
change is possible. In contrast, lane markings that forbid a lane change or heavy traffic
on the target lane that makes the change unsafe impede the formation of a lane change
intention.
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12.3 Recognition of an Intention to Perform aManoeuvre

12.3.1 Approach

On the basis of the understanding of the process of the intention’s formation, the ma-
noeuvre preparation and realization, the task supposed to be solved can be formulated in
algorithmic terms. It consists in detecting situations of upcoming driving manoeuvres as
soon as possible in order to predict the following realization of a manoeuvre. This only
can be done based on information about the environment and the driver that is obtainable
by the vehicle’s sensors. Environmental sensor data allow the recognition of influences
that motivate or impede the formation of manoeuvre intentions. Observing the driver with
vehicular sensors enables the system to detect behaviour that is characteristic for manoeu-
vre preparation. However, all information has to be considered as being uncertain due to
the process of acquisition and the limited significance of the features. To handle and to
preserve these uncertainties all processing should be done in a probabilistic way. Conse-
quently, the process of intention recognition for lane changes can be interpreted as pictured
in Fig. 12.1.

For the scenario of predicting lane changes the driver’s intention can be described as
the preference of the driver for a certain lane. Focusing on adjacent lanes only, a random
variable XM can be defined that describes the driver’s intention to change the lane. It
can have up to three possible states: Intention XM D xKL for keeping the actual lane
and intentions XM D xLCL and XM D xLCR for changing the lane to the left and right,
respectively. Due to the description of the actual state using probabilities this leads to the
determination of probabilities P.XM/ with the restriction Eq. 12.1.

P.XM D xLCL/C P.XM D xKL/C P.XM D xLCR/ D 1 (12.1)

Fig. 12.1 Process of recognizing the manoeuvre intention
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Calculating these features requires the measurement data to be interpreted and assessed.
A suitable approach is to model both aspects by means of features extracted from those
data. Each feature represents a single aspect that is capable to discriminate the presence
of at least two states of intention. Their selection follows analyses of naturalistic driving
data. Further details can be found in the preceding chapter of Beggiato et al. However,
the features are simplifications and the contribution of a single feature to the intention
recognition process often strongly depends on the situation, on the availability and the
uncertainty of information used and the quality of processing achievable. For that reason
sets of multiple features have to be used. This, in turn, makes it necessary to weight and
fuse the feature values in order to compute estimations for P.XM D xLCL/, P.XM D
xKL/ and P.XM D xLCR/ as early and reliable as possible.

12.3.2 Assessment of the Environmental Situation

The aspect of environmental situation assessment aims at deducing features that describe
influences motivating and impeding the formation of lane change intentions.

Motivator for changing the lane within the given scenario is a vehicle driving ahead
slowly and using the ego lane. The ego lane is defined as the lane the driver’s vehicle,
the ego vehicle, is driving along. Hence, features are required that quantify if there is
a vehicle driving in front and if it will be sensed as an obstacle or danger by the driver.
Suitable measures to categorize a vehicle driving ahead as obstacle O can be its relative
velocity vRel D vE � vO and its distance s to the ego vehicle E. Furthermore, drivers
normally tend to avoid critical situations and rough manoeuvres. Accordingly, a situation
that would imply the need of such a situation or manoeuvre by keeping the lane can be
assumed as not to be intended by the driver. The driver preferably will solve the situation
by changing the lane. The roughness of such a braking manoeuvre behind another slower
vehicle can be quantified by means of the idea of Deceleration to Safety Time (DST),
introduced by Hupfer [14].

As described by Leonhardt et al. [15] it can be adapted to the given scenario. The
Adapting Deceleration to Safety Time (ADST) proposed considers the ego vehicle E and
an obstacle O driving in front of the ego vehicle. For time t0 their positions are assumed
to be given by points E0 and O0 with the vehicle’s initial distance s0 D E0O0. Obstacle
O moves at a constant speed vO . The ego vehicle E approaches obstacle O with velocity
vE0 > vO so that it has to decelerate over a period of time td . At time t1 D t0 C td the
vehicles reach the points E1 and O1 with velocity vE1 < vE0 and vO , respectively, as
visualised in Fig. 12.2.

In this way, vehicle E decelerated over a distance of E0E1 to hold a safety distance of
E1O1. In accordance with Fig. 12.2 E0E1 can be calculated using equations Eq. 12.2 and
Eq. 12.3, respectively.

E0E1 D E0O0 CO0O1 � E1O1 (12.2)
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Fig. 12.2 Relations of ego vehicle E and obstacle O driving ahead slowly

	aADST
2

t2d C vE0td



D .s0/C .vOtd / � .vE1tSafety/ (12.3)

vE1 D vE0 C aADSTtd (12.4)

The Adapting Deceleration to Safety Time aADST needed to meet a safety time tSafety
can be obtained by combing equations Eq. 12.3 and Eq. 12.4 leading to Eq. 12.5. Sup-
posing that the ego vehicle adapts to the velocity of the vehicle it is approaching, so that
vE1 D vO , Eq. 12.5 can be further simplified to Eq. 12.6.

aADST D v2E0 � v2E1 C 2vO.vE1 � vE0/
2.vE1tSafety � s0/ (12.5)

aADST;vO D .vE0 � vO/2
2.vOtSafety � s0/ (12.6)

The motivating influences described by these features not necessarily result in a lane
change intention. Depending on the situation, further influences – impediments – can im-
pede a safe and legal lane change. The possibility of a legal lane change to the left or right,
respectively, in urban areas is ruled by lane markings. As dashed lane markings indicate
that lane changes are allowed, solid markings prohibit them. Provided lanes in urban areas
always have markings and the driver complies with them they can be used as indicating
features. The driver’s assessment of a lane manoeuvre’s safety is strongly related to the
amount of traffic noticed there. Changing to a lane of dense traffic is less probable than
changing to low traffic due to the larger space between two vehicles. So, in algorithmic
terms the traffic density can be modelled by the presence, position and motion of vehicles
within a lane section. In accordance with the features describing the vehicle driving ahead
this assessment is done utilizing the distances si and Adapting Decelerations to Safety
Time aADST;vi of all vehicles i that are detected within a nearby lane.

In summary, for the lane change prediction the environment of the ego vehicle is de-
scribed by the vehicles around and the types of adjacent lane markings. Thereby, vehicles
are assessed by their lane classification and a set of features consisting of distance, relative
velocity and Adapting Decelerations to Safety Time. Therefore, it becomes necessary to
detect and track vehicles around their relative positions and to acquire information about
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the lane number, geometry and type of lane marking. Because the vehicle’s velocity usu-
ally depends on the maximum value that is allowed, a last environmental feature, the local
speed limit vMax, is incorporated as well.

12.3.3 Assessment of the Driver Behaviour

If there is the actual intention to change the lane, the driver starts to prepare the pending
manoeuvre action. Part of this manoeuvre preparation is the observation of the environ-
ment to detect a point in time when a safe lane change manoeuvre would be possible.
This process is accompanied by glances in the directions of the vehicle’s windows and
mirrors. As this gaze behaviour is proven by related research to be characteristic and as it
implies noticeable head and eye movement, it can be used as a further early indicator for
predicting lane changes [7–10].

On the feature level, the gaze behaviour in general can be reduced to the area a driver
currently looks at. The alteration of this area over time can be modelled as a sequence of
areas. Viewing areas Gi that are distinguished are the front, left and right windows GFW,
GLW and GRW, respectively, and the left mirror GLM, right mirror GRM and rear view
mirror GRVM.

The area Gi , a driver looks at, can be derived from the direction of looking. To focus
a specific area the driver uses head and eye movement in a cumulating manner. Because
the eye movement is much harder to detect than the head movement and as Pech et al.
[16] have shown that head movement can be used to classify the area Gi , the approach
presented relies on detecting and classifying head movement exclusively. For this purpose,
it uses the horizontal rotation of the driver’s head around the yaw rotation axis �y;HRot of
its Euler angles to define the direction the head points at.

Hence, the calculation of the feature area Gi , the driver looks at, can be interpreted
as a classification problem. An input angle �y;HRot has to be assigned to one out of the
six area states Gi can have. It is solved by using a naive Bayesian classifier [17] defined
according to Eq. 12.7.

P.Gi j#y;HRot/ D p.#y;HRotjGi/P.Gi /P6
jD1 p.#y;HRotjGj /P.Gj /

(12.7)

A probability P.Gi j#y;HRot/ expresses the probability that a given value range of the
yaw rotation axis #y;HRot is related to the observation of a glance area Gi . Thereby,
p.#y;HRotjGi/ is the conditional probability density describing the probability that look-
ing at an area Gi will lead to an angle #y;HRot. The probability P.Gi/ corresponds to the
absolute probability drivers look at the given area. Both parameters were determined by
training a corresponding classifier. The training applied the Maximum-Likelihood-Esti-
mation method on the training subset of the annotated naturalistic driving data gained by
the study related to this work. As depicted in Fig. 12.3 and discussed by Pech et al. [16],
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Fig. 12.3 Probabilistic relation of yaw rotation of head and glance area assignment

this led to a set of probability distributions describing the probabilistic relation between
#y;HRot and p.#y;HRotjGi /.

It can be seen that the diversity of situations and individual driver characteristics cause
the probability distributions to overlap. Hence, the assignment is not clearly cut in any case
but adds probabilistic evidence for the preparation of an upcoming lane change manoeu-
vre. The probabilities P.Gi/ correspond to their relative frequency of incidence within
the training data set.

In spite of single glances giving evidence for observation behaviour, they are not nec-
essarily part of the preparation of a lane change manoeuvre. So, it is reasonable to take the
context of the glances into account as well. For this purpose the glance area sequence is
observed and is compared with sequences typically related to lane change manoeuvres to
the left and right, respectively. It is done by utilizing a first-order Hidden Markov Model
approach.

Hidden Markov Models as described by Rabiner and Juang [18] are capable of esti-
mating states of random variables that cannot be determined directly. The estimation is
made on the basis of causally linked observations and in consideration of state transition
probabilities. The transition probabilities significantly affect the quality of estimation so
that in case of multiple competing model hypotheses the better hypothesis will show bet-
ter results over time. This effect is exploited to differentiate between glance sequences
related to preparations of lane changes to the left and right, respectively. For the glance
areaGi to be estimated a hidden state XHMM.t/ for a time t is defined. The causally linked
observations yHMM.Gi ; t/ are calculated by means of #y;HRot and P.Gi j#y;HRot/. The state
transition probability matrix T holds two competing variants TLCL and TLCR.
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Fig. 12.4 Glance area transi-
tion probabilities before lane
changes to the left (a) and
right (b)

The parameterization of the matrix TLCL is based on the training data subset and the
relative frequencies of transitions between glance areas Gi related to lane change ma-
noeuvres to the left, while matrix TLCR was specified accordingly for upcoming lane
changes to the right. Glances are defined as related to a particular manoeuvre if they occur
within a time span of 10 s [19] ending when the vehicle’s longitudinal axis passes the lane
markings of the ego lane. Fig. 12.4 visualises the trained transition probabilities of both
matrices with the help of arrows of modulated widths.

Hence, two Hidden MarkovModels exist that are used to calculate state sequence prob-
abilities P.SLCL/ and P.SLCR/ and that express the extent to which the models of lane
change preparation to the left and right, respectively, are being met.

As a further feature the indicator signal could be used. It indicates lane change in-
tentions by definition. However, it was aspired to evaluate the algorithm’s performance
independently from the usage of the indicator signal. That is why it was decided to refrain
from using it.

12.3.4 Feature Fusion and Probabilistic Reasoning

To assess and combine the features describing the environmental situation and drivers’
gaze behaviour and to reason for lane change intentions subsequently, a Bayesian network
was implemented. This concept was chosen because it is able to do probabilistic reasoning
using heterogeneous evidences of varying uncertainty and availability.

A Bayesian network (BN) is an acyclic graph G D f�; �g consisting of n nodes � D
fX1 � � �Xng, linked by directed edges � D ˚

Xi ! Xj jXi;Xj 2 �; i ¤ j
�
. Each node

represents one random variable by means of its set of possible states and the corresponding
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state probabilities. Edges model the probabilistic dependence of causally linked nodes or
random variables. Each of them points to a child node Xj from a parental node Xi being
defined by a matrix of conditional probabilities. Because of that linkage, the incorporation
of evidence of one node’s state is able to spread to related nodes and to give evidence
of their states. In this manner the BNs can be utilised for probabilistic reasoning and for
estimating random variables that cannot be observed directly as an intention for changing
the lane.

Formally the state of a BN is defined by the joint probability P.X1; � � � ; Xn/ of all
nodes. With the help of the Bayes’ theorem the parameter P.X1; � � � ; Xn/ can be factor-
ized as formulated in Eq. 12.8.

P.X1; � � � ; Xn/ D
nY
iD1
P.Xi jXi�1; � � � ; X1/ (12.8)

In accordance with the issue beingmodelled by a BN, a given nodeXi is not necessarily
causally linked to all nodes � but only to a subset �pi 
 � of immediate parental nodes
it directly depends on. Mathematically, this means assuming the local Markov property. It
says that a random variable can be assumed as being independent of all others variables
as long as its direct neighbour variables are given. This leads to Eq. 12.9 so that Eq. 12.8
can be reduced to Eq. 12.10.

P.Xi jXi�1; � � � ; X1/ D P.Xi j�pi / (12.9)

P.X1; � � � ; Xn/ D
nY
iD1

P.Xi j�pi / (12.10)

To sum up, the probabilistic reasoning determining any state probability P.Xi / of
a random variableXi in demand needs evidence about the state probabilities of all parental
random variablesXpi and about the conditional probability distribution ofP.Xi j�pi /. The
state probabilities of the parental random variables either are determined the same way or
are updated using external evidence. As the conditional probability distribution is part of
the network’s structure, it has to be given and is subject of the design process.

Concerning the probabilistic reasoning for the driver’s intention, the probability
P.XM/ with its possible states XM D xLCL; xKL; xLCR has to be the random variable
and BN node in demand. The external evidence the reasoning bases on, is provided by the
features used to model the environmental situation and the driver behaviour as described
before. To make that evidence accessible by the BN, the network holds corresponding
input nodes, one for each single feature. This assignment requires a mapping of the fea-
tures’ value ranges on a set of discrete state classes as used by the BN nodes to describe
their states. For the not naturally class-based feature variables this takes place by sub-
classifying the variables’ value range. In order to minimize the loss of information caused
by this discretization, the mapping of the value ranges happens probabilistically using
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smooth transitions between the state classes. Corresponding to the three subtasks of as-
sessing the environmental situation, assessing the driver’s behaviour and of combing the
assessments to one statement, the BN is divided into three sections of nodes that, in turn,
include further internal nodes representing partial outcomes.

The first network section weighs up influences motivating a lane change to the left or
right against impeding influences based on the environmental feature set described above.
The outcome of this weighing process can be reduced to an estimation of the driver’s actual
preference for a particular lane. Considering direct lane changes exclusively, this leads to
assessments of the ego lane and the adjacent lanes to the left and right, respectively, to
calculate the according probabilities P.XM;Environment D xKL/, P.XM;Environment D xLCL/

and P.XM;Environment D xLCR/.
It is assumed that the preference for a particular lane significantly depends on the pres-

ence and criticality of the vehicles driving there. Hence, the state of a lane is modelled as
a level of its occupancy. In doing so, three levels of occupancy are distinguished as pro-
posed by Schubert et al. [20]. State XLane D xFree marks free lanes without any obstacle
detected. Lane state XLane D xOccupied characterises situations with vehicles present that
still allow a safe use of the corresponding lane. And the third state XLane D xDangerous
indicates lane situations where other vehicles prevent the driver from changing to the lane
or using the ego lane further on safely and comfortably. For adjacent lanes that state space
is expanded by a fourth state XLane D xNonExistent indicating the absence of such a lane.

Following the environmental section’s structure of the network, depicted in Fig. 12.5,
the assessment of the ego lane relies on the feature variables Adapting Deceleration to
Safety Time aADST;vO , distance sO and the relative velocity vRel0. The feature’s values are
converted to levels of lane occupancy and subsequently are combined by the BN to an
occupancy estimation of the ego lane.

The estimation of the occupancy levels of the two adjacent lanes is done by two further
subsections of nodes. As shown in Fig. 12.5 each of them includes three input nodes. The
nodes qualify the occupancy of the respective lane in terms of ADST values, distances
of the vehicles located there and in terms of the type of the lane markings separating the
respective lane from the ego lane. In doing so, for all vehicles detected inside a delimited
area of the respective lane the Adapting Decelerations to Safety Time aADST;vi and dis-
tances si , respectively, are calculated and converted into levels of occupancy by using the
most critical value that occurs. The information about the absence of an accessible adja-
cent lane, determining the state XLane D xNonExistent, is provided by the estimation of the
type of lane markings which, in turn, is derived from observations of the respective lane
markings by diagnostic reasoning.

To conclude on the driver’s intention of a lane change manoeuvre based solely on
environmental assessment, the probabilities P.XM;Environment/ are finally obtained by con-
trasting the states of the different lanes with each other. For weighing competing lane
states the order of states XLane D xFree, xOccupied and xDangerous is assumed as complying
with descending preference by the driver. However, the fourth state XLane D xNonExistent is
able to overrule all the other states by preventing any intention for changing to the accord-
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Fig. 12.5 Bayesian network, section for assessing the environmental situation

ing lane. If two lanes compared reach the same level of occupancy, the lane the driver is
already driving, the ego lane, is defined as to be preferred. Two adjacent lanes of the same
level are considered being equal.

The second section of the BN aims at reasoning for the driver’s intention probabilities
P.XM;Driver D xKL/, P.XM;Driver D xLCL/, and P.XM;Driver D xLCR/ based on the gaze
behaviour only. As described before, the gaze behaviour is modelled by the area Gi the
driver actually looks at and by the sequence of the areas the driver looked at before. To
include those features into the BN and to calculate the probabilities for P.XM;Driver/, four
input nodes are defined as shown in Fig. 12.6. Two of them represent the probabilities
P.SLCL/ and P.SLCR/ that describe the probability the sequences observed match to the
respective variant of the HMM. However, detecting those sequences requires to observe
the areas a driver looks at over a longer period of time. Consequently, the process of pre-
dicting lane changes will be delayed, even if a single glance already contains information
about an intention, although with less significance. Hence, the second pair of input nodes
evaluates the probabilities that the area the driver actually looks at can be related to a lane
change intention to the left and right, respectively. To achieve this, all areas Gi are clas-
sified in accordance to their probability appearing in connection with lane changes to the
respective direction.

Comparisons using the naturalistic driving data obtained by the study that is related to
the work pointed out that the possibility to predict upcoming lane changes by assessing the
environmental situation or driver behaviour strongly depends on the specific lane change
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Fig. 12.6 Bayesian network,
section for assessing the
driver’s gaze behaviour

situation. Specific situations can differ with regard to the individual assessment by the
driver as well as in the way the features used for the prediction are available and detectable
by the sensors. In consequence, neither the environmental observation nor the observation
of the driver are able to guarantee an early as well as robust lane change prediction on its
own.

That is why the network’s final section deals with the fusion of the estimates of
P.XM;Environment/ and P.XM;Driver/ to combine their complementary strengths in terms of
prediction time and quality. In doing so, conflicting lane change predictions, for example
P.XM;Driver D xLCL/ and P.XM;Environment D xKL/, may occur and have to be weighed.
That weighing is described by a set of rules underlying the related conditional probability
table of the network. It weights lane change predictions of opposing directions in equal
parts as it favours the prediction of any lane change against the prediction of keeping the
lane. However, P.XM;Driver/ is only allowed to outvote P.XM;Environment/ if an according
lane is available. Hence, the information about the presence of adjacent lanes, given by
XLane D xNonExistent, has to be passed on to the fusion node. For that purpose, the set
of the states of P.XM;Environment/ is extended by additional states indicating lane change
directions being allowed as shown in Fig. 12.7. The result of fusing P.XM;Environment/ and
P.XM;Driver/ is P.XM/ with possible states XM D xKL, xLCL and xLCR.

Fig. 12.7 Bayesian network, section for fusing the assessments
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12.4 Real-Time Application

The lane change prediction algorithm presented was implemented as a real-time appli-
cation running under real conditions as a built-in vehicular system. For that purpose,
a test vehicle was equipped with sensors providing measurement data of the environmen-
tal situation and the driver’s behaviour. In addition, a set of pre-processing modules was
implemented to derive the features needed by the probabilistic reasoning. The complete
lane change prediction system was finally demonstrated live at the public presentation of
the UR:BAN project as can be seen in Fig. 12.8.

12.4.1 Test Vehicle and Technical Setup

The test vehicle is a VW Touran 2.0 TDI depicted by Fig. 12.9. To detect and track sur-
rounding objects the vehicle is equipped with automotive sensors. Two long-range radar
and four blind spot radar sensors cover 360 degrees of the environment. The 77GHz long-
range sensors are mounted at the front and rear of the vehicle, respectively, and have
a detection range of up to 200m and a detection angle of ˙28°. The blind spot radars
mounted sideways, two on each side, work with 24GHz and are able to detect objects
up to 27m providing a detection angle of ˙40°. The lane mark detection needed for as-
signing detected objects to specific lanes is done by a commercial camera-based system
called Mobileye. Mounted in the direction of travelling, it provides information about the
lane’s curvature and the relative position of the ego vehicle within the lane. The vehicle is
equipped with seven cameras to obtain information about the situation around and inside
the vehicle to support the process of annotation and development. Two of them are addi-
tionally used for processing. The first one facing in the direction of travelling is also used
to identify the type of lane markings while the second camera facing the driver provides
video data for the head tracking with 40Hz and a resolution of 640 × 480 pixels. The lo-

Fig. 12.8 Demonstration of the integrated algorithm detecting lane change intentions
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Fig. 12.9 Test vehicle and sensor configuration

calization of the ego vehicle is done by means of an inertial measurement unit supported
by Differential GPS information with a positioning accuracy of 40 cm in total. Finally, the
CAN bus of the vehicle provides information about the velocity and yaw rate of the ego
vehicle. The processing is done by a standard desktop machine.

12.4.2 Pre-processing and SystemArchitecture

To get the values of features required by the Bayesian network to predict lane changes
using the measurement data, several pre-processing modules are implemented and con-
nected following the structure shown in Fig. 12.10.

The upper section of the module view aims at estimating the features for assessing the
environmental situation. Most of them, the Adapting Decelerations to Safety Time, dis-
tances and relative velocities of surrounding vehicles separated by their lane assignment,
rely on the knowledge about the position and the movement of all surrounding objects. It is
obtained by means of a multiple-sensor-multiple-object-tracking of the radars’ measure-
ment data [21]. In doing so, the Unscented Kalman Filter (UKF) is applied and motions
are modelled with the Constant Turn Rate and Velocity (CTRV) model [22]. Tracks are
created and updated by radar target measurements of all radar sensors using individual
sensor models and applying the Generalized Probabilistic Data Association (GPDA) [23].
Moreover, to relate the tracks to the movement of the ego vehicle, the ego motion is es-
timated. It is based on the velocity and turn rate delivered by the ego vehicle’s CAN bus
and applies UKF and CTRV as well. Parallel to this, the lane estimation module com-
bines the information about the position of the lanes obtained by the lane mark detection
system with the information about the types of adjacent lane markings. The lane marking
types are subsequently transferred to the BN while the lane positions are used by the as-
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Fig. 12.10 Structure of the algorithm detecting lane change intentions

signment module. This links the tracks with the information about the lanes’ structure in
order to specify the respective lane they belong to. Besides, the distance, relative velocity
and ADST are calculated for each track. The closest track within the lane the ego vehicle
is driving along, is finally used to detect the presence of a vehicle driving ahead slowly,
while the features of the other tracks are fused per lane to get occupancy assessments for
the adjacent lanes to the left and right, respectively.

The lower section deals with the estimation of the glance areas and glance areas se-
quences indicating a driver’s intention to change the lane to the left and right, respectively.
It starts with a head tracking module applying a commercial head tracking algorithm called
Seeing Machines faceAPI on the video data captured by the camera facing the driver. The
rotation of the driver’s head around its yaw rotation axis obtained this way is passed on to
the modules for estimating the glance area and the glance sequence. Both modules work
as described in Sect. 12.3.3.

To sum up, for each feature the different state probabilities are calculated as expected
by the input nodes of the Bayesian network and are used to infer the probabilitiesP.XM D
xLCL/, P.XM D xLCR/ and P.XM D xKL/ that there is actual an intention to change the
lane or not, respectively. All processing in connection with the whole algorithm is done
in a probabilistic manner. It means that the uncertainties are taken into account that are
inherent in the data captured, in the models used, and in the process of processing.

12.5 Experimental Results

The performance of the implemented lane change intent estimation algorithm was tested
by means of an evaluation data set. The set was generated from measurement data col-
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lected during the driving study. The measuring drives were performed with the help of the
research vehicle under real traffic conditions on mainly two-lane urban roads. The whole
amount of the driving study comprises measurement data of 60 test persons, who drove
along a 40 km long predefined route with 1865 lane changes in different traffic situations.
Finally, the measurement data was divided into two data sets. One data set was used for
development and training of the driver behaviour estimation and the other set to evaluate
the algorithms.

The evaluation of the results of the lane change prediction can be carried out by using
various quality attributes and methods. The choice of the methodology to assess the qual-
ity characteristic of the implemented algorithm depends on the potential application that
should use the results of the lane change prediction. However, in most cases the prediction
time and the validity of the prediction are of critical importance.

To analyse the results, the parameters PThreshold and tThreshold have been introduced,
describing the significant probability and the continuity of the prediction result. PThreshold

indicates the probability value from which the prediction can be interpreted as valid. To
filter scattered peaks of the algorithm the time threshold tThreshold defines the minimum
time span the probability has to remain above PThreshold to be considered as a stable result,
see Fig. 12.11. By applying the thresholds a binary result signal arises.

For the evaluation of this binary result value, the receiver operating characteristic
(ROC) method was applied. And in order to get a ground truth to compare the algorithmic
prediction results with real lane changes, the measurement data of the study conducted
was enriched by semantic information. The time spans that are considered to be related
to a lane change situation are defined by means of the same time intervals of 10 s as
described before.

The cases of the confusion matrix required by the ROC are defined in accordance with
Fig. 12.12. In the first quadrant, the rising and associated falling edge derived from the lane
change prediction value of the algorithm lies outside the occurring lane change situation.
This case is defined as a false positive sample. Lane change situations as the one next to it,
without any edge of the binary signal that can be related to the 10-second interval, count
as being false negative samples. If a pair of a rising and the associated falling edge of the

Fig. 12.11 Definition of thresholds for evaluation
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Fig. 12.12 Definition of the relation of prediction and ground truth

estimation overlaps with a lane change situation, as shown in the remaining quadrants of
Fig. 12.12, the rising edge is considered to be a true positive sample. Any further point
in time, without being related to any positive prediction result or lane change situation, is
considered as a true negative sample.

To apply the receiver operating characteristic, the complete evaluation data set was
used which represents a part of the measurement data collected during the measurement
study. Only about 2% of the time of the real driving data recorded are characterised by
lane change manoeuvres. As a result, the ratio of true positive and true negative values
are unbalanced. The high number of true negative examples would reduce greatly the
resulting false positive rate of the ROC curve. Thus, the algorithm would be taken as
highly efficiently. By using this classic method, false negative rates of 1 � 10�3 occur for
the lane change prediction algorithm. However, in the field of advanced driver assistance
systems the false alarm rate plays an essential role in the evaluation of technical systems
and algorithms. To get a more meaningful representation, the false alarms can be referred
to a real time value, for instance as false alarms per hour [10].

Fig. 12.13 represents the modified ROC curve of the developed lane change prediction
based on the fusion of environmental and driver behaviour information. Here the number
of false positive predictions is shown per hour. The different curves are based on different
time thresholds tThreshold. It can be seen that a growing time threshold reduces the false
positive samples. All curves reach a true positive rate over 0.87.

On the left hand side of Fig. 12.14 the ROC of the lane prediction by driver monitoring
only is shown. In comparison with the figure depicted on the right which represents the
lane change prediction using environmental information exclusively, it can be seen that
driver information alone performs better in terms of true positive rate than environmental
information alone. However, both are outperformed by the combination of environmental
and driver information as shown in Fig. 12.13.

Another quality parameter of algorithms for estimating manoeuvre intentions is the
prediction time which indicates how early an event can be forecasted. The prediction time
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Fig. 12.13 ROC curves for P.XM/ assessing driver and environment depending on tThreshold

Fig. 12.14 ROC curves for P.XM;Driver/ (a) and P.XM;Environment/ (b) depending on tThreshold
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Fig. 12.15 Evaluation of prediction time depending on PThreshold and tThreshold

influences the accuracy of the estimation result. In general, it can be assumed if the event
to predict lies further in the future, it is less likely that it really happens that way. But, in
turn, if the prediction is carried out too late it loses its benefit.

Fig. 12.15 shows the average time of the first true positive edge for a related lane change
manoeuvre depending on the threshold values of PThreshold and tThreshold. As expected, an
increasing value of thresholdPThreshold influences the temporal prediction horizon in a neg-
ative way. However, a higher PThreshold also decreases the rate of false positives, compare
Fig. 12.13. In comparison to similar research publications [4, 10, 11], the average pre-
diction times of the algorithm are significantly earlier. Doshi, Moris & Trivedi [10] get
a maximum true positive rate of 0.7 at a prediction time of 3 s before a lane change.
Connecting the data in Fig. 12.15 and Fig. 12.13 at a true positive rate of 0.7, the imple-
mented algorithm predicts a lane change triggered by slowly driving vehicles in front with
an average time of 7.8 s before it is executed. At this point the threshold parameters are
PThreshold D 0:5 and tThreshold D 1s.

To sum up, under the circumstances specified, lane change situations with a slower
vehicle in front can be predicted earlier and more reliable by combining information about
the environmental situation and information about the driver’s gaze behaviour.

12.6 Summary and Conclusions

The work presented aimed at implementing a real-time application predicting upcom-
ing lane changes on the basis of assessing the environmental situation and observing the
driver’s gaze behaviour.
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Bearing this in mind, a full approach for predicting lane change manoeuvres was pro-
posed. It relies on two sets of specific features. The first set that is suggested models
the motivating and impeding influence of the environmental situation on the formation
of manoeuvre intentions. This is done by involving the distance, relative velocity and de-
celeration to safety time of surrounding vehicles. In conjunction with the knowledge of
the lanes’ geometry and markings, all objects are assigned to the lanes to estimate the
driver’s lane preference. For this, gaze areas and gaze area sequences are estimated by
means of head tracking and are applied on two competing estimation models. In order to
achieve an early as well as reliable lane change prediction a Bayesian network approach
was proposed to fuse all the features in a probabilistic manner.

The algorithm was completed by post-processing modules to derive the features from
radar and camera based measurement data. The resulting lane change prediction algorithm
was implemented and optimized to run in real-time. Subsequently, it was integrated into
a test vehicle equipped with corresponding sensors. Finally, the whole prediction algo-
rithm was evaluated using naturalistic driving data obtained by the study related to this
work.

It has been shown that the feature set proposed is suitable to predict lane change ma-
noeuvres caused by a vehicle driving ahead slowly. The prediction can be done in real-
time by a standard desktop machine interpreting sensor information that is usually avail-
able in modern vehicles. Furthermore, it could be shown that combining the observation
and assessment of the environmental situation with the driver’s gaze behaviour is able
to outperform the individual performances by improving the prediction’s overall perfor-
mance. In addition, there are indications that the prediction of driving manoeuvres of other
types would also benefit from this approach. Although an adjustment of the parameteri-
zation and additional features as the driver’s point of destination could become necessary.
Due to the individual differences in the driving behaviour another possible improvement
could be to respect specific driver characteristics in the definition of parameter sets. In
general, the prediction’s performance significantly depends on parametrization which, in
turn, strongly depends on the data set used to classify and to parametrize the modules
of the prediction application. Consequently, future work should concentrate on parameter
optimization using naturalistic driving data covering a variety of situations as broad as
possible.
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13Human Focused Development of a Manoeuvre
Prediction in Urban Traffic Situations Based on
Behavioural Sequences

Jens Heine, Ingmar Langer, and Thomas Schramm

13.1 Motivation and Goal

Driven by the vision zero, the vision for a reduction of serious injuries and casualties in
road traffic [1] there has been done much work on active safety systems. Advanced driver
assistance systems (ADAS) played a major part in the last years to reduce the number
of seriously wounded and killed people in road traffic [2]. Many ADAS warn if critical
situations occur and intervene during a situation where the driver is not able to avoid
a collision by himself [3].

The driver’s chance of solving a critical situation without the help of an ADAS inter-
vention increases if the driver is warned at an earlier point of time. That however raises
the possibility of unnecessary warnings. For example an attentive driver is aware of the
upcoming conflict and does not need to be warned. He even may recognise these warnings
as false alarms, leading to the so called warning dilemma [4]. With a rising number of
those subjectively perceived unnecessary warnings the system might be seen as annoying
or is turned off, which leads to a reduced warning character of the system [5].

Hence, the goal is to support the driver with a warning as early as necessary and as late
as possible. That implies a minimum number of both unnecessary and false warnings [6].
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A possible approach towards that goal is to detect the driver’s intention and to predict
future human behaviour [5]. Intention detection measures early indicators of performing
a driving manoeuvre and tries to predict the following manoeuvre. A driving manoeuvre
is an enclosed operation concerning the guidance of a vehicle [7]. It consists of a number
of different actions a driver performs to conduct such manoeuvre. The driver intention
belongs to the group of short term changing driver states which changes regularly within
a fewminutes or seconds [8]. It is not possible to detect the driver intention directly, but the
actions a driver is performing in traffic situations can be set in relationship to performed
driving manoeuvres and inferred with observations to deduce the future behaviour of the
driver (Sect. 13.4).

There are many known motivators which influence the driver by forming his intention.
Motivators may be the desire to drive safely and comfortably to a chosen destination [9].
There are also inhibitors which restrict the driver in his behaviour, e. g. the characteristic of
the road, the weather or other road users. To infer the driver’s intention these motivators
and inhibitors have to be measured and have to be put in reference to each other. This
combination can be interpreted as a mental model of the driving behaviour. With such
mental model it is possible to infer the driver’s intention.

The driver’s intention influences the behaviour of the driver on the three levels of ve-
hicle guidance [10]. On the strategic level e. g. the driver determines the route to go to
his preferred destination. On the tactical level he performs actions like conducting driving
manoeuvres to reach his strategic goals. On the operational level he stabilizes the vehicle
to perform the tactical manoeuvres. The described approach concentrates on the tactical
guidance level.

If the driver’s intention is known with a time horizon of a few seconds, it is possible
to improve the performance of an ADAS [8] to support the driver on the tactical guidance
level, because unnecessary warnings can be suppressed and more user suitable warnings
can be generated. It is possible to infer the driver’s intention by using in-car Controller
Area Network (CAN-bus) data [11]. It can be decided if a warning is necessary and the
optimum point in time and intensity of a warning can be defined. Unnecessary warnings
can be suppressed.

In addition to the driver’s intention there are other driver conditions like drowsiness
or distraction which influence the driving behaviour [8]. They are not in focus of this
work. Hence, the aim was to provide constant experimental conditions with the least pos-
sible variation in drowsiness and distraction. To address all driver conditions including
the cross-connections between them, they have to be studied while varying them in a con-
trolled way.

The goal of the described work is the development of an algorithm to predict driving
manoeuvres in urban traffic situations with regard to driver’s behaviour. Therefore a study
design is created that comprises a set of four different driving manoeuvres (Sect. 13.3).
Addressed manoeuvres divide in critical and uncritical manoeuvres in order to identify po-
tential differences in detection performance. Analysed critical manoeuvres are emergency
braking and evasion, uncritical manoeuvres are stopping at a traffic light and changing
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lane. Subsequently, the algorithm’s performance is analysed by quality measures such as
time horizon, specificity and sensitivity. The vehicle used for data collection uses sensors
that are available in production. Additionally, the vehicle is equipped with head- and eye-
tracking.

Since the algorithm shall be implemented in a vehicle for demonstration purposes,
real-time capability is a requirement. This allows the driver to be warned exactly at the
calculated point of time.

13.2 Method of Development and State of the Art

Various research has been going on in the area of driver’s intention detection for a manoeu-
vre prediction with real-time capable algorithms. A good overview can be found in Doshi
and Trivedi [9]. There is no known technology to measure the driver’s intention directly
and exact in every possible situation. So far, only predictions with incorporated uncer-
tainty are possible. A possible way of driver’s intention detection can be done by building
up a mental model from data inheriting examples of certain behaviour and then classify
the observed behaviour to estimate his future behaviour based on the previous observa-
tions. The classification algorithms can be divided into discriminative (e. g. support vector
machines) and generative (e. g. Hidden Markov Models). Generative algorithms model
the probability distribution of input and output variables by finding parameters, fitting
class-conditional densities and class priors separately and combining them with the use
of Bayes’ theorem. In contrary, discriminative algorithms model the posterior probabili-
ties directly by maximising a likelihood function with conditional probability distribution
needing less parameters to be determined [12]. Both algorithms are trained using exper-
imental data to generate their knowledge inductively in a supervised training procedure.
With these procedures it is possible to generate a human model for predicting human
behaviour without the need of generating a full mental model deductively.

13.2.1 Development Process

With the mentioned restrictions and opportunities there is a common method for build-
ing up a human model for a manoeuvre prediction. It is called machine learning. To use
methods of machine learning to create a human model inductively, there needs to be a rep-
resentative set of data with examples of human behaviour you want to detect or predict.
These data need to be collected. There are many ways in generating driving data for a ma-
noeuvre prediction. You can perform a simulator study or measure human behaviour in
real driving situations. We conducted a controlled field study (see Sect. 13.3) to concen-
trate on the human behaviour and the underlying inter- and intraindividual differences.
There are not only differences between human drivers in performing similar manoeuvres
but even the same drivers tend to show intraindividual differences in performing the same
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driving manoeuvre. This needs to be considered, when synthesizing an algorithm for ma-
noeuvre prediction. Because we want to detect a certain behaviour in defined situations,
e. g. before and while the driver is performing a lane change, we use a supervised machine
learning procedure. In supervised machine learning the examples of input vectors need
to be connected to the desired output vectors. Hence, the gathered training data needs to
be labelled with discrete categories (e. g. the manoeuvre which is performed) to learn un-
derlying similarities in the data to be able to classify driver’s behaviour for a manoeuvre
prediction. When there is also a need for having not only a discrete result but to get a con-
tinuous variable, e. g. the time until the driver is staring to performing a certain manoeuvre,
a regression needs to be done.

A driving manoeuvre prediction needs to classify a certain manoeuvre with a certain
probability. Furthermore, it must be able to calculate a regression of the time to the start of
the manoeuvre while dealing with the complex and individual different behaviour of the
driver.

13.2.2 Algorithm for Manoeuvre Prediction

In this work a white box algorithm should be developed to model the driver’s behaviour
in a comprehensible and traceable way. In contrast to a black box model, e. g. an artificial
neural network, a white box model can be observed and interpreted all the time while
doing calculations and the trained parameters of the model are present in a comprehensible
way. So you are able to extract the knowledge from a white box model to analyse and
interpret it for further research. Further on, the complexity of the algorithm needs to be
a dimension that it can be executed in real-time on the desired hardware.

To generate a white box model of human behaviour the theory of Fuzzy Logic is fea-
sible. The theory of Fuzzy Logic was first described by Zadeh [13]. Fuzzy Logic enables
us to design a control system by using expert knowledge [14] and be able to model the
human way of understanding and interpreting signals and variables. Fuzzy Membership
Functions (MF) reduce the range of the input variables to a defined number of sets, sim-
ilar to the comprehension and mental representation of a human expert. However, Fuzzy
Logic is not able to deal with time series data without any adaptions, because it calculates
output data without considering past inputs or results. Bauer [15] proposed an alternative
to handle time series data with Fuzzy Logic without having to deal with the enormous
complexity of recurrent Fuzzy Logic systems [15]. The Fuzzy rule base is thereby inter-
preted as a state machine, incorporating one Fuzzy rule per state. The rule with the highest
aggregation value represents the active state of this state machine and with the time flow
and activation of different rules the time series behaviour can be modelled with these
adaptions.

The structure and operation mode of our algorithm for manoeuvre prediction can be
found in Sect. 13.4.
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13.2.3 Performance Metrics

When synthesising an algorithm, a validation needs to be done to estimate the performance
of the algorithm. Different metrics were used to measure performance of a binary classi-
fication and are useful for a performance estimation of this manoeuvre prediction. The
sensitivity, also known as the true positive rate, defines the proportion of correctly identi-
fied positive classifications whereby the specificity, also known as the true negative rate,
defines the proportion of the correctly classified negatives [16]. The true negative value
can also be calculated by subtracting the proportion of false positives from “1”. These
numbers can be used to calculate a receiver operator characteristic (ROC) to illustrate the
classification performance by varying a discrimination threshold [17]. The ROC enables
us to find an optimal trade-off for the decision threshold concerning the sensitivity and
specificity.

Another important performance metric when talking about a manoeuvre prediction is
the prediction horizon, also known as the earliness of a prediction. When determining the
mean prediction time horizon, e. g. at what time the car will cross the lane marking while
performing a lane change manoeuvre, we are able to estimate the possible positive effects
of an algorithm for manoeuvre prediction to a certain ADAS.

13.3 Experimental Study

In order to gather behavioural data (incl. eye tracking data) for the planned development
of a machine learning algorithm an experimental study was conducted. The study was
carried out in a controlled area on the test track of the Technische Universität Darmstadt,
because not only situations like stopping or changing a lane, but also critical situations
like emergency braking or evasion had to be analysed. It was not possible to perform
these critical situations in real traffic due to the risk they present.

The situations were set up on a fixed course on the test track (see Sect. 13.3.1) and
the subjects had to perform a total of ten laps, so that intraindividual differences in the
behaviour could be analysed. Interindividual differences were a result of the 97 subjects
that performed the study. Of these 97 subjects, 56 were males and 41 were females. The
mean age of the subjects was 39.3 years with a standard deviation of 13.4 years.

13.3.1 Study Design

The fixed course used in the study can be seen in Fig. 13.1. The course started with a traffic
light at an intersection, followed by a total of four lane changes. The lane changes were
divided into “forced” and “free” lane changes. Due to space and time limitations, the
forced lane change was limited to approx. 30m, while the area for the free lane change
was approx. 85m. After a curve at the end of the straight road the subjects had to drive
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Fig. 13.1 Overview of the course at the test track

to a stop sign and cross the intersection with the traffic light to their left side. At the start
of the straight road the subjects had to drive back to the beginning where the next round
started.

The traffic light stayed green for six laps, changed from yellow to red in two laps and
changed to red immediately in order to provoke emergency braking reactions in another
two laps. Between the second and the third lane change and after lane change number
four a pylon was placed on the track and both were activated once. On the way back to
the intersection, there was an area where a box was thrown on the lane. Details of the
three critical situations traffic light (immediate red signal), pylon and box are given in the
following chapter.

13.3.2 Creating Emergency Behaviour in Critical Situations

The main challenge regarding the critical situations was not to simply ask the subjects
to perform an emergency braking, but to provoke such a reaction in order to be able to
analyse a realistic reaction behaviour (see also [18]). One method was to unfurl a pylon
which was integrated in a striped barrel from the roadside, blocking the track and forcing
the subjects to brake or evade the obstacle in order to prevent a collision. Another method
we used, was to change the traffic light at the intersection to red suddenly, provoking
a braking reaction. The third method involved a box that was thrown onto the track in
front of the car. Fig. 13.2 shows the design of these critical situations.

In order to get proper reactions and useful data, it was critical to activate the different
situations at the right time. To find the perfect timing, pre-tests that included time-to-
collision (TTC) were performed. For the pylon the TTC was set to about 1.2 s in order to
see more evasion reactions than braking reactions (see also [2]). The traffic light suddenly
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Fig. 13.2 Overview of the critical situations pylon (a), traffic light (b) and box (c)

turned red when the car was about 21m away from the light – while driving 50 km/h this
equals approx. 1.5 s. The box was thrown onto the track with an approx. TTC of 1.2 s in
order to have comparable results with the pylon.

13.3.3 Validity of the Controlled Field Study

An analysis of the reactions to the critical situations of N =53 subjects (first test series)
showed that 50% (26 out of 52) of the subjects made an emergency brake when the traffic
light turned red suddenly. About 10% (5 out of 52) made a partial braking. The second
critical situation at the traffic light resulted in 86% (43 out of 50) emergency brake reac-
tions and only 10% (5 out of 50) showed no reaction at all. The subject’s reactions to the
triggering of the pylon are dominated by a combination of braking and evading (55.8%
(29 out of 52) respectively 59.5% (22 out of 37) in the two events). Evading is the reaction
in 26.9% (14 out of 52) respectively 21.6% (8 out of 37) while braking was done in 11.5%
(6 out of 52) respectively 18.9% (7 out of 37). 36 of the 53 subjects (67.9%) reacted with
a combination of braking and evading to the thrown box, 26.4% (14 out of 53) braked and
5.7% (3 out of 53) evaded at the critical situation. To summarize, the reactions of the sub-
jects were as expected and valuable data was collected. Additional details (with slightly
different numbers due to smaller mistakes) can be found in Langer et al. [18].

In a questionnaire, which had to be completed after each critical situation, the subjects
had to mention situations out of real traffic which are comparable with the critical situation
in the tests. The main answers were:

� Traffic light,
– inattention of the driver (N =13),
– imminent crossing of a red traffic light (N =10),
– harsh Braking of the vehicle ahead (N = 6).

� Pylon,
– child or ball on street (N = 18),
– animal crossing street (N = 13),
– car leaving parking space/car door opened (N = 12).
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� Box,
– child or ball on street (N = 12),
– load/object on street (N = 8),
– animal crossing street (N = 7).

The answers show that typical and critical situations out of real traffic are comparable
with the situations in the test study.

Overall the study with the critical situations seems to be valid concerning the results of
the subject reactions, the compared situations out of real traffic and the expert feedback of
the pre-tests of the study.

13.3.4 Experimental Conclusions

In the experimental study valuable data of driver behaviour was collected from 97 subjects.
Besides data on steering or pedal behaviour, eye tracking data was collected. The fixed
course of the study contained normal situations like changing a lane and braking, as well
as critical situations. With the broad variety of the collected data it is possible to analyse
the behaviour and to find important indicators for the following behaviour in order to
develop a solution for a manoeuvre prediction which can be used in order to improve the
effectiveness and acceptance of ADAS.

13.4 Development of an Algorithm for Manoeuvre Prediction

In this chapter the design and the functionality of the algorithm are described. At first,
there must be a selection of used input variables. This procedure is often known as feature
engineering and is not an easy process. Then the fuzzification, modelling of driver’s be-
haviour with behavioural sequences is described, the inference with a k-nearest-neighbour
method using Edit Distance as distance metric is explained, and the validation using the
leave-one-out cross validation method is shown. These elements need to be selected to
define the desired output of the algorithm with regard to the existing input variables.

13.4.1 Select Input Variables/Feature Engineering

At the beginning of the development of an algorithm, the available input data has to be
selected. It seems to be logical, that using all data you have to predict a driver’s intention
is the best, but according to Occam’s razor [19] it is best to choose only the best input
variables as features and to concentrate on fewer and stronger input variables. This should
lead to the best compromise between prediction quality and computational effort [20] and
should raise the performance in detecting manoeuvres on unknown data sets in a future
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application. This work focusses on the driver’s behaviour and the clues he delivers for
a manoeuvre prediction. Not only the steering and pedal input of the driver have to be
considered, other values also influence the driver in his behaviour, because they were used
to identify the car’s reactions to the driver’s inputs to stabilize the vehicles course. The
data was collected with the vehicle’s CAN-bus and an optical car mounted driver moni-
toring system with the ability to detect the driver’s head movement and gaze behaviour.
With the use of a non-intrusive eye-tracking system you can measure the attention focus
of the driver for estimating which information he is gathering, because nearly 90% of the
gathering of information by a driver is done with the eyes [21]. Due to the reduction of
driving comfort, when using intrusive methods, only non-intrusive methods were chosen.
For the feature selection a method to evaluate features on statistical basis was developed
by Heine et al. [22]. This feature selection focusses on the detection rates and time horizon
a single feature is able to perform concerning the detection of a certain driving manoeu-
vre. With this method it is possible to identify the most promising and valid features to
use for the manoeuvre prediction. The best features for the lane change prediction (within
our research) are the features from the lane detection camera system. These are the lateral
distance to the lane marking, the heading angle of the vehicle to the lane marking and the
time to line-crossing (TLC), a feature introduced by Lin and Ulsoy [23]. The best features
for the stopping manoeuvre are the velocity of the vehicle and a combined pedal position,
which is calculated as the difference of the accelerator pedal position and the brake pedal
position to reduce the number of input signals by one without losing any information,
because none of the participants showed behaviour in which both pedals were activated
simultaneously. The best signals to detect the emergency braking manoeuvre were the ve-
locity of the vehicle, the combined pedal position and the gradient of the accelerator pedal.
The emergency evasive manoeuvre was best predicted by the steering angle and the TLC.

13.4.2 Fuzzification of Input Variables

The number of Fuzzy membership functions (MF) per input variable were identified with
a heuristic approach in combination with expert’s knowledge, the intersections between
the MFs were trained with the use of the training data. A number of five Fuzzy MFs per
input variable assured the best compromise between performance and computational effort
[24, 25]. Similar to the work of Hulnhagen [26] manoeuvre specific MFs were trained. The
input variables were analysed across all participants for the regions with the most and less
change to get a high number of MFs in the region with the fastest change to be sensitive
for these changes and fewer MFs in areas with less change to reduce the computational
effort. Therefore, the mapping of the deviation of a certain input signal to its course is
analysed, divided into five equally sized integrals and the boarders of these integrals are
used as the intersection of the MFs.

After defining the intersections of the Fuzzy MFs the exact course needs to be set,
by defining the fuzziness between the MFs with a parameter within the range of [0.1],
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whereby 1 represents the highest possible fuzziness, leading to very smooth transitions
between the MFs. The best value for this parameter was found to be 0.5 [24, 25], which
represents a medium amount of fuzziness incorporated in the Fuzzy Logic system.

13.4.3 Behavioural Sequences and k-nearest-neighbour

Driving manoeuvres are located on the tactical guidance level and consist of different
action steps a driver performs sequentially to control the vehicle with a time horizon of
a few seconds. Each action step can be modelled by the activation of a certain Fuzzy
rule. Hence, a driving manoeuvre can be described as a sequential activation of Fuzzy
rules over time. These sequences represent the driver’s behaviour independent from other
driver’s behaviour and is more suited to describe the time series properties with respect to
the inter- and intraindividual differences in human behaviour than state machines.

Every sequence is generated by transforming the actions the participant was performing
within the test track study while performing the certain manoeuvre into Fuzzy rules. The
rules with the highest aggregation value were the active one and were connected according
to their appearance in time thus creating a sequence of Fuzzy rules. Each state in this
sequence inherits the active Fuzzy rule, the mean Fuzzy aggregation value and the duration
of activation. All sequences of all participants form a database of driver’s behaviour in
one certain driving manoeuvre inheriting manoeuvre specific behavioural patterns. Even
very rare patterns were not rejected and kept in the database to have the chance to detect
a greater variety of manoeuvre conduction.

Fig. 13.3 shows an example for a behavioural sequence for a stopping manoeuvre. In
this graph, the accelerator and brake pedal are shown individually to allow a better com-
prehension. The course of the vehicle’s velocity, the accelerator pedal and brake pedal
position were fuzzified into five Fuzzy sets each. However only three of them are visu-
alised in the graphic. The resulting behavioural chain can be seen at the bottom of the
figure, inheriting the specific behaviour of the driver at this stopping manoeuvre.

After all sequences from all driving manoeuvres were analysed and stored into each
driving manoeuvre specific database the training of the algorithm is completed.

To predict a drivingmanoeuvre the actual driver’s behaviour has to be compared in real-
time to the trained behaviour in the databases to infer the driver’s intention. The k-Nearest-
Neighbour (kNN) algorithm, a non-parametricmethod for pattern detection is used to infer
this information. It is superior to a parametric method in regard to the representation of
the probability density, but needs a high amount of memory and computational power
to execute. KNN algorithms compare an unknown sample of data with stored samples
of a database in a multidimensional feature space with the use of a distance metric to
calculate the similarity between the unknown sample and all known samples. It classifies
the unknown sample by assigning the specific class label to that sample by calculating
the most occurred label within the k similar or nearest samples concerning the distance
metric.
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Fig. 13.3 Behavioural chain at a stopping manoeuvre

13.4.4 Edit Distance

To use the kNN method for pattern classification a suited distance metric needs to be se-
lected. A commonly used metric for continuous variables is the Euclidean distance [12].
To compare sequences of discrete elements, e. g. text recognition or to compare two se-
quences of states another distance metric will perform better. Because of the inter- and
intraindividual differences in performing driving manoeuvres it is nearly impossible to
find identical sequences. The Edit Distance [27] seems to be the feasible solution. Bunke
and Csirik [28] used the Edit Distance for general feature detection and Chua et al. [29]
and Navarro [30] extended it to be used for different applications, e. g. by adding the ca-
pability of comparing sequences of different lengths and a real-time capable calculation.
It calculates the minimal effort to convert one sequence of elements into another by using
different defined transformations like delete, insert or switch to determine the similarity of
these sequences. Thereby, every transformation is defined with certain costs and the sum
of the costs of all necessary conversation steps correlates with the distance. In this work
the costs are related to the appearance of the states in the database, so that the insertion of
a state, which happens to exist very seldom in the database, is much more expensive than
inserting a state which is represented very often.
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Some driving manoeuvres, e. g. a lane change manoeuvre, can be conducted at every
point in time and space as long as the road offers the needed requirements, e. g. a useable
target lane for a lane change manoeuvre. Hence, a continuous manoeuvre classification is
needed. Because the computation of the Edit Distance in combination with the kNN al-
gorithm is computationally expensive, another method for moderating the computational
complexity is needed. For this purpose the edit distance is calculated continuously only
when needed. To determine, if the calculation is necessary a state machine for every ma-
noeuvre is implemented. It consists of the states which are element of the corresponding
behavioural sequences. The calculation of the edit distance for a certain manoeuvre is
started, when specific states within the state machine, which are marked as starting states,
are activated. The calculation is stopped when marked ending states were reached or a de-
fined number of forbidden transitions were detected. This adaption enables us to classify
driver’s behaviour with kNN and Edit Distance in real time.

13.4.5 Manoeuvre Probability and Time Horizon

The state machine to manage the computational effort also enables us to calculate the prob-
ability of the classification. The algorithm provides us with a distance value to compare,
how similar the actual behavioural sequence of the driver is to a certain stored sequence
within the database. The measure thereby correlates with the statistical probability, that
the actual behaviour is similar to the ones learned in the training step. The correlation
between the Edit Distance measure and the probability is analysed and stored in a look-
up table for the calculation of the manoeuvre probability. Therefore, the activations and
deactivations of the state machine in regard to the distance measurement were used to
calculate this look-up table.

When using the algorithm in the real-time detection, it is possible to directly calculate
the manoeuvre probability from the calculated Edit Distance value. The same method
is used to calculate the time horizon until a certain driving manoeuvre is going to be
conducted. Thereby, the reference time will be calculated in regard to a certain fixed point
in time during the analysed manoeuvre, e. g. the time when the front left wheel touches
the lane marking at a lane change to the left. The time horizon is as important as the
manoeuvre probability, because it allows us to trigger a certain action of an ADAS, like an
early warning, at the right point in time to give the driver enough time to act on a certain
situation, without providing the warning too early or too late.

13.4.6 Design Parameter Optimization

The algorithm inherits parameters to adjust the behaviour and calculations. These design
parameters were used at a certain part of the algorithm to get the chance of choosing a set
of parameters to adapt the algorithm to certain needs of an ADAS. E. g. you can adjust
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the complexity of the algorithm by choosing more fuzzy sets per input variable and thus
creating more complex manoeuvre sequences, or you can change the fuzziness between
these sets to incorporate more fuzziness in the algorithm leading to smoother transitions
and a greater diversity. The parameters were optimized with the use of the training data
to find the optimal parameter set. But they can be adjusted in further research to adapt to
other use cases or specific desired ADAS behaviour.

13.4.7 Validation of the Algorithm

For validating the performance of an algorithm for manoeuvre prediction a receiver-
operator-characteristic (ROC) is suitable to find an optimal trade-off for the decision
threshold concerning the sensitivity and specificity. Therefore, the numbers of the ma-
noeuvres through the controlled field study were calculated and compared with the output
of the algorithm concerning the true positive rate (TP) and the false positive detections
(FP). With the variation of the probability threshold, a value to decide whether the driver
is performing a certain manoeuvre or not, comparable to a binary classifier, a full ROC
can be calculated. The ROC can afterwards be used to find the optimal trade-off between
sensitivity and specificity for toggling an ADAS. When using ROC-curves for validating
the performance, another value can be used: the area-under-curve (AUC). Because of the
characteristic of the ROC-curve the area under this curve delivers another performance cri-
teria. The closer this characteristic gets to the value of 1, the better is the performance of
an algorithm concerning the sensitivity and specificity. More information regarding ROC-
analysis can be found in Fawcett [17].

As stated before, another important performance metric is the prediction horizon th or
the earliness of a detection. With finding the optimal trade-off between sensitivity and
specificity, the decision probability can be used to calculate the mean time horizon for the
prediction of a driving manoeuvre, by calculating for each true positive detection the time
until the certain manoeuvre fixed point in time is going to be reached. Another important
value to validate the performance is the correctness of the provided time horizon. The
algorithm is calculating a time to manoeuvre value in each step. To validate this calculation
the mean quadratic error between the provided time horizon and the true value th;err is
calculated.

To give an estimation of an algorithm’s performance concerning its generalization abil-
ity with regard to an independent data set, cross-validation methods are used. The leave-
one-out cross-validation (LOOCV) is an exhaustive cross-validation method for using all
the available data for training and testing. Other than non-exhaustive cross-validation
methods, e. g. k-fold cross-validation, it uses all possible ways of splitting the data into
training and validation sets, without suffering from a very high complexity like leave-p-
out cross-validation. It gives a realistic performance estimation of one driver performing
several driving manoeuvres and the detection quality of an algorithm trained with as many
training data as possible.
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Table 13.1 Performance metrics of the manoeuvre prediction

TP FP AUC th th;err

Lane change left 96.2% 10.7% 0.95 1.35 s 1.48 s
Lane change right 94.4% 9.4% 0.95 1.02 s 0.27 s
Stop 98.8% 4.5% 0.97 1.91 s 0.57 s
Emergency Braking 97.2% 1.4% 0.98 1.74 s 0.94 s
Emergency Evasion 69.4% 1.7% 0.83 0.37 s 0.75 s

In Table 13.1 the performance metrics of the algorithm detecting lane change manoeu-
vres to the left and right, stopping manoeuvres at intersections, emergency braking and
emergency evasive manoeuvres can be seen.

To detect the lane change manoeuvres, following signals were used: the angle of the
vehicle to the lane markings, the TLC and the activation of the indicator switch. To de-
tect the stopping manoeuvre, the vehicle’s velocity and the accelerator and brake pedal
position are used; to detect the emergency braking manoeuvre, the same signals as for the
stopping manoeuvre, and additionally the accelerator pedal’s gradient are used. To detect
the emergency evasion manoeuvre, the steering wheel angle and the TLC is used.

The performance shows high true positive rates for every manoeuvre except the emer-
gency evasive manoeuvre by keeping quite low false detection rates. The mean time
horizon for predicting the lane change is a little over 1 s, before the vehicle touches the
lane marking with the correspondent front wheel. Because of the low number of evasive
manoeuvres in combination with a very high variance in interindividual behaviour during
execution by the participants, a detection rate of only 69.4% was achieved.

More information about the development of the algorithm and the performance can be
found in [14].

13.4.8 Integration of Driver Monitoring

To include more early features indicating future driving manoeuvres, driver monitoring
data was analysed. With this information it is possible to raise the mean time horizon, and
to provide an earlier prediction of the driver’s behaviour to a certain ADAS. The head and
gaze behaviour of the driver may indicate, which manoeuvre the driver is planning; thus,
being able to predict it earlier. In comparison to vehicle data, features from driver mon-
itoring tend to happen earlier, but unfortunately seem to be more unreliable concerning
the prediction of the next driving manoeuvre. In the experimental study the data includ-
ing head and gaze behaviour was analysed. The features derived from the horizontal head
rotation delivered the highest accuracy and time benefit. The features including gaze be-
haviour seemed to deliver features with a little improvement in earliness but a downfall in
reduced accuracy [32, 33].
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The integration of head features for the driving manoeuvre prediction was done by
stacking a decision tree with the head features to the previously shown algorithm. With
the integration of the analysed features we were able to improve the detection quality
and earliness of the lane change prediction but did not improve the performance of the
longitudinal and emergency manoeuvres.

Among our experimental study described in Sect. 13.3, the participants showed no spe-
cific features in their head or gaze behaviour, which could help to improve the manoeuvre
prediction in comparison to vehicle based features. This may also have occurred because
of the setup of the experimental study and the little time the participants have had to react
to our critical obstacles. We also found no significant features in head or gaze behaviour
to improve the performance of the detection of the stopping manoeuvre. The participants
started the slow down at the approach of the intersection, which was measurable with sig-
nals from the vehicle’s CAN-bus more early than a specific gaze behaviour to check for
other vehicles approaching the intersection. But this could also have occurred because of
the artificial setup of the controlled field study.

With the integration of a 2-class decision tree using head based features the true posi-
tive rate for the lane change detection to the left decreased to 91% while reaching a better
false positive rate of 3.1%. The biggest benefit was the raise in the prediction time horizon
[32, 33]. With the use of head based features in combination with vehicle based features
a mean prediction horizon of 2.5 s was achievable (Heine, i. V.). This supports the hy-
pothesis that early features gathered by monitoring the driver’s head and gaze behaviour
lead to an increased detection horizon for a manoeuvre prediction concerning lane change
manoeuvres.

13.5 Integration in Demonstrator Vehicle

As a final step the algorithm was integrated into a demonstrator vehicle with a prototype
installation of hardware to test the performance and real-time capability under realistic
conditions. The real-time capability was tested through a test drive in real traffic situations
in the city of Rüsselsheim. In this test drive all uncritical manoeuvres were performed. The
mean calculation time of the algorithm was 17ms on a Core i5-3210M Car-PC within
a Java environment. Accordingly, the algorithm was found to be real-time capable for
providing information about the next planned driving manoeuvre to a certain ADAS in
uncritical situations.

The next step was an expert evaluation of the algorithm and was carried out on a closed
test track environment. To conduct a proper test the status and operating mode of the algo-
rithm has to be visualised. For this purpose a prototype visualisation was developed and
integrated (see Fig. 13.4). It visualises the probability and time horizon of the predicted
manoeuvres in the centre information display.

The vehicle is displayed statically in the lower left corner. If an upcoming driving
manoeuvre is predicted, it is displayed visually in the form of a traffic sign. The distance of
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Fig. 13.4 Real-time visualisation of algorithm while performing a lane change to the left

the sign to the vehicle represents the computed time horizon to the onset of the manoeuvre.
Since the manoeuvre probability is not the same for every manoeuvre, the traffic signs can
be shown transparent to illustrate that effect. In the lower right corner the probability of
the lane changes were displayed in form of a bar graph.

This visualisation should not be a real HMI, but enables the experts with knowledge of
ADAS to evaluate the performance of the algorithm in real-time while driving the demon-
strator vehicle. On this test track validation/evaluation all uncritical and critical driving
manoeuvres were performed. The algorithmwas assessed in terms of robustness, earliness,
sensitivity and specificity. The algorithm showed a good performance for vehicle veloci-
ties between 30 kph and 70 kph. With vehicle velocities lower than 30 kph and higher than
70 kph the positive detection rate decreases, because the behaviour of the driver at these
velocities differs significantly from the behaviour during the experimental trials recorded
at 50 kph.

The prototypic integration into a demonstrator vehicle enables us to conduct further
testing and calibration of the algorithm. In this demonstrator vehicle the integration into
a certain ADAS is possible to test the potential of driving manoeuvre prediction for im-
proving the performance of an ADAS. For this purpose another experimental study for
comparing an ADAS with and without a driving manoeuvre prediction should be realised.

Finally, the demonstrator vehicle was displayed on the final dissemination event of the
UR:BAN project in October 2015 in Düsseldorf [31], where a live demonstration of the
algorithm and the visualisation were given to interested guests.
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13.6 Use of Driving Manoeuvre Prediction

Like discussed in Sect. 13.1, driving safety can be increased by an earlier display of driver
warnings. However, they are connected to a potential annoyance which can lead the driver
not to adhere to warnings any longer. In addition, a driver who is “in the loop” may not
need a warning to draw attention to a certain locus that he already is aware of. With
the information about the driver’s actions within the next seconds, unnecessary warnings
can be suppressed and necessary warnings intensified. That may lead to an increase in
acceptance of the ADAS.

13.6.1 Benefit in Non-critical Situations

The time benefit of displaying a driver warning is higher in non-critical situations com-
pared to critical situations. If the driver shows an action that can be interpreted as an
upcoming lane change, an intensification of a Side Blind Zone Alert can be useful. The
benefit of such an application appears even larger compared to state-of-the-art side blind
zone alert systems, when the information about a future lane change is computed without
the information about the turn indicator stalk. On the other hand, if there is no sign that
the driver plans to perform a lane change, unnecessary warnings can be suppressed.

The discussed logic can be transferred to a Lane Departure Warning system. If no lane
change intention is detected and the driver is in process of inadvertently departing the lane,
warnings can be intensified. In contrary, if the driver indicates an upcoming lane change,
a LDW warning can be suppressed.

For assistance systems that display warnings concerning longitudinal manoeuvres, e. g.
a red light or a stop sign warning, the warning can be intensified, if the driver shows
no action than can be interpreted as a brake intention. For intersections that necessitate
a driver to brake in order to give way to another vehicle, the same logic applies. The
driver’s behaviour is analysed with regard to accelerator and brake pedal usage and a future
manoeuvre prediction can be derived. In case the driver is likely to obey the stop sign,
a warning can be delayed or omitted. If the driver shows no intention of stopping, an
intensified warning can be shown.

13.6.2 Benefit in Critical Situations

In critical situations such as a potential forward collision, the prediction of driver’s inten-
tion may deliver a time benefit compared to the case without intention prediction. With
this information a Forward Collision Alert (FCA) could provide the driver with an earlier
warning without risking to produce an unnecessary warning, if he shows no intentions to
resolve that situation. In the contrary case, if a braking intention or an intention to do an
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evasive manoeuvre is detected with a certain probability value, a warning could be delayed
to the latest point in time or even be suppressed.

However, the time benefit is very small compared to intentions in uncritical situations,
which are better predictable. If a feature with automatic collision avoidance with braking
or steering actions is considered, which avoids collisions at the last point in time, the
main advantage consists in solving acceptance issues derived from a possible difference
in intended actions between the driver and a collision avoidance ADAS. If the intention
detection reveals, that the driver is likely to choose a different strategy than the vehicle, it
will change its strategy to the driver’s strategy in order not to override the driver. If e. g.
the driver’s intention reveals an evasive manoeuvre to the left, whereas the vehicle plans
to perform an emergency braking manoeuvre, the vehicle could adapt its strategy to the
driver’s intent and will support the driver in evading. In case the predicted intention of the
driver is in accordance with the evasion or braking strategy of the vehicle, it will support
the driver in steering even faster or braking even harder. In case there is no driver intention
detectable, the vehicle will brake or evade on its own.

13.7 Conclusion and Outlook

In this chapter we described the human focused development of an algorithm for driving
manoeuvre prediction in urban critical and uncritical situations with the use of behavioural
sequences, Fuzzy Logic and Edit Distance. The development was based on the data of
a controlled experimental study. The developed algorithm is able to predict uncritical lat-
eral driving manoeuvres before the front wheel touches the corresponding lane marking
with a true positive rate of over 90%. The earliness for the detection of the lane change
could be improved with the use of head based features from a remote driver monitoring
system to 2.5 s. The algorithm is real-time capable and could be used to provide the in-
formation of the driver’s intention to addressed ADAS to improve the driver warnings
in terms of earliness and reduction of false positive warnings. With the integration of this
information, more driver suitable warnings can be generated in terms of presenting a warn-
ing at an earlier point in time or suppress an unnecessary warning or action from an ADAS
to reduce a possible warning dilemma and raise the effectiveness of modern ADAS.

13.7.1 Discussion

The information gathered by analysing the driver’s behaviour and predicting his future be-
haviour is a probabilistic information. With a higher detection earliness before the start of
a certain manoeuvre the dependability on this information decreases. Also some features
of the driver’s behaviour tend to be happening not all the time, e. g. head rotations to look
over one’s shoulder to scan for vehicles in the blind zone or the activation of the indicator
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switch. This leads to a high variation in detection quality and earliness of a manoeuvre
prediction.

The conducted experimental study enabled us to concentrate on driver’s inter- and in-
traindividual behaviour in a controlled setup. As a next step the driver’s behaviour should
be analysed in real traffic situations throughout the very complex and highly changing sit-
uations of urban traffic to achieve a realistic performance measurement for the manoeuvre
prediction feature.

Hence, future research is necessary to prove the reliability and to improve the detection
quality of driver’s intention detection and behaviour prediction.

13.7.2 Outlook

The next steps are the integration of the manoeuvre prediction to a certain ADAS, and to
test within a study if the theoretical calculated benefits are suited to the driver’s needs and
lead to a better acceptance of certain ADAS from the point of the customer. Therefore,
a comparison between an ADAS with and without the support of a driver’s intention de-
tection feature should be conducted. The results will show, if a feature can be improved
with the use of driver’s intention detection, but one must be aware of the bias in the re-
sults coming from the initial quality of the ADAS. The improvement of ADAS by using
driver’s intention detection can be small in comparison to the annoyance of a sub-optimum
HMI of ADAS. Further steps are the extension to a wider range of velocities, to be able to
predict driver’s intentions in a bigger range of driven velocities, the extension to a wider
range of roads and the extension to all driving manoeuvres by adding intention detection
at intersections for left and right turn manoeuvres, following and passing other vehicles.

Human focussed intention detection will also be important when thinking about auto-
mated driving in urban traffic situations. But the preconditions are different, because the
driver is not permanently in control of the vehicle, so that further research in the field of
driver’s intention detection is necessary.
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14Application of a Driver Intention Recognition
Algorithm on a Pedestrian Intention Recognition
and Collision Avoidance System

Frederik Diederichs, Nina Brouwer, Horst Klöden, Peter Zahn, and
Bernhard Schmitz

14.1 Driver Intention Recognition for Pedestrian
Collision Avoidance Systems

Driver intention recognition can contribute to better driver assistance and transitions to and
from automated driving. The prediction of intended driving manoeuvres allows adjusting
the timing of an assistance system and to initiate or cancel interventions. Recognition of
driver’s intention also allows assistance which does not contradict the driver’s expecta-
tions and planning and shall in consequence make assisted driving more intuitive. Driver
intention recognition has an interesting potential especially for automated emergency ma-
noeuvres, such as automated braking.

This chapter is dedicated to recognise driver’s intention to avoid a collision with
a pedestrian. A recognition algorithm is used to adapt the timing and frequency of colli-
sion warnings and automated emergency braking.

Accident statistics reveal the vulnerability of pedestrians on our roads. In 2012, in Ger-
many 14.6% of all road fatalities were attributed to pedestrians, and within the EU Poland
has the worst statistics with 32.4% [1]. 95% of those accidents happened in urban areas [2]
which indicates the need of safety systems for complex and densely populated locations.
Pedestrians who are distracted by smartphones are even more likely to become involved in
an accident [3]. In this context, the spreading of smartphones and the emerging wearable

F. Diederichs (�)
Human Factors Engineering, Fraunhofer IAO
Stuttgart, Germany

N. Brouwer � H. Klöden � P. Zahn
Autonomous Driving, Active Safety and Sensors, BMW Group
Munich, Germany

B. Schmitz
Institute for Visualization and Interactive Systems (VIS) / Co-Founder, University of Stuttgart
Stuttgart, Germany

267© Springer Fachmedien Wiesbaden GmbH 2018
K. Bengler et al. (eds.), UR:BAN Human Factors in Traffic, ATZ/MTZ-Fachbuch,
DOI 10.1007/978-3-658-15418-9_14



268 F. Diederichs et al.

devices raise the need for better protection of pedestrians. Active pedestrian protection
systems are emerging which detect pedestrians and estimate their intention to enter the
road. A wide market introduction of pedestrian collision avoidance systems can be ex-
pected, especially since Euro NCAP [4] has been including active pedestrian protection
systems in the Euro NCAP test catalogue.

State-of-the-art pedestrian collision avoidance systems are designed to brake automat-
ically in case of a critical situation in order to avoid an accident. Since an emergency
brake bears also a certain risk due to following traffic, it should only be activated if the
collision could not be prevented otherwise. One option for deescalation is to warn the
driver of an impending collision. The driver stays “in-the-loop”, which makes the system
more comfortable for the driver and increases the acceptance. But since a warning has to
occur before an emergency brake, the time, between the prediction and the expected colli-
sion has to increase. Unfortunately, an earlier warning time will also lead to an increasing
amount of false alarms. Too many false alarms will reduce the system’s acceptance and in
the worst case the driver will switch it off and will not use it [19].

State-of-the-art collision avoidance systems provide a warning of at most 2.7 s be-
fore a possible collision and activate automated braking interventions about 1.1 s before
a collision [5]. The timing depends on the conflicting situation and the system’s tradeoff
between timing and the rate of false alarms per time. Obviously, the maximum warning
time is reached if the pedestrian stands in the middle of the vehicle’s trajectory. However,
if a pedestrian is approaching from the right, the warning time is reduced to the point that
gives a significant probability that the pedestrian will cross the road. This point is typically
defined by kinematic parameters like the lateral speed and the proximity to the vehicle’s
path.

Recent studies [2] of accident research have shown, that the current series systems
address a large number of pedestrian accidents. In the research projects UR:BAN MV
[6] and UR:BAN KA [7], further methods have been investigated that show a significant
potential to improve the performance of the current state-of-the-art systems. This includes
pedestrian intention recognition as well as driver intention recognition.

Pedestrian intention recognition enables the system to improve the prediction of the fu-
ture position of a pedestrian. While current systems rely on the position and the speed of
the pedestrian, it has been shown that humans adopt further information such as the move-
ment behaviour, e. g. the head movement, and contextual information about the scene,
e. g. the curvature of the sidewalk or typical destinations of a pedestrian such as a bus
stop. Additional sensors and algorithms enable capturing data about the pedestrian and
estimating the pedestrian’s intention. Different pedestrian models have been developed in
the past to predict the future position of a pedestrian. In combination with state-of-the-art
vehicle models, a probability that the predicted position of the vehicle and the pedestrian
will result in a collision can be estimated. Different kinds of information are used for the
pedestrian model. Dynamic models use data about position and velocity of the pedestrian.
Approaches that use physiological information about the human body, add constraints
based on the human ability of acceleration and changing the direction. Improving sensor
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systems and classification algorithm provides additional environment information. There-
fore, new pedestrian models are based on information about sidewalk and curb position,
the existence of obstacles in the pedestrian trajectory and even information about head
orientation of the pedestrian. Studies [8] show, that especially the later, is an important
indicator used by human drivers to predict the crossing intention of a pedestrian. First
experimental results confirm the advantages of including this information in pedestrian
models to increase the prediction time, which allows an earlier warning while keeping
a constant false alarm rate. As mentioned, these models only include a prediction of the
pedestrian behaviour and the vehicle dynamic but no information of the driver state. In
correlation with an earlier warning, the probability that the driver will react in time in-
creases. To realise a system with an early warning, information of the driver intention to
brake are essential.

Driver intention recognition, which is not redundant to drivers intention, shall include
the driver’s intention to perform evasive manoeuvres as well as his intention to decelerate
in case of recognised objects. This allows the system to prune unnecessary warnings or
braking manoeuvres. Additional sensors and algorithms are needed to capture data about
the driver and to estimate the driver’s intention. The chapter presents an approach how to
detect the driver’s intention to brake due to a pedestrian.

Fig. 14.1 explains the situation. The need for a warning is calculated when the pedes-
trian is recognised by the camera system. At the same time the driver intention recognition
estimates the driver’s intention to brake due to this pedestrian. In case the pedestrian shows
intention to enter the road an early warning can be emitted. This allows more comfortable
reaction by the driver. In case the driver shows an intention to brake this warning can be
delayed until shortly before an automated emergency brake (AEB). Depending on the situ-
ation even the emergency brake might be delayed. During the delay the need for a warning
is constantly re-calculated and, if the situation does not require a warning anymore, the
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Automated emergency braking (AEB)
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Fig. 14.1 Adaptation of warning time due to pedestrian and driver intention
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warning is skipped. Such an adaptive warning increases the number of comfortable timely
warnings and decreases the number of unnecessary warnings.

In this chapter we report how a driver intention algorithm has been developed and how
it was used to recognise driver’s intention to brake due to a pedestrian. The algorithm was
first developed in driving simulator experiments and then integrated into a vehicle which
possessed a pedestrian collision avoidance system and a pedestrian intention recognition
algorithm prototype [9].

14.2 Theoretical Concepts of Intention Recognition
and their Measurement Potential

Driver intention is a terminology which needs definition. Existing definitions of intention
stress the awareness and planning of an action as part of a cognitive construct. A summary
of definitions is provided by Kobiela [10]. Intents have been made to assign intentions
only to navigation and manoeuvring tasks [11]; however Kobiela [10] measured driver’s
intention to override an automated emergency braking which is a stabilization task.

In our case we use the term intention recognition, when we want to express that a future
behaviour of a human shall be predicted. We assume that intentions may last for a long
while, but they become observable in the individual’s behaviour usually at a time shortly
(few seconds) before the intended action is carried out.

Beside a commonly accepted definition of the term intention in relation to manoeuvre
prediction, the research conducted on the topic of driving manoeuvre intention is also
missing a theoretical framework. A model of human behaviour which refers explicitly to
intention is the rubicon model [12, 13]. According to this model, intention is created by
personal values and goals and by the opportunities to reach these goals. Created intentions
are then transferred into a planning phase before actuation carries them out. A control
phase finalizes the process. An attempt to apply the rubiconmodel to observable behaviour
related to a driving manoeuvre intention could be like this:

Personal values and goals may be guessed from past actions, habits or personalised set-
tings in a system. Opportunities for certain actions can be measured with machine sensing
and interpretation of the scenery. With those preconditions the rubicon model assumes,
that a decision to carry out a manoeuvre is taken by the driver. The planning phase in-
cludes driver actions, which are aiming for exploration of the situation in order to plan
when and how to conduct the action. It also contains preparation for the action, e. g. in
terms of bringing hands and feet into a suitable position. Those are observable behaviour
and can be measured in order to conclude on intention and predict action. The third phase
of the rubicon model describes the actual process to carry out the intended action. In case
of driving manoeuvres this action usually is reflected in steering wheel and pedal activ-
ity which can be analysed for typical characteristics that precede a manoeuvre in certain
situations. The last phase of the rubicon model is controlling the success of an action and
may deactivate the intention or stimulate alternative intentions or planning. For driver as-
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sistance it may be very helpful to sense unsuccessful manoeuvres in order to offer specific
support in such stressful situations.

When it comes to driver intention recognition, the rubicon model provides an adequate
fundament, even though it was originally designed to explain intentions and actions at
strategic level and it lacks an assumption how intention can be externally observed and
measured. As Ajzen stated in 1991 in the context of his theory of planned behaviour, we
also assume that for our application, intention can only be detected by observable be-
haviour. Measuring intentions is only possible by measuring empirical evidence. In the
attempt to describe the observable behaviour of the process that leads to carrying out
a manoeuvre, Diederichs and Pöhler [14] observed the behaviour of 40 drivers when car-
rying out three manoeuvres for several times in a driving simulator. Their behaviour was
classified in small movements in order to allow a detailed analysis of their observable
behaviour, before a driving manoeuvre is actually performed.

This analysis led to the postulation of the “jordan model”, named after an historical
river in honour of the inspiring rubicon model. The jordan model describes the observable
behaviour leading to an intention and leading from the intention to a manoeuvre [15] (see
Fig. 14.2).

As a precondition for the intention, personal stimulus response characteristics can be
observed in the past behaviour of a person. Knowledge about the preconditions of a ma-
noeuvre is needed to assess the possible manoeuvres.

Out of the preconditions and the personal stimulus response characteristics shown in
the past, the likelihood for a manoeuvre intention can be calculated which represents the
jordan. Unlike the rubicon we do not assume that the jordan is crossed once and no return
is possible. We rather see the jordan as a prevalence telling us about the likelihood of
a specific action in the future. At the stage of the jordan, however, it is not possible to
predict the time until the action is performed.

The next stage of the jordan model considers the observable behaviour, especially be-
haviour that prepares a specific manoeuvre action and behaviour that is classified as initiat-
ing a behaviour. The behaviour classification of the driving simulator study by Diederichs
and Pöhler [14] supports on the one hand both stages as individual stages, but on the other
hand reveals that both behaviour classes can occur in parallel or in random order [15].

Manoeuvre prediction is actually possible, when action preparing and action initiating
behaviour becomes observable. At this point the manoeuvre is immediately to follow and
becomes observable by behaviour on the control elements of the car as well as in the
analysis of vehicle parameters.

In consideration of the rubicon model, also the jordan model assumes a stage to con-
trol the success of the behaviour. Not having empirical data to support this, we assume
so far that behaviour control occurs throughout the complete process from intention to
manoeuvre execution.

The jordan model is a theoretical model that explains, how driver’s intention to carry
out specific manoeuvres can be structured and how intentions can be measured by obser-
vation of driver’s behaviour.
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Fig. 14.2 Jordan model for
driver intention
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The metaphorical name “Jordan” suites the model. The People of Israel had crossed
the river jordan and showed observable behaviour which can be allocated to the phases of
the jordan model. Personal stimulus response characteristics are given, since the People
of Israel had crossed the Red Sea before, hence a likelihood to cross the river jordan could
be deduced from the past behaviour. As a precondition for the crossing, the water of the
river disappeared allowing for the manoeuvre of crossing and the priests announced their
intention to cross to the People in a meeting (action preparing behaviour). Then the priests
entered the river bed (action initiating behaviour). At this point the crossing of the People
was predictable to happen promptly (manoeuvre prediction). When the People crossed
the river, they left twelve stones which can be observed as an empirical evidence of their
behaviour.

14.3 Measure Driver Intention to Brake

In order to develop an algorithm for measuring driver intention to brake due to a pedes-
trian, a sample of data was recorded and analysed for typical events which indicate such
an intention [16]. It is assumed that the influence of real world traffic and its complexity
on driver behaviour is unpredictably big. Since the algorithm is the very first attempt on
this topic, a controlled environment has been selected. A driving simulator provides also
further important advantages. Pedestrian collision situations imply no physical risks and
possible collisions can be simulated as almost-accidents in order to avoid collision impres-
sions and to minimize mental strain for test participants. Scenarios can be repeated within
and in-between test participants. At this point of development, the aim is to identify mea-
surable indicators and to demonstrate a transparent algorithm, hence a driving simulator
study is a reasonable starting point.

As shown in Diederichs, Schüttke and Spath [16] the principal indicators to measure
driver’s intention to brake due to a pedestrian are pedal movement, foot activity, hand
activity and visual activity. In the driving simulator we were able to sense the foot activity
that was affecting the pedals position. The activity of the hands could not be measured
with sensors and the use of such data remains an open research issue. As a characteristic
signal for visual activity, we measured gaze direction with the fixed based eye tracking
system faceLAB 4.6, which was calibrated for every test participant individually.
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Systematic calibration tests before the experiment revealed, that the precision of the
setup ranged between 0.5° and 5°, depending on the participant and gaze direction. Hence,
for robust data analysis a precision of 5° can be realistically assumed with the available
setup. All data and the video images of three driver monitoring cameras were sufficiently
synchronised at recording.

In order to record a data base for the development of the algorithm, 38 test participants
aged between 23 and 45 years and with at least 5 years of driving experience including
5000 km minimum in the past year were recruited in the data acquisition reported by
Diederichs, Schüttke and Spath [16]. The 16 female and 22 male participants were further
balanced roughly in driving style. All participants received sufficient training in the driving
simulator before the test. Six drivers were excluded from the analysis due to technical
problems or simulator sickness.

The simulated scene was set in an urban environment with a 7.3 km driving course. At
50 km/h the trip took approximately 9min. Several pedestrians inhabited the city, crossing
the road sporadically when no data was recorded. Two precisely planned scenarios where
fitted into the course which were used to record the data. The scenarios included pedestri-
ans that predictively could enter the ego vehicle’s trajectory and would induce a warning
followed by automated braking (see Fig. 14.3). Each scenario was repeated three times
per participant, separated by similar scenes. This setup results in six measured sections
per participant and 192 sections for the overall analysis.

In scenario 1, a pedestrian enters the road in order to pass a parking truck. In scenario 2,
a pedestrian walks in a 90° angle towards the road, then stops at the border of the road.
Both scenarios were familiar to the test participants. They had passed the sceneries before
and had seen several pedestrians crossing or not-crossing the road. This experience made
the pedestrian’s behaviour unpredictable for the drivers and stimulated a braking intention.

Fig. 14.3 Scenario 1 and 2 to
provoke a pedestrian collision
avoidance system to warn and
to provoke a driver’s intention
to brake

Scenario 1

Scenario 2
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Fig. 14.4 Gaze analysis and dynamic area of interest around the pedestrian

For the eye gaze data a dynamic area of interest (AoI) around the pedestrian was
defined. The distance of the actual fixation point to the centre of the pedestrian was mea-
sured. In Fig. 14.4 the yellow circle around the pedestrian represents 1°, 2°, 3° and 5° of
deviation from the centre point of the pedestrian model.

Typical eye gaze behaviour and pedal behaviour are exemplary shown in Fig. 14.5 in
a combined diagram.

The vertical axis on the left side of the diagram indicates the distance between eye
fixation and centre of the pedestrian in degree [°]. This distance is represented by the
green line. The vertical axis on the right side indicates the position of the pedals with 0 as
not applied and 1 as applied to the maximum. The horizontal axis indicates the 10 s before
passing the pedestrian.

The exemplary data show how the eye’s fixation point drops in the 5° AoI at 7 and 6 s
and between 4 and 3 s again. After this, the gas pedal is completely released and a small
brake pedal activation is measured. About 1 s before passing the pedestrian the gaze with-
draws from the pedestrian towards the centre of the road.

The analysis of all eye gaze data shows that in both scenarios all participants had eye
fixations within this 5° AoI in the 10 s before passing the pedestrian. Besides the fact

Fig. 14.5 Exemplary gaze and pedal behaviour when approaching a pedestrian
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that the pedestrian was presented in the simulation as a very salient stimulus, also the
overlapping of the area of interest around the pedestrian and the lane was a major reason
for this (see Fig. 14.6).

As the specificity of the eye fixation classification was a weak point in the first data col-
lection, a second simulator study was performed with a detailed focus on the eye fixation
[17]. In this data acquisition, 18 drivers (9 male and 9 female, age range 23–43 years old
and min 5000 km/last year) participated. A 5.2 km trip was driven with different scenarios.
Each scenario included a version with a clearly visible pedestrian intending to cross the
road and a version of the same scenario with a fully transparent invisible pedestrian. This
methodological approach allowed a comparison of eye gaze when monitoring a pedestrian
and when not monitoring it. The scenarios included different criticality of the pedestrian,
driving speed at 30 and 60 km/h, and visual distractors.

In scenarios with a highly critical pedestrian on the right side of the road at a driv-
ing speed of 60 km/h without other visual distractions, differences in eye gaze behaviour
where found. Among other calculations the most promising approach was a comparison of
cumulated eye fixation duration on the pedestrian. Fig. 14.7 shows the cumulated fixation
times for a scenario with a crossing pedestrian for the 18 participants. The diagrams show
how long and how often random fixations towards the transparent invisible pedestrian oc-
curred while the vehicle approached the pedestrian in comparison with fixations towards
the visible pedestrian.

The visible pedestrian is fixated for longer times and fixations lasted until the pedestrian
had crossed the road at a distance of 40 to 10m. Most drivers also slowed down the speed
of the vehicle (curves go up). The invisible pedestrian is fixated for shorter times and most
of those fixations happen at a distance of 130 to 70m distance to the pedestrian. At this
distance the area of interest around the pedestrian is overlapping very much with the road.
A reasonable approach for distinguishing an intentional monitoring of a pedestrian and
an unconscious gaze in the same direction is hence an analysis of the cumulated fixation
time.

With respect to the analysis of the pedal activity Diederichs, Schüttke and Spath [16]
identified five typical categories in the data of 32 test participants, while approaching
a pedestrian in two different scenarios (see Fig. 14.3), each repeated three times. The
categories are explained in Table 14.1.

60 m
distance

30 m
distance

Fig. 14.6 Overlapping of dynamic area of interest and ego lane at 60 and 30m distance
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Fig. 14.7 Cumulated fixation time of pedestrians crossing from left to right for all participants

Scenario 1 with a pedestrian on the road passing a parking truck stimulates in 54 out
of 95 pedestrian encounters a pedal reaction, which is attributed to braking intention. In
scenario 2 with a pedestrian approaching the road from the right this was true for 71 out
of 95 pedestrian encounters. Together, in 125 out of 190 cases and thus in 66% of the
encounters, a pedal reaction indicating braking intention was recognised.

In a further analysis, the eye fixation and the pedal reaction showed a causal relation.
A pedal reaction which indicated braking intention is almost always preceded by an eye
fixation. The time between a pedal reaction and the last eye fixation varies between 0.4 to

Table 14.1 Pedal activity classification

Category Description Conclusion

Gas increased Increasing gas pedal (throttle) in or-
der to accelerate

Indicator for no brake intention

No changes No abrupt changes in pedal activity at
all

Indicator for no brake intention

Gas reduced Driver releases the gas pedal abruptly
but not totally

Indicator for brake intention

Gas to 0 Driver releases the gas pedal totally,
or gas pedal is and remains in posi-
tion 0

Indicator for brake intention

Braking Driver presses the brake pedal Indicator for brake intention
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2.4 s, with only four outliers in the available set of data. Hence, pedal reactions below 0.4 s
and above 2.4 s should not be attributed as a causal consequence of a pedestrian fixation.
A pedal reaction as consequence of an eye fixation was detected in 121 out of 190 cases
which equals a rate of 64% of observable braking intentions.

The reference method by Diederichs and Pöhler [14] was applied on the set of data and
detected in 111 out of 190 cases a braking intention based on the judgement of a trained
observer. A pairwise comparison matched in 94% with the causal relationship.

Based on the theoretical assumptions of the jordan model and the empirical results
from the experiments a rule based algorithm to detect intention to brake is deduced. The
preconditions for this algorithm are:

� A pedestrian is detected by the vehicle sensors.
� The pedestrian is classified as critical to enter the ego vehicle’s trajectory.

If these preconditions are fulfilled, the following indicators reveal the driver’s intention
to brake:

� The pedestrian is monitored with a cumulated fixation time above a given threshold.
� One of the following pedal movements occurs within 0.4 to 2.4 s after the fixation:

“braking”, “gas to 0”, or “gas reduced”.

Fig. 14.8 shows the algorithm. In case of an intention to brake the warning can be
adjusted as displayed in Fig. 14.1.

The algorithm and the parameter values are based on data recorded in a highly con-
trolled driving simulator environment and the test participants were a homogenous group
of middle aged male and female drivers. Higher variance is to be expected in real world
driving and by unexperienced and by older drivers. In order to test the capability and appli-
cability of the algorithm and sensors in a real vehicle, we implemented it into a prototype
vehicle with a pedestrian detection system and pedestrian intention recognition algorithm.

Pedestrian Cri�cal Driver 
distracted

Pedestrian 
fixated Pedal reac�on

No 
Warning

No 
Warning

Warning

NO NO

Yes NO NO

Yes Yes Yes YesNO

Fig. 14.8 Algorithm to determine driver’s intention to brake
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14.4 Application and Demonstration for Pedestrian Collision
Avoidance System in the Vehicle

The algorithm for recognizing whether the driver is showing an intention to brake due
to a pedestrian was implemented in an experimental vehicle equipped with a pedes-
trian recognition system and pedestrian intention recognition algorithm. Fig. 14.9 shows
the vehicle setup. The visualisation screen shows the recognition results in pictograms.
A standing pedestrian symbolises that the pedestrian detection was successful. The cross-
ing pedestrian pictogram indicates whether a pedestrian intention to cross the road is
estimated. The standing pedestrian with an eye symbol on top indicates whether a driver
intention to brake due to the pedestrian is estimated. An eye tracking device was mounted
behind the steering wheel and two cameras for pedestrian recognition and pedestrian
intention estimation were mounted behind the rear view mirror.

Pedestrian intention recognition enables the system to improve the prediction of the
future position of a pedestrian. As introduced by Rehder et al. [18], an algorithm for esti-
mating the pedestrian’s head orientation allows a better estimation of pedestrian intention
to cross the road. This requires a sensor setup which goes beyond state-of-the-art sensors.
For pedestrian’s head orientation estimation, a sufficient number of pixels is required at
any relevant distance. This can be illustrated by the following calculation: If an algorithm
for head orientation estimation needs a minimum resolution of 25 × 25 pixels for a true size
of 25 × 25 cm and if this condition is valid for a horizontal opening angle of the camera of
40° and a distance of up to 55m, then the camera imager needs a horizontal resolution of
about 4000 pixels (corresponding typically to 4000 × 3000= 12MPx imager).

The driver’s intention to brake was measured with a state-of-the-art bar type eye track-
ing device, which was implemented above the steering wheel at an approximate distance

Pedestrian 
detected

Pedestrian inten�on to 
cross detected

Inten�on to brake 
detected

Eye tracking 
device

Visualiza�on of 
recogni�on results and 

driver warning

High resolu�on 
camera for head 

orienta�on es�ma�on
Camera for 
pedestrian 
detec�on

Fig. 14.9 System setup in vehicle prototype
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of 70 cm from the driver’s eyes. The tracking device was mounted on a flexible rack which
allowed tilting around the longitudinal axis in order to adapt to different drivers.

Both the pedestrian recognition system and the eye tracker operate independently of
each other, thus operating in different coordinate systems. The eye tracker, being a device
which was originally built for screen-mounted operation, gave access to an x-y screen
coordinate system. Eye tracking coordinates and the data received from the pedestrian
recognition system (coordinates, size and pedestrian ID) were constantly queued in the
implementation together with brake and gas pedal data. This allowed a dynamic area of
interest following the pedestrian in real time. A sliding window approach is then applied to
the queue, checking for correlations between eye coordinates and pedestrian coordinates,
and additionally for relevant changes in the pedal data.

The setup of the experimental vehicle differs from the simulator setup regarding both
the accuracy of eye movement and pedestrian detection, and the distance in which a pedes-
trian can be detected. In the real world setup the eye tracking accuracy was lower and data
was not available at all times. The pedestrian recognition was available with varying like-
lihood for detection and available with short interruptions from around 50m distance to
the pedestrian. Thus, the specific parameter values obtained in the simulator were updated
by in-situ experiments, while following the algorithm displayed in Fig. 14.8. The param-
eters of the algorithm can be categorized into two sets: Timing parameters and calibration
parameters.

The calibration parameters are responsible for the coordinate transformation between
the eye coordinates and the pedestrian coordinates. As the transformation depends on the
position of the driver’s head, they need to be recalculated for different drivers/driving posi-
tions. In a more sophisticated environment with a head position detection, this calibration
step would not be necessary, as the different coordinate systems can be transformed into
each other mathematically. A custom tool was used to determine the required parameters
from a calibration setup, where the driver followed a pedestrian moving along a prede-
termined route in front of the standing car. Fig. 14.10 shows the horizontal correlation
between a detected pedestrian and the eye movement of the driver. The first column shows
the eye coordinate and the second shows the position of the pedestrian. As the quality of
the pedestrian detection varies depending on current real-world conditions, an additional
parameter allows accumulating the required fixation time instead of requiring a steady
fixation over a certain period of time. This allows detecting a correlation even when the
pedestrian detection is not steady.

The timing parameters determine the sliding window and thus directly influence when
an intention to brake is recognised. For the eye-tracking based detection, the parameters
determine the minimum cumulated time for which the pedestrian must have been fixated,
and a window of time before a pedal reaction, during which this fixation must have oc-
curred. For the pedal reaction, a threshold of reduction (gas) or increase (brake) can be
set, which must be reached by a time inside a specific time window after the fixation.

The system test was performed on a test area with no other traffic participants. Accord-
ing to accident statistics and EuroNCAP tests [4], the test scenario consisted of a pedes-
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Fig. 14.10 Correlation of gaze direction and pedestrian position

trian coming from the right and crossing in front of the car (Fig. 14.11). This scenario had
already been used in the driving simulator study (Fig. 14.7). The pedestrian was instructed
to walk with normal speed, while the car approached at 20 km/h. The pedestrian enters the
driving corridor in 10m distance to the car, so that a car driver could stop the car with
a hard braking in front of the pedestrian with a safety distance of 3–5m. Soft deceleration
allows the vehicle to pass behind the crossing pedestrian without a full stop. The pedes-
trian head orientation was detected by the high resolution camera and the pedestrian’s
intention to cross the road was estimated by the pedestrian intention detection algorithm.

In Fig. 14.12 two different versions of the scenario are shown. In the first case (top row),
the driver is looking straight, while the pedestrian is moving towards the road without
looking at the vehicle. Then, the warning algorithm detects that the pedestrian wants to
cross and is not fixating the car by estimating the head orientation. Then the driver looks to
the pedestrian. Before the warning algorithm warns the driver, the algorithm for detecting
driver’s intention to brake, recognises a braking intention and the warning is not activated,
since the driver’s focus is already on the pedestrian and a braking intention is classified.

In the second case (bottom row), the driver is again looking straight on the road and the
pedestrian starts to cross without looking at the vehicle. The warning algorithm detects
the pedestrian’s intention to cross. In contrast to the first scenario the eye gaze of the
driver stays straight on the road and not oriented to the pedestrian. The driver intention
algorithm detects no braking intention, because the driver is not fixating the pedestrian
and the warning algorithm warns the driver.
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Fig. 14.11 Pedestrian Head Orientation Estimation to detect the pedestrian’s intention to cross for
earlier warning system

Fig. 14.12 Test cases for the algorithm to detect if the driver will brake
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According to these scenarios the requirements of a warning are:

� The time to collision is below 2 s (time to collision is defined as relative car-pedestrian
distance/relative car-pedestrian velocity).

� Pedestrian intention to enter the road without being aware of the vehicle detected:
Specifically the pedestrian is not fixating the oncoming car for more than 0.5 s meaning
that no intention of the pedestrian to stop is detected OR the pedestrian is already inside
the driving corridor.

� No driver intention to brake detected: Specifically the pedestrian was not fixated by
the driver for longer than a certain timespan AND no pedal reaction which indicated
a braking intention was measured.

For safety reasons, certain constraint has to be made in the execution of the real world
testing: Pedestrians and the driver of the test vehicle were fully instructed and trained. The
driver was instructed to look either into the direction of the pedestrian or straight on the
road, acting a braking intention or not in the respective test cases.

Under these conditions the driver intention recognition algorithm was able to dis-
tinguish between the driver looking into the direction of the pedestrian and the driver
focusing on the road. It was successfully combined with the earlier warning algorithm
for pedestrian intention and reduced “false” alarms in cases, where the driver was already
looking in the direction of the pedestrian. For safety reasons, the test scenario only permit-
ted instructed drivers. For further experiments a safe setup needs to be identified allowing
pedestrian head orientation estimation as well as non-instructed drivers. This will allow
identifying an improved set of parameters.

14.5 Outlook: Acceptance and Safety

The road design in urban areas with close coexistence of vehicles and vulnerable road
users results in many situations which would justify a warning to the driver, especially if
the warning algorithm is assessing the situation only based on the position and potential
trajectory of the pedestrian. Early warnings may allow for safer and more comfortable
reactions but also may increase the frequency of inappropriate or unnecessary warnings
due to higher prediction uncertainty when triggered. Drivers probably would adapt to such
frequent warnings with increased disregard or switch off the function. In order to warn as
early as possible while keeping the amount of warnings at an effective and acceptable fre-
quency, estimated pedestrian’s intention to enter the road can be considered as a promising
criterion as well as driver’s intention to brake. In combination they allow for an efficient
classifier used to trigger early warnings at acceptable frequencies only in situations that
are likely to require preventive action, while avoiding warnings in situations, where the
pedestrian would not enter the road or when the driver is ready to react already. This
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approach increases the driver acceptance and the compliance to react to a warning, and
consequently increases safety.

Adaptive warnings can however also decrease system transparency. Excessive adap-
tation may contribute to confusion, distraction and decreased trust in function. For this
reason a thorough balance between easy predictability on one side and situation-depen-
dent benefit optimisation on the other side is crucial for an effective design of an adap-
tive system. HMI (human machine interface) plays an important role to maintain system
transparency at a decent workload price, fostering attention when needed while keeping
unneeded system output forgivable in the meantime. Combining intention detection with
a suitable HMI would probably increase safety and avoid collisions more often than sys-
tems which are not adaptive.
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15Simulation andModelling
Within the UR:BAN Project

Silja Hoffmann and Fritz Busch

Urban Traffic is characterised by many interactions between different types of road users.
All the applications that were developed within the UR:BAN project were developed with
the aim of improving complex urban traffic situations. New driver assistance systems and
intelligent transport systems influence the behaviour of their users as well as create new
requirements for the models to simulate them. These applications and situations could not
be handled anymore by conventional traffic and driving simulations.

Therefore, this sub-project Simulation (SIM) focuses on the analysis and descriptive
modelling of the behaviour of individual road users and their interactions with one another.
This is done in consideration of newly developed driver assistance systems and intelligent
transportation systems. The objective of the sub-project is to improve and extend driving
simulators and microscopic traffic simulation in order to simulate and study the resulting
behaviour of the road users in a more realistic way.

The driver-vehicle-environment system is investigated in detail using three different
research environments:

� controlled test sites,
� driving simulators,
� and microscopic traffic simulations.

At the controlled test site the interactions between various road users is observed and
investigated. Behaviour data from real traffic situations is collected and interpreted to bet-
ter understand interactions between drivers and crossing pedestrians. In a second phase,
traffic observations of interactions between motor vehicles and bicyclists are used to anal-
yse behaviour models.
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Connected driving simulators offer a new method for analyzing the interactions be-
tween road users in traffic. This method enables multiple test subjects (at least two) to
move simultaneously in a virtual traffic scenario. In this way, the interactions between the
road users are no longer modelled but rather “humanized”. Detailed investigations of the
following interactions are carried out within SIM: car-pedestrian, car-motorcycle, car-car,
car-truck and platoons of cars.

In the area of microscopic traffic simulation, improved models of bicyclists and pedes-
trians as well as their interactions are developed. These models will make it possible to
assess the impact of driver assistance systems and intelligent transportation systems in
large and complex scenarios.

The following chapters within the simulation section of this book represent different
areas of simulation and modeling. It begins with the observation of user behaviour at
controlled testsites, then the modeling of user behaviour in traffic simulations is de-
scribed. Finally, detailed studies using different connected driving simulations lead to
general methodological considerations in building connected simulators.

In Chap. 16, insights on pedestrian-vehicle interactions are given based on three
different methodical approaches. The conducted studies focus on the pedestrian cross-
ing intention in situations with an approaching vehicle. Pedestrian interactions with car
drivers were observed under real traffic conditions with sensor-equipped vehicles and in
a controlled environment where the behaviour of the driver was systematically varied.
The results serve as an important input for the interaction detection and the behaviour
modelling during crossing scenarios.

Bicycle traffic continuously increases and becomes a very important aspect for the de-
velopment of intelligent transport systems. Chap. 17 describes the observation of a busy
traffic intersection in Braunschweig to investigate interaction patterns between bicyclists
and motorists. As a result, the knowledge may be used to implement strategies and tech-
nologies for the prevention of fatal crashes.

The improvement of microscopic traffic simulation tools for a more realistic simula-
tion of bicycle traffic is shown in Chap. 18. An integrated approach for modelling the
tactical and operation behaviour of bicycles at urban intersections is presented. The in-
tegrated model was validated in a microscopic traffic simulation environment using the
observed trajectory data from 5000 bicyclists.

Chap. 19 focuses on connecting a driving simulator with real pedestrians. A car
driver in a driving simulator encounters a pedestrian in a second simulator, allowing them
to meet and interact in the same simulated environment.

The influence of assisted drivers on non-equipped drivers can be studied using multi-
driver simulators. In Chap. 20, a multi-driver simulator study is described where two
naïve non-equipped drivers followed a driver equipped with a traffic light assistance sys-
tem. The study shows the need for system developers and researchers to take effects on
non-equipped drivers into account for the development and evaluation of ITS.

Another study based on a multi-driver simulation which consists of several driving
stations that are used by the participants to drive through the same virtual and controlled
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environment is described in Chap. 21. Using empirical data this chapter shows the addi-
tional value of the multi-driver simulation compared to the traditional simulations.

A new approach for investigating motorized two wheelers’ interactions with passen-
ger car drivers is illustrated in Chap. 22. Within the project UR:BAN, a Motorcycle-Car
Multi Driver Simulator was developed that enables a motorcyclist and a car driver to
interact in the same virtual environment. This allows deeper insights into interactions and
mutual behaviour adaptation. The simulator set up will be described and advantages, po-
tential use cases and challenges of the new tool are addressed.

Chap. 23 summarizes insights on study methodology that are needed for connected
driving simulators to investigate social interactions in virtual study environments. Within
the UR:BAN project, several studies were conducted using a variety of connected driv-
ing simulations: A connected driver-driver simulation, a connected multi-driver simula-
tion including four participants, a connected driver-pedestrian-simulation and a connected
driver-motorcyclist simulation were used. This chapter summarizes the most important
methodological conclusions concerning study design, study conduction and data analysis.



16Methodology and Results for the Investigation
of Interactions Between Pedestrians
and Vehicles in Real and Controlled Traffic
Conditions

Jens Kotte and Andreas Pütz

16.1 Research Questions and Overall Methodology

One of the goals of the UR:BAN subproject SIM was the development and parameteriza-
tion of motion models for vulnerable road users. As one part of this goal the interaction
between vehicle drivers and pedestrians was investigated in scenarios where a pedestrian
intends to cross the driving path of an approaching vehicle. The main research question of
this chapter can therefore be summarized to:

In which conditions does a pedestrian cross the driving path of an approaching vehicle
and in which cases will the pedestrian let the vehicle pass by first?

The results of this research question are used to model the pedestrian behaviour in
the described interaction situation with different purposes: During the development of
driver assistance functions that support the driver in critical situations with pedestrians
a deeper understanding and precise motion models on the common behaviour of the in-
teraction partners can help to avoid misinterpretation of specific situations [1] and may
therefore e. g. reduce the number of warnings or interventions of the technical assistance
system that are perceived as unnecessary by the driver. In addition, test scenarios can be
designed more realistically by rebuilding critical situations that were recorded during the
data collection and by implementing the modelled behaviour into the motion trajectories
of pedestrian dummies that can be used for critical test scenarios. A second purpose is the
parameterization of motion models for the virtual simulation of interaction events, e. g.
for traffic simulation tools. To that end, distributions of crossing decisions depending on
different boundary conditions are important to incorporate realistic interaction behaviour
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into simulation tools. Hence, the previously mentioned research question is broken down
into pedestrian and driver related research questions:

Pedestrian related research questions:

1) Which situational variables have an influence on the crossing decision of the pedes-
trian?

2) Which differences can be seen for directed and undirected crossing events?
3) How does the interaction depend on the vehicle type (passenger car and truck)?

Driver related research questions:

1) How does the driver reaction differ between directed (e. g. at crossing aids) and undi-
rected crossing events?

Similar work on the pedestrian decision to cross the path of an approaching vehicle
has also been carried out with other empirical approaches (see [2–5]). The underlying as-
sumption of the discussed research questions is that the crossing decision of the pedestrian
is based on the necessary deceleration of the approaching vehicle to avoid a critical situa-
tion. An associated evaluation parameter is the Deceleration to Safety Time (DST) which
is described in [6].

To answer the research questions three different approaches for data collection were
chosen, compare Fig. 16.1. In a first clinical study, described in Sect. 16.2, subjects drove

Fig. 16.1 Overall methodology
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an equipped vehicle in real traffic conditions without knowing the actual object of study
on a route which is highly frequented by pedestrians. In a second experiment, real traffic
observations were conducted at different locations with stationary sensors, see Sect. 16.3.
The results of both experiments were used to derive relevant situations and values for
the third data collection. The third experiment was again a clinical study, but this time
in a controlled test field to investigate relevant situations in controlled test conditions (see
Sect. 16.4). Finally, all results are used to derive interaction models and test methodologies
for the considered scenarios and to answer the initially formulated research questions.

16.2 Interaction Study Under Real Traffic Conditions

The conducted clinical interaction study under real traffic conditions aimed to improve
the description of the movement behaviour of the pedestrians. In addition, it serves as
reference data of the natural interaction between pedestrians and vehicle drivers for the
evaluation of driver assistance systems for the protection of vulnerable road users. Hence,
the study did not only focus on the pedestrians in interaction situations, but considered also
the driver reaction in these situations. The chosen experimental setup enabled to record
interaction scenarios in which both interaction partners did not know that their mutual
behaviour was the actual object of study. The evaluated data provides therefore a high
external validity and may serve for the parameterization of simulation models as well as
driver assistance functions that incorporate the prediction of pedestrian movements.

16.2.1 Methodology

Central scenario of the interaction investigation was the crossing of pedestrians in situa-
tions of approaching vehicles and the noticeable crossing intention of the pedestrian. As
situational variables the existence of crossing aids, such as zebra crossing or crosswalks
were considered subdividing observed interactions into directed crossing (with crossing
aids) and undirected crossing (also called j-walking in the US). To be able to investigate
interaction scenarios as uninfluenced as possible and to consider also the driver reactions
at the same time the study was designed to be conducted in real traffic conditions and with
naïve test subjects as vehicle drivers.

30 test subjects drove the test vehicle (see Fig. 16.2) which was equipped with different
sensors to record the vehicle surrounding as well as the driver reaction and input. For the
environment detection an image processing system was used to detect pedestrians in the
driving environment. A short-range radar system served as additional information resource
for environment objects such as other vehicles. In addition, cameras were integrated in the
rear side and back windows to widen the observable vehicle surrounding and to facilitate
the interpretation of situations in which the pedestrians decided to cross behind the vehicle
(and therefore outside of the detection field of the image processing and radar systems).
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Fig. 16.2 Methodology Study 1

Driver reactions (steering or pedal input) during interaction events were recorded at the
CAN-interface supported by an interior camera system whereby driver distraction could
be considered. To allow a context based interpretation of the data a RTK-GNSS position
determination was used which allowed combining recorded data with additional informa-
tion from a digital map.

The driver collective consisted of 16 female and 14 male participants with an average
age of 36 years and was subdivided into different age groups to assure a representative
test sample (see Fig. 16.2). To avoid behavioural adaptations the test subjects were not
informed about the real study case, but were told to participate in a study on the effects of
repeating driving context on driver fatigue. Drivers were asked to drive on the predefined
route as they would usually do and to verbally annotate specific events that they perceived
as critical (without mentioning pedestrian interaction events). After approximately 30min
the test drive was paused for 5min motivated to the test subjects with a second question-
naire on the driver’s fatigue state and the necessary data transmission. Afterwards, the test
drive was continued as before. All drivers were monetarily rewarded for their participation
to attract not only drivers who enjoy driving. Nevertheless, the subjective self-reflection
that was combined with the first questionnaire revealed that most drivers are well trained
and enjoy driving which has to be considered in the interpretation of the results.

A driving route in the inner-city area of Aachen was defined that guaranteed a high
frequency of interactions with pedestrians due to the vicinity to the university and the
good weather during the data collection. The driving route had a length of 1.4 km which
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was repeatedly driven by the test subjects for approximately 60min. Due to this repetition
of the driving route influences of different local knowledge between the test subjects could
be mainly avoided since drivers that were unfamiliar with the driving route could get used
to the local circumstances. Additionally, the number of comparable situations could be
increased by the repetition. In total, in 30 h a distance of ca. 600 km was driven. The route
incorporated five intersections with traffic lights, ten (smaller) junctions without traffic
lights, three crosswalks and two zebra crossings. Approximately 50% of the route was
unidirectional which allowed a simple and fast overview on approaching vehicles for the
pedestrians and avoided uncertainty about the relevant case vehicle for the decision of
the pedestrians. These boundary conditions led to various undirected pedestrian crossing
events in these areas.

16.2.2 Results

During the data collection about 5000 pedestrians were detected in the defined reference
area of the image processing sensor detection field (compare Fig. 16.2) of which ca. 1900
events were classified as interactions between pedestrians and the vehicle. An event was
classified as interaction event if the pedestrian was detected in the reference area and in-
tended to cross the driving path of the vehicle. The crossing intention was evaluated based
on the occurrence of an actual crossing event either in front or behind the test vehicle.
Due to the sensor setup of the test vehicle and the fact that all considered pedestrians had
to be detected in the reference area approx. 90% of the detected pedestrians crossed the
vehicle path in front of the vehicle. Most of the detected interaction events (ca. 68%) were
undirected crossing scenarios, 12% took place at crossing aids and 20% at traffic lights.
The latter are not considered in the following. Sample sizes for the hereafter presented
results may differ from these numbers (percentages) due to specific filter criteria for the
evaluated aspect (e. g. that pedestrians had to be continuously tracked from the left to the
right reference area, see. Fig. 16.2).

The following description of results differentiates between directed and undirected
driving. As a first step descriptive parameters for the pedestrian and driver behaviour as
well as their mutual interaction behaviour are evaluated. These parameters are afterwards
used in the modelling of the crossing behaviour.

Motion Behaviour of the Pedestrian
For the description of the motion behaviour of the pedestrians Fig. 16.3 shows the dis-
tribution of the crossing velocity. It has been evaluated as the mean value of the velocity
component orthogonal to the direction of the vehicle motion while being in the driving
path. Hence, the figure shows the average crossing velocity of the pedestrian while being
in the conflict zone. The velocity is in the range between 1 and 2m/s and therefore com-
parable to crossing velocities as they can be commonly found in literature, e. g. [4, 7]. For
both, the directed and the undirected crossing the median is approx. 1.5m/s.
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Fig. 16.3 Distribution of average crossing velocity during crossing events

Driver Behaviour
An interesting parameter for the evaluation of the driver behaviour during the interaction
with crossing intended pedestrians is the longitudinal acceleration. To that end, the max-
imum decelerations during the interaction process can be seen in Fig. 16.4. In addition
to generally applied filter criteria, only those interaction events are considered in which
the pedestrian required the highest deceleration in comparison to other objects within the
vehicle’s driving path. In doing so, it can be assured that the pedestrian was the reason
for the driver’s reaction to decelerate and not any object further away (e. g. a pedestrian
crossing behind the last vehicle of congestion).

In comparison, slightly higher decelerations were observed for the directed crossing
which was expected since the pedestrian have the right of way at zebra crossing. On av-
erage, the measured decelerations are between 0.5 and 1m/s2 for the undirected crossing.
All registered decelerations are within the range of comfort decelerations according to [8].

Interaction Behaviour
A parameter for the description of the interaction behaviour is the Post Encroachment
Time (PET) since it consists of the motion behaviour of both interaction partners. The
PET was evaluated based on the path driven by the test vehicle. Since the point in time of
the pedestrian leaving the driving path could not be determined for all interaction events,
the sample size is reduced in comparison with the previous results. PET values below
one second, which are an indicator for critical situations (see [9]), were registered quite



16 Methodology and Results 297

Fig. 16.4 Distribution of maximum deceleration by driver (positive: deceleration, negative: accel-
eration)

rarely and only for the undirected crossing. In general, the mean values for directed and
undirected crossing lie close to three seconds with the mean value of the directed crossing
being slightly lower than the one of the undirected. Notice that the sample size in Fig. 16.5
is relatively low in comparison to the overall number of interaction events. This is due to
the fact that the pedestrian had to be continuously tracked from the reference area on the
one side of the vehicle to the reference area on the other side.

Determination of Crossing Frequency
In addition to the descriptive evaluation of the interaction behaviour of the pedestrians and
the vehicle drivers the dependency of the crossing frequency on the interaction parameters
is determined. Based on this dependency the crossing probability will be modelled after-
wards. To that end, the so-called Deceleration to Safety Time (DST) was calculated for all
interactions. This parameter describes the necessary deceleration to implement a specific
safety buffer (time) between leaving the conflict zone by the first interaction partner and
entering the conflict zone by the second partner. In the following, the DST is calculated
for the vehicle driver according to the assumption that the pedestrian takes the crossing
decision based on the related influence for the approaching vehicle. For the determination
of the DST the previously assessed crossing velocity (compare Fig. 16.3) is assumed to be
constant at 1.5m/s. The distance to be covered by the pedestrian to leave the conflict zone
was calculated as the shortest distance from the current position of the pedestrian to the
exit point of the conflict zone due to the actually driven vehicle path. The previously as-
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Fig. 16.5 Distribution of Post Encroachment Time (PET) during crossing events

sessed PET of three seconds was used as safety time. Due to the underlying assumptions
the previously assessed average crossing behaviour is used as the decision base for the
pedestrian. This assumption is necessary to create a common evaluation basis for actual
crossing events as well as situations in which the pedestrians do not cross the vehicle path.

The interaction events were assigned to DST classes according to the maximum DST
during the interaction events. For each class the proportion of pedestrians crossing the
driving path to the overall number of interactions in this class is calculated as the crossing
frequency for this class. The crossing frequency shows the decreasing frequency with in-
creasing required vehicle deceleration (see Fig. 16.6). Comparing directed and undirected
crossing situations results in an occurrence of higher crossing frequencies for higher nec-
essary decelerations during directed crossing events in which pedestrians have the right of
way (e. g. at zebra crossings). Due to the small sample size for the directed crossing (be-
cause of strict filter criteria) an unsteady characteristic has to be registered. Higher overall
crossing frequencies at higher required decelerations can be observed for the directed
crossing.

16.2.3 Modelling for Crossing Probability

By means of the analysis of the aforementioned crossing frequencies a model for the
crossing probability is deduced. To that end, it is assumed that the crossing frequencies of



16 Methodology and Results 299

Fig. 16.6 Crossing frequency in dependency of DST

the described data collection can also be transferred to other situations. On that condition
the developed model could be used to predict the crossing probability of a pedestrian that
is detected by the environment detection of an assistance system. The crossing probability
in return could be used for parameterisation of a warning or intervening strategy.

For modelling purposes of the crossing probability it is assumed, that pedestrians base
their decision whether to cross the driving path or not in front of the approaching vehicle
on the necessary deceleration for a safety margin of three seconds. In addition, it is as-
sumed that the crossing probability is normally distributed and can be modelled like that.
The crossing probability can therefore be formulated as:
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The decision base of the pedestrian consists therefore of the following situation parameters
which are incorporated in the definition of the DST:
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Fig. 16.7 Modelled crossing probabilities for directed and undirected crossing events

The following situation are incorporated in the definition of the DST:

sVeh: Current distance of the approaching vehicle to the conflict zone,
sPed: (Minimum) distance to be covered by the pedestrian for the crossing,
vVeh: Vehicle velocity (as estimated by the pedestrian),
vPed: Crossing velocity of the pedestrian (as intended),
tSafe: Time gap between leaving of the conflict zone and the entering by the vehicle.

Only the intended crossing velocity and the accepted safety time gap can be directly in-
fluenced by the pedestrian and might therefore be moderating parameters for the deduced
model. Fig. 16.7 shows the modelled crossing probabilities for the directed and undirected
crossing. The offset of the crossing probability to higher necessary decelerations for the
directed crossing is depicted in the difference in the mean � of approx. 1m/s2. The higher
variance �2 for the undirected crossing may be influenced by the sample size (compared
to the one of the directed crossing).

16.3 Static Traffic Observation Under Real Traffic Conditions

Based on the results of the clinical interaction study under real traffic conditions and
additionally in order to complement the gathered data, real traffic observations with a sta-
tionary sensor were conducted. Since the vehicle sensors of the interaction study mainly
focused on situations that occur in front of the test vehicle, a stationary sensor is able to
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additionally gather data about situations and behaviours of pedestrians that are not in the
field of view of the vehicle sensors and e. g. cross the street behind the vehicle.

16.3.1 Methodology

As basis of the traffic observations a mobile measurement system was developed that
consists of an IBEO LUX laser scanner, a camera, a mobile computer and a battery. The
configuration is shown in Fig. 16.8. To record and synchronise all data the software ADTF
(Elektrobit) was used. This configuration enables a quick start-up and operation of the
system in different environments. Since the focus of the observations is the pedestrian
behaviour and not the driver behaviour a hidden deployment of the sensor is not necessary.

The measurement system was used on two different locations in the inner city of
Aachen (Wüllnerstraße, Templergraben) and on one location in the inner city of Vaals
(Maastrichterlaan) to complement the measurements of the clinical interaction study. On
the first location, Wüllnerstraße, the system was used to observe the pedestrian behaviour
on a crossing aid. This location was also part of the route of the clinical interaction study
so that the results are comparable. The second measurement location, Templergraben, is
close by (approx. 260m) the first location and in front of the RWTH Aachen University so
that it can be assumed that the collective of the observed pedestrians is similar to the one
of the clinical study. Since this location is between two university buildings the frequency
of crossing events is high. A crossing aid does not exist. As third measurement location
a crossing aid in the city of Vaals, Netherlands, right behind the border to Germany was
chosen. The configuration of the situation is comparable to the configuration of the Wüll-
nerstraße but since it is not close to the university and located in the border region the
collective of the observed pedestrians is assumed to be different. Instead of a majority of

Fig. 16.8 Configuration of stationary measurement system
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German students, observed at the first two locations, here a mix of German and Dutch
people were observed. All three locations have in common that the traffic to be considered
for a crossing decision is unidirectional. The speed limit at the location Wüllnerstraße and
Maastrichterlaan is 50 km/h and 30 km/h at Templergraben. A map with the three different
locations is shown in Fig. 16.9.

All measurements (one for each location) were performed at lunch time and on sunny
days. Overall around 3.5 h (approx. equally distributed for the three locations) of record-
ings could be evaluated with in total 3339 detected pedestrians by the LiDAR sensor.
Detected pedestrians with an observation period of less than 2 s or without interacting
with a vehicle were excluded from the evaluation, so that depending on the evaluation
data from around 59 to 258 pedestrians were evaluated.

Fig. 16.9 Measurement locations traffic observations
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16.3.2 Results

The recorded data were filtered and analysed regarding the dependency of the interac-
tion behaviour on the environment (crossing aid, collective, speed limit . . . ) as well as
regarding the dependency of parameters for describing the interaction on those factors.
For this purpose different interaction and situation parameters, like time gap, distance to
interaction partner, PET, TTC (Time to Collision) and DST were calculated based on the
recorded data and compared to each other. Since the TTC is only defined if the pedestrian
and the vehicle are on a collision course with each other the evaluable data set for this
parameter was small compared to the other interaction parameters.

The evaluation shows a relation between the situation and most of the interaction
parameters, but also that the relation between the interaction parameter DST0 and the
crossing frequency seems to be almost independent from the situation. The crossing fre-
quency depending on the DST0 for all three locations is shown in Fig. 16.10 individually
as well as combined. Due to the fact that the DST0 is defined as the necessary deceleration
of the second interaction partner (vehicle), so that the first partner (pedestrian) can leave
the conflict zone before the second partner enters, especially values of DST0 >�1.5m/s2

are interesting. In this case these values describe interaction events in that the vehicle has
to accelerate with a maximum of 1.5m/s2 to arrive at the entrance of the conflict zone at
the time the pedestrian leaves the zone. As shown in Sect. 16.2.3, the DST0 depends on
the parameters sVeh, sPed, vVeh and vPed so that it is also possible to compare locations with

Fig. 16.10 Crossing frequency over DST for traffic observations



304 J. Kotte and A. Pütz

different speed limits. An assignment of different DST0 values and conflict categories can
be found in [6].

The analysis also shows that only a small percentage of the pedestrians (4%) crosses
the street at positive DST0 values, which means that these pedestrians assume that the
vehicles decelerate to let them cross the street and to avoid a collision. Hence the majority
of the pedestrians only cross, when no further deceleration of the vehicle is necessary.

16.4 Interaction Study Under Controlled Traffic Conditions

The clinical study in real traffic in combination with the real traffic observations served
as basis for a common crossing behaviour analysis of pedestrians. Since some specific
situations occur rarely in real traffic, but have to be considered for pedestrian behaviour
analysis, a clinical study in a controlled environment was designed. The requirements
were derived from the experiences and results of the previous experiments.

16.4.1 Requirement Definition from Tests Under Real Traffic Conditions

The aim of the interaction study under controlled traffic conditions is to gather sufficient
data in specific situations for that the conducted studies and observations under real traffic
conditions did not provide enough information. Based on the results of the first two ex-
periments essential statements about two of the three defined pedestrian related research
questions and the one driver related research question (see Sect. 16.1) can be derived (see
Sect. 16.2.2, 16.2.3 and 16.3.2). For a sufficient evaluation of the third pedestrian related
research question,

How does the interaction depend on the vehicle type (passenger car and truck)?

the analysis of the first two experiments shows that the database is not wide enough, since
interactions between trucks and pedestrians occur rarely. Nevertheless, this type of inter-
action is important to be analysed due to the high number of truck-pedestrian accidents
and their high severity [10]. A specific analysis of this type of interaction shall be feasible
based on the study under controlled traffic conditions.

The previous conducted experiments showed a relation between interaction parameters,
like DST, and the crossing behaviour. As shown before, most of them mainly depend
on vehicle or situation parameters like speed, distance, deceleration and time gap. For
a statistical investigation of this relation a wide range of variations of these parameters in
relation to vehicle-pedestrian interactions have to be evaluated. Since this is only feasible
in real traffic with many measurements on different locations, it was investigated as part
of the study under controlled traffic conditions.
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In addition, real traffic observations often have the problem, that the sensor view on
interesting elements of the scenarios is concealed by various objects (e. g. infrastructure
elements or other road users). This problem led to a high number of interactions that had
to be filtered out in the conducted traffic observations. Since the effect can be controlled
in a study under controlled traffic conditions, an additional close to the body sensor set-up
can be integrated, tested and compared to a ground truth sensor output as part of the study.
Thus the measurements served also as basis for analysis of a close to the body sensor set-
up.

16.4.2 Methodology

Based on the requirements defined in Sect. 16.4.1 a study under controlled traffic con-
ditions was designed and conducted to investigate the interaction between pedestrians
and vehicles. Central scene of the study was a crossing aid (zebra crossing) that had to
be used by pedestrians (test subjects) to cross a marked road on the closed test track of
the Institute for Automotive Engineering (ika). The road was used by a passenger car
and a truck (drivers were confidents), that performed pre-defined manoeuvres which were
synchronised with the position of the pedestrian. Fourteen variations per vehicle type were
defined so that overall twenty eight different interaction scenarios could be investigated.
Each variation consisted of a defined approaching speed, a start position of the deceler-
ation manoeuvre and an average deceleration rate. For each approaching speed also one
variation without a deceleration manoeuvre was conducted. The average deceleration rates
were controlled by the Adaptive Cruise Control (ACC) interface of the vehicles. The order
of the different scenarios was varied. An overview of the scenario elements is shown in
Fig. 16.11.

To observe the interactions between the pedestrians and the vehicles the same mobile
measurement system for stationary observations as used in the traffic observations shown
in Fig. 16.8 was used. In addition, the pedestrians were equipped with a smartphone in
their trouser pocket, a tablet in a backpack and a smartwatch on their wrist to enable the

Fig. 16.11 Elements of scenario variations
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investigation of the potential of this close-to-body-sensor set-up. Applications on these
devices recorded all available sensor data, like acceleration, rotation, etc. together with
a timestamp consisting of GPS time and device time. The same timestamp is used in the
stationary sensor set-up so that both can be fused afterwards.

To avoid behavioural adaptations due to the knowledge of the test subjects about the
actual study case, the subjects were introduced for a study about the accuracy of CE device
(smartphone, tablet, smartwatch) sensors. For this purpose two courses, one of each side of
the marked road, were installed that the subjects had to complete. Each course consisted of
eight marked positions evenly distributed on a circle with a radius of 3m. The pedestrians
had to start on position 1 and had to walk over the centre of the circle to one of the
marked positions and then back to position 1. This was repeated for all marked positions
per cycle. After each completion of the walking course the subjects had to answer some
questions and proceed to the other course by crossing the road. The subjects were told that
the courses are installed on each side of the road due to specific GPS effects that have to
be investigated. In addition, they were told that due to an overbooking of the test track an
additional study for vision systems is performed simultaneously on the marked road. To
manage the overbooking a zebra crossing was installed and both parties were introduced
to respect traffic regulations. Furthermore, the test subjects were told that they have to be
as careful as they would cross a zebra aid in real traffic since it is always possible, like in
real traffic, that the driver has not seen the pedestrian.

After each completion of the walking course the number of questions asked by the
questioner was regulated to synchronise the crossing intention with the approaching ve-
hicle. When the questioners saw that the vehicles reached marked positions they told the
subjects that it is now time to proceed to the next course. To avoid an influence of the
questioners’ behaviour on the subjects, the questioners always followed the subjects with
a distance of around one meter and the subjects were told that this is due to a clear view
of the LiDAR sensor on the subjects so that the accuracy of the CE device sensors can
be evaluated. Both vehicles used the road also randomised when the pedestrian were still
completing the course to avoid that the pedestrians recognise that the vehicles are part of
the study.

Pictures of the conducted study are shown in Fig. 16.12. On the left side of the figure
a subject crosses the street while interacting with the passenger car. On the right side of
the figure the subject is completing one of the courses and the truck performs a random
manoeuvre to avoid that the test subjects establish a link between the occurrence of the
vehicles and their crossing intention.

Prior to the start of the study, the subjects had to fill out a questionnaire about their
demographic background, driving experience and the positions of the CE devices on their
bodies related to the ground were measured. The pedestrian collective consisted of 6 fe-
male and 24 male participants with an average age of 24.6 years (� = 4.09; min = 19;
max= 41). Two spare crossing events per test subject were initiated by the questioner to
complement the twenty-eight pre-defined manoeuvres of the vehicles. In total, nine hun-
dred crossings were recorded. Since the synchronisation between the crossing intention
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Fig. 16.12 Pictures of the conducted study under controlled traffic conditions

and the approaching vehicle is not trivial not all crossings included an interaction with
a vehicle.

16.4.3 Results

The recorded interactions were analysed automatically regarding the relation between
crossing frequency and interaction parameters like DST based on the LiDAR data. For
gaze behaviour the data was analysed visually and the safety distance was assessed by
a combination of a visual and LiDAR information analysis.

The evaluation of the relation between crossing frequency and DST0 is shown in
Fig. 16.13. It can be seen, that 50% of the pedestrians in the study crossed the street at
a DST0 of �2.5m/s2, whereas 50% of the pedestrians observed in real traffic crossed
at DST0 values of around �1m/s2. This fact shows that the pedestrians in this study
crossed the street with a higher safety buffer than the pedestrians in the traffic observa-
tions (Sect. 16.3). In addition, the evaluation shows that pedestrians use a higher safety
buffer while interacting with the truck than with the passenger car. This can be derived
by the fact that no pedestrian crossed the street at DST0 values higher than 0m/s2 while
interacting with the truck. The evaluation of the vehicle speed while the pedestrian de-
cided to cross the street in the cases the vehicle is already close by (distance <15m) also
supports this thesis. In interactions with trucks the pedestrians decided to cross the street
at an average speed of the truck of 1.24m/s while in interactions with the passenger car
of 2.77m/s (p= 0.0304). An evaluation of the distance between road marking and waiting
position of the pedestrian shows in addition hints for the higher safety buffer, but the
effect is not significant. On average, the participants waited at a distance of 1.28m while
interacting with the passenger car and 1.46m while interacting with the truck (p = 0.2185).
For the evaluation of the speed and the waiting distance the mean values per subject were
evaluated. Further effects were observed, but not considered in this evaluation, due to high
requirements on the measured values.
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Fig. 16.13 Crossing frequency over DST for traffic observation and study under controlled traffic
conditions

The evaluation of the gaze behaviour supports the hypothesis, also investigated in many
previous studies (e. g. [11]), that the eye contact between pedestrian and driver are an
important part of the interaction process. On average, the participants make eye contact
1.61 (passenger car: 1.58; truck: 1.65) times with the vehicle before they cross the street.
No significant difference between truck and passenger car (p= 0.5311) can be observed.

16.5 Summary

As one part of subproject SIM vehicle-pedestrian interactions were investigated based on
an overall methodology consisting of three different experiments. The goal was to evaluate
influences on the crossing decision of pedestrians and to analyse the differences in the
driver behaviour between pedestrian interactions on directed and undirected crossings.

As first component of the overall methodology a clinical interaction study under real
traffic conditions was conducted, in which N = 30 test subjects drove an equipped vehicle
on a defined route through the city of Aachen. The study was designed in a way that it
is possible to investigate the pedestrian as well as the driver behaviour during interaction
events. To evaluate also events outside the field of view of the vehicle sensors, like e. g.
the behaviour of the pedestrians several seconds before the crossing, an additional traffic
observation on two different locations in Aachen and one in Vaals were conducted to com-
plement the results of the clinical study as second component of the methodology. Based
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on an evaluation of the results of these two data acquisitions requirements for a third data
acquisition approach, a study under controlled traffic conditions with N = 30 participants,
was defined. This study was conducted on the closed test track of the Institute for Auto-
motive Engineering (ika).

Overall a high number of interaction events was recorded (N > 3000). Due to the fact
that for a complete description of a vehicle-pedestrian interaction event a large field of
view and a sufficient object detection over a specific time range is necessary, the usable
sample for a statistical evaluation is much smaller. Nevertheless, an automatic situation
analysis for pedestrians that crossed in front of the approaching vehicle showed sufficient
results. For pedestrians, that crossed behind the vehicle, the results of the automatic sit-
uation analysis was not usable without further manual analysis, since not all parts of the
interaction event could be recorded by the vehicle mounted sensors. A first evaluation of
additional body close sensors, like the CE devices used in the study under controlled traf-
fic conditions, showed promising opportunities in combination with the used stationary
sensor set-up for future evaluations, although they come along with the disadvantage that
their data is not accessible during traffic observations.

The evaluation of the studies/observations showed that interaction parameters like PET
or DST are useful for interaction analysis. Especially the parameter DST showed its ad-
vantages as an almost situation independent description of the interactions. Regarding the
question, which kinematic conditions have to be fulfilled so that pedestrians decide to
cross the road in front of an approaching vehicle no distinct limits can be derived. In ad-
dition, it could be shown that pedestrians cross the road on crossing aids at higher DST
values than on locations without crossing aids. This means that they expect higher decel-
erations (according to amount) from the interacting vehicle to avoid a collision. Therefore
differences between directed and undirected crossing events could be observed.

The study under controlled traffic conditions showed the influence of the vehicle type
on the pedestrian behaviour. Pedestrians use higher safety buffers while interacting with
trucks compared to interactions with passenger cars. The participants of the study crossed
the road at lower vehicle speeds and higher DST values while interacting with trucks.

The video analysis of the conducted studies/observations confirms the hypothesis, that
eye contact between pedestrians and drivers is an important part of the interaction pro-
cess. Hence, a pedestrian dummy for testing interactive pedestrian safety systems was
developed, that is able to cross the street depending on different interaction parameters
and to move the head simulating eye contact with the approaching vehicle.

In summary regarding the formulated research questions an influence of the situational
variables directed (with crossing aid) and undirected crossings was shown. In directed
compared to undirected crossing events pedestrians expected higher decelerations (ac-
cording to amount) from the interacting vehicle and a different driver reaction (slightly
higher decelerations in crossing aid events) was observed. Regarding the research ques-
tion, if the vehicle type (passenger car, truck) has an influence on the interaction behaviour
of the pedestrian, it could be observed that pedestrians cross the street while interacting
with a truck with higher safety buffers compared to interactions with passenger cars.
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17Understanding Interactions Between Bicyclists
andMotorists in Intersections

Mandy Dotzauer, Sascha Knake-Langhorst, and Frank Köster

17.1 Introduction

17.1.1 Background on Cyclists and Crashes

Cycling is a cheap, convenient, healthy, and environmental-friendly mode of transporta-
tion that has reached new popularity [1]. The increase of number of cyclists and the change
of mode of transport is noticeable. More persons switch from motor vehicles to bicycles,
especially in urban areas. For example, in Germany, the number of bicycle owners has in-
creased from 67 million to 72 million between the years of 2005 and 2014 [2]. In addition,
30% of households in urban areas (cities with a population equal to or greater than 500,000
inhabitants) own only a bicycle for mobility purposes. Compared to the year 2003, this is
an increase by eight percent [3]. On average, bicyclist travel distances of about 5 kilome-
ters [4]. Not only does cycling affect health positively [5], health benefits outweigh risks
such as higher exposure to air pollution or being involved in a crash [6, 7].

On the downside, an accurate estimation of incidences involving cyclists seems impos-
sible. Often, cyclists are involved in single crashes. Injuries are slight, so that the incident
is not reported to the police and no medical care is required. Even though the number of
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crashes resulting in slight injuries is underrepresented in crash statistics, the number of
fatalities involving a cyclist is well documented. The number of crashes with motorists is
comparably small, but they often result in severe consequences for bicyclists. The likeli-
hood of being killed in such a crash is significant [8]. Even though the total number of
fatalities of bicyclists decreased over the past decade, the rate of fatalities increased [8].
According to a report of Münster, 51% of all fatalities involving a bicyclist occurred at
junctions. Out of these fatalities, 85% occurred at intersections. Based on a thoroughly
analysis of incidences in the city of Münster, Germany (rated number 1 bicyclist-friendly
city of Germany), key factors contributing to crashes in intersections have been identified.
According to the report, motorists as well as cyclists contribute to crashes equally. The
main contributing factors of motorists are failing to yield to bicyclists, followed by mak-
ing an error when turning. Bicyclists on the other hand make errors such as riding on the
wrong side of the road/bicyclist path and tend to violate the right-of-way. The authors of
the report concluded that these behaviours are the manifestation of a lack of cooperation
of the road users [8].

17.1.2 Concept of Cooperation

Per definition, cooperation is a joint action meaning that two or more parties work or act
together for a common benefit or purpose. Being cooperative means being able to work
together with common intentions towards a common goal. Cooperation requires trust, trust
that the other parties involved will also behave cooperatively [9]. The so-called prisoner’s
dilemma illustrates how the degree of cooperation affects the outcome. The prisoner’s
dilemma was originally framed by Flood and Dresher in 1950. Tucker built a story around
the theoretical game theory and named it prisoner’s dilemma. This dilemma arises every
time a conflict of interest exists [10].

The story illustrating the dilemma involves two criminals that have been arrested and
imprisoned. They are not able to communicate with each other. The prosecutor has only
enough evidence to get the criminals convicted for a year. At the same time, the prosecutor
offers both criminals a bargain. If they betray each other, they both will be imprisoned for
two years. If one confesses and the other remains silent, the later will be sentenced for
three years while the other goes free. If both criminals do not betray each other, they will
be imprisoned for one year [11].

The dilemma as illustrated in Fig. 17.1 is that each criminal is better of confessing
than being silent. On the other hand, the outcome is worse when both confess instead
of remaining silent. The common view on this dilemma is the existing conflict between
individual and group rationality. Acting upon self-interest instead of seeing the bigger
common good (meaning the most benefit for all parties involved) might lead to a worse
outcome. In the example of the prisoner’s dilemma, acting solely based on self-interest
would mean that one decides to confess hoping to go free. If the other decides to do the
same, they both will be imprisoned for three years instead of being set free. Both criminals
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Fig. 17.1 Illustration of the
Prisoner’s Dilemma including
possible outcomes

would have the greatest benefit if they would remain silent. Not betraying each other will
result in being imprisoned for one year (i. e. common good, [11]).

Even though the prisoner’s dilemma originated as a game theory, the construct has,
for example, also been applied to psychology. Recently, the focus has been on coopera-
tive behaviour and under what circumstances/conditions persons are willing to act for the
common good and not only for the individual good. Cooperative behaviour requires trust
as well as willingness to compromise with regard to inter- and intrapersonal conflicts. In
a situation, motives are mixed. Each interaction partner has its own agenda comprised of
egocentric, social, and cooperative motives. Based on this agenda, each interaction part-
ner makes a cost-benefit analysis leading to a behaviour that could be either cooperative
or uncooperative. But cooperation is only constructive when each interaction partner gives
up the individual good for the common good [9].

The willingness to give up the individual good for the common good is also influenced
by situational factors. Those factors include the possible individual gain compared to the
possible loss, but also the distribution of power amongst the interaction partners. If power
is distributed asymmetrically, the more powerful partner is less willing to cooperate. In ad-
dition, the more powerful partner may be more successful in persuading the less powerful
partner to cooperate [9].
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How do the prisoner’s dilemma and the idea of cooperation apply to the motorist-bicy-
clist interaction in intersections? The relationship with regard to power distribution can be
described as asymmetrical. The person in the vehicle is protected by its chassis as well as
a number of active and passive safety systems. Cyclists, on the other hand, are vulnerable
road users. In the worst case, they are not protected at all. In the best case, cyclists wear
a helmet to prevent severe head injuries in case of a crash. According to the traffic sociol-
ogist Alfred Fuhr, being in a vehicle protected by the chassis, the driver does not feel the
need to be very cautious as the driver’s life is not at stake. As a result, as a motorist, one
might tend to neglect to check the blind spot. The motorist is safer and more protected than
the bicyclist in case of a crash. Bicyclists, on the other hand, try to use all the available
space as efficiently as possible taking shortcuts where they can, tending to ignore traffic
rules that apply to them as they do to any other road user. The motorist is compared to the
bicyclist rather inflexible. If, for example, traffic stocks, so does the motorist while the cy-
clist can wiggle its way through traffic. In terms of flexibility, the cyclist seems to be more
agile than the motorist also leading to an asymmetrical distribution. If cyclist and motorist
do not adjust their behaviour for the common good, crashes are unavoidable [12] as the
increase in the fatality rate already shows [8]. Cooperating (i. e. making a decision based
on the common good instead of self-interest) may increase road traffic safety significantly
and should be the primary goal of all road users. Conflicts may be avoided when every
road user is a bit more considerate giving some room for the interacting partner. Driving
a bit slower for a moment and sacrificing a bit of time might affect the overall road traffic
safety positively. This would mean that after perceiving and assessing a situation, every
road user makes an assessment of the potential danger and then makes a decision based
on the common good and not on the individual good [13].

17.1.3 Research Questions and Research Goal

Lack of cooperation has been identified as one of the underlying mechanism leading to
fatal crashes of bicyclists [8]. At the same time, significant amount of encounters between
bicyclist and motorist do not end up in a near crash or crash. Yet, it is not well under-
stood how bicyclist and motorist get by without being involved in a crash or how conflicts
between them evolve: whether they emerge slowly over time or abruptly. The behaviour
of motorists and bicyclists as well as the interaction between them needs to be investi-
gated and better understood. Based on the literature [8, 9, 13], different scenarios of why
conflicts emerge are thinkable:

1. Lack of cooperation: It suggests that conflicts emerge over time because of insuffi-
cient cooperation of bicyclists and motorists and the need to push one’s interest and to
demonstrate power and dominance. Studies also show unfair behaviour of others during
several occasions leads to stopping corporation based on several past negative experi-
ences. This might also lead to the lack of cooperation between bicyclists and motorists.
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2. Motorist does not see cyclist: In this situation, a conflict emerges abruptly and can
only be acted upon after its occurrence. This can lead to uncooperative behaviour of
the cyclist because the cyclist might assume a deliberate act.

3. Cyclist sees motorist: In this situation, it is thinkable that the cyclist insists on its right-
of-way and assumes that the motorist will cooperatively yield. It might be a demon-
stration of the bicyclist’s power and dominance.

In order to better understand the interaction between motorists and bicyclists, their
encounters in an intersection were recorded and their behaviour analysed aiming to answer
the following questions:

1. How and why do conflicts between bicyclists and motorist occur?
2. Where and when (in intersections) do conflicts emerge? Do they emerge abruptly or

build up over time?
3. How are conflicts resolved?
4. How do conflicts differ from encounters?
5. Is it possible to detect conflicts before they escalate?
6. Is it possible to quantify behavioural patterns? If so, what parameters are suitable?

As of now, protection of vulnerable road users, such as bicyclists, is of a passive rather
than an active nature. Assistance such as warnings and alarms are provided to motorists,
but not to bicyclists. The idea of cooperation is that each interaction partner makes a sac-
rifice for the common good. Neither bicyclists nor motorists are superior to one another
meaning they are equally responsible for avoiding situations such as collisions in inter-
sections. If the postulated goal is to develop cooperative assistant systems preventing, for
example, crashes in intersection, the interaction between motorists and bicyclist needs to
be understood. In turn, tailored warnings can be provided to the involved parties. This
way, interaction partners can act upon recommendations that serve the common good:
preventing safety-critical situations or even (fatal) crashes.

17.2 AIM Research Intersection

Test field AIM (Application Platform for Intelligent Mobility) was built-up by German
Aerospace Center to serve as a test bed for multiple research and development activities in
the field of urban mobility [14]. The test field follows a toolbox approach and is composed
of several services covering simulation environments, test tracks and field instruments.
One of these services is the AIM Research Intersection [15]. It is an instrument allowing
detecting, tracking, and classifying motorized and vulnerable road users under real-time
conditions in the vicinity of a complex urban intersection.

The AIM Research Intersection is located on the northeastern corner of the Braun-
schweig inner city circle, marked red in the left part of Fig. 17.2. The illustration on the
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Fig. 17.2 Map of the of inner city of Brunswick and representation of crossing traffic flows at AIM
Research Intersection

right shows the topology of the intersection enriched with a depiction of the traffic flows
on this multi-lane intersection. Therefore, road users need to directly interact with each
other.

This specific intersection was chosen because of its complexity and traffic load making
it unique in the city’s road network. A wide range of traffic situations can be observed
here ranging from free roads to high peaks in rush-hour traffic with typical congestion
problems.

17.2.1 Technical Set-up

In order to detect, track, and analyse a high variety of traffic situations as well as mo-
torized and non-motorized road users in the intersections several technical components
needed to be implemented across all intersections arms. The sensor set-up of the research
intersection is displayed in Fig. 17.3. A more detailed view can be found in [16] and [17].

In the left hand figure, the outline of the intersection is displayed with the field of views
of all sensors. Blue segments depict the sensor areas of the MSS (Multi Sensor System).
This sub-system is used to detect motorized traffic participants in the inner part of the
intersection and adjacent areas. The sensors are installed on four different poles as shown
in the upper right part of Fig. 17.3. All pole installations consist of two mono cameras as
well as a 24GHz multi-range radar system and an infrared flashlight for artificial scene
illumination. Thus, the sensor set-up ofMMS shows a high grade of redundancy in order to
ensure an optimal view of every part of the junction while minimizing loss of information
due to coverage effects. The IR-flash helps to ensure and maintain an appropriate service
level of the optical systems even under bad weather conditions and at night.
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Fig. 17.3 Sensors’ fields of view and display of the sensor set-up of the pole installations

In addition to theMSS, the western and southern crossings are instrumented with a sub-
system called SENV (System zur Erfassung nicht motorisierter Verkehrsteilnehmer, engl:
system to detect non-motorized road users) allowing detecting traffic participants in the
respective areas of the intersection. Primarily, the sub-system is used to investigate cross
road behaviour of pedestrians and bicyclists. In addition to its primary usage, SENV re-
lated data can also be used for enhancing the MSS data base. The SENV installations are
shown in the lower right part of Fig. 17.3 and consist of a stereo camera system with the
already mentioned infrared flash. The pole installations are placed in an opposing layout
to guarantee a good line of sight for every given situation.

All of the given sensor data are fused and processed automatically in a concrete sta-
tion holding an air-conditioned server rack. The main output of the research intersection
is trajectory data with a data rate of 25Hz as well as corresponding scene videos. These
trajectories contain the objects’ position, velocity, and acceleration as well as other rel-
evant state information such as physical dimensions or classification, distinguishing five
different classes of traffic participants (truck, van, car, bicycle, and pedestrian). Fig. 17.4
shows a screenshot of a four-segment video stream with augmented object wireframe
models.

Different traffic participants are depicted with different coloring schemes (e. g. cars are
represented with green boxes around them while pedestrians are shown with red boxes).
In addition, the traffic light status is retrieved from another component of the AIM test
field: the AIM reference track [18]. This information can be used to enrich the collected
data and retrieve more information such as red light violations.
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Fig. 17.4 Video screenshot of a traffic scene from four different directions with augmented object
information

17.2.2 General Features and Objectives

The intersection can be used as an instrument for measuring natural traffic behaviour
for the given complex urban intersection scenario. The presented technical set-up allows
a 24/7 mode of operation; therefore, many relevant factors influencing traffic behaviour
can be considered for analyses (e. g. time of day, week or year as well as different envi-
ronmental conditions such as weather or temperature effects). Therefore, particular cases
of interest can be studied in more detail. On the other hand, the situation as a whole can
be studied and data can be collected over a longer period of time up to several weeks
and months. Collection of continuous data of the traffic scene allows studying long-term
effects. Fundamental questions are:

1. What are relevant processes and interactions in such a scenario?
2. What kind of effect mechanisms can be found?
3. What kind of interrelations can be found between different factors and modes of traf-

fic?

Thus, the AIM Research Intersection is a tool serving as a basis for research questions
given in Sect. 17.1. In order to tackle the incoming data, approaches enabling automatic
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scene interpretation need to be in place. Surrogate safety measures, such as PET (post
encroachment time) have been implemented to extract situations for further analyses. This
approach will be explained in more detail in Sect. 17.3 and a detailed overview of new and
well-known surrogate safety measures is given in [19].

17.3 Observation of Bicyclist-Motorist Interactions in Intersections

17.3.1 Use Case: Bicyclist-Motorist

The above described research intersection was used to observe encounters between bi-
cyclists and motorists. The pedestrian/bicyclist crossing coming from North (Bruckner-
straße) leading South (Hagenring) on the west side of the intersection (Rebenring) served
as observation point (see Fig. 17.5). Situations of interest were encounters of bicyclists
and motorists at the crossing. While both types of road users approached the intersec-
tion from North, bicyclists went straight ahead going further south, while motorists turned
right at the intersection going west. Bicyclist and motorists had the green phase simultane-
ously. This crossing scenario was used as it carries the most potential to be safety-critical
and fatal for bicyclist in case of a collision with a motorist. Motorists and bicyclists are
structurally separated in this scenario. Bicyclists have a designated path on the sidewalk.

In order to document and analyse interactions between bicyclists and motorists, video
recordings of five consecutive working days between 8 am and 6 pm of September 2014
were used. In order to not view all the video material, potential encounters between bi-
cyclists and motorists were extracted based on a PET (post encroachment time) value of
3 s. The PET value serves as a safety surrogate measure used to detect and analyse safety
critical situations. The PET value can be used in situations when one road user crosses the

Fig. 17.5 a Bird’s eye view onto the intersection (Source: Google). b Schematic drawing of the
observed situation
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path of another road user. The metric quantifies the time gap between the road users [20].
Low PET values indicate a high probability of safety-critical situations. A PET value of
zero indicates an actual crash. Situations extracted based on the PET value were viewed in
at least two iterations. During the first iteration, the extracted situations were viewed and
labeled as either encounter or conflict. In the following iteration, the situation and interac-
tion between bicyclist and motorist were described based on an observation protocol.

17.3.2 Traffic Conflict Technique

Based on video recordings, the interaction between bicyclist and motorist was documented
by means of an observation protocol loosely based on the traffic conflict technique [20].
With the help of the protocol, it was possible to describe the interaction between bicyclist
and motorist based on observable changes in speed over time. In addition, other variables
such as vehicle type, running a red light, causing and resolving a conflict, as well as
observing an encounter or a conflict, were documented in the protocol.

For the purpose of this observational study, the observed area of interest was divided
into two segments: (1) the turning area and (2) the pedestrian/bicyclist crossing (see
Fig. 17.5). As understanding encounters and emergence of conflicts was of central interest,
motorists and bicyclists were observed and their behaviour reported while approaching the
intersection (first segment) and meeting at the pedestrian/bicyclist crossing (second seg-
ment). For each segment several variables were reported. For each interaction partner the
speed (fast, medium, slow) as well as noticeable changes in speed (e. g. strong decelera-
tion) were documented. In addition, it was reported whether motorists or bicyclists caused
a conflict, whether they made any driving errors, such as not yielding, or resolved a con-
flict. The descriptive behaviour was quantified as each item was coded in order to run
chi-square analyses. In the end, a matrix was developed showing how and to what extent
motorists and bicyclists cooperate.

17.4 Findings and Implications

Altogether, 144 encounters including nine red light violations and twelve conflicts were
found and analysed during the observation period of five working days. Those situations
were described based on the protocol and chi-square analyses were used for statistical
analyses in order to gain more insight in the interaction between motorists and bicyclists.

As shown in Table 17.1, analyses of conflicts showed that each conflict was caused
by motorists. Half of them were caused by passenger vehicles the other half by vans.
In all cases, motorists did not yield to the bicyclists. Bicyclists had to abruptly decrease
their speed in order to avoid a collision with motorists. Therefore, bicyclists resolved
the conflict. In addition, in nine occasions bicyclists ran a red light. Out of these nine
occasions, four can be classified as “simple” violations (i. e. the light was red for up to
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Table 17.1 Cooperation matrix based on the results obtained during the observation study at an in-
tersection. The numbers (n=109) in the matrix correspond with the number of observed cooperation
strategies. Conflicts as well as situations in which one of the interaction partners did not pass the
stop line when the light was green were excluded

Area of pedestrian/cyclist crossing
Area of
turning

Same-same Same-adjusted Adjusted-same Adjusted-
adjusted

Same-same 9 15 3

Same-adjusted 2

Adjusted-same 27 1 39 3

Adjusted-ad-
justed

3 1 1 5

one second); the remaining five were “qualified” violations (i. e. the light was red for
more than one second). Running the red light, did not result in any conflicts. On those
occasions, motorists gave right-of-way to bicyclists.

Next to describing and analyzing conflicts and red light violations, it is also crucial to
look at the encounters that were neither conflicts nor red light violations. In our study,
eight percent of the encounters resulted in a conflict showing that conflicts are rather rare.
If the goal is to design safety systems detecting and preventing collisions, it is important to
understand how bicyclists and motorists interact without creating safety-critical situations.
Understanding the ordinary behaviour might help identifying behaviour deviating from the
norm. Therefore, encounters between bicyclists and motorists were analysed and based on
the results, a cooperation matrix created describing motorists’ and bicyclists’ encounters
in the observed situations. For the creation of the matrix, changes in speed as documented
in the protocol were used. Those changes were protocoled for bicyclists and motorists
in two segments: (1) the turning area and (2) the pedestrian/bicyclist crossing. Possible
combinations are:

1. Bicyclist and motorist do not change their speed (referred to as same-same).
2. Motorist keeps speed, bicyclist changes speed (referred to as same-adjusted).
3. Motorist changes speed, bicyclist keeps speed (referred to as adjusted-same).
4. Bicyclist and motorist change their speed (referred to as adjusted-adjusted).

Accordingly, the following matrix was created visualizing the interaction patterns:
Four different patterns of interaction were identified, but the frequency of occurrence

differed. In 39 cases, motorists adjusted their speed across both observation areas, bi-
cyclists kept their speed constant while approaching and crossing the intersection. The
interaction between motorists and bicyclists looked different in another 27 cases. Mo-
torists adjusted their speed in the turning area and continued with constant speed across
the pedestrian/bicyclist crossing. Here again, bicyclist approached and crossed the inter-
section with constant speed. In addition, it was also observed that bicyclist and motorists
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approached the intersection with constant speed. While bicyclists continued across the in-
tersection with constant speed, motorists adjusted their speed shortly before crossing the
pedestrian/bicyclist path. This pattern of interaction was observed 15 times. Nine times, bi-
cyclists and motorists approached and passed through the intersection with constant speed.

Results show that most of the interactions between motorists and bicyclists are en-
counters and not conflicts. Only twelve situations were categorized as conflicts. In order
to better understand how motorists and bicyclists encounter each other in one of the most
safety-critical traffic situations (i. e. right turn at intersections while bicyclists go straight)
without crashing, those encounters were used to gain better insight. Overall, it was found
that in most of the situations, motorists adjusted their speed, while bicyclist continued
through the intersection with constant speed. These results were expected as motorists
needed to yield-right-of-way to bicyclists. In addition, it was found that when one of the
interaction partners made an error (i. e. running the red light or not yielding) the other
interaction partner resolved the conflict by not insisting on the right-of-way.

Better and early adjustments in speed on the part of the motorists were also observed.
They reduced speed in the turning area, so that they could pass over the pedestrian/
bicyclist crossing with constant speed, while bicyclists did not have to adjust their speed.
Here, first signs of cooperation can be seen. Cooperation was also found. According to the
results of the observation, in nine cases neither bicyclist nor motorists had to adjust their
speed. They crossed the intersection with constant speed without creating a safety-critical
event. Those nine cases show that cooperation in traffic, especially between bicyclists and
motorists, is possible.

17.5 Further Research

Based on the results, first impressions are gained on howmotorists and bicyclist encounter
each other without creating critical situations in most cases. They need to be better under-
stood in order to identify potential situations deviating from encounters as described above
as those situations may lead to conflicts. Therefore, it is necessary to not only analyse en-
counters and /or conflicts directly (i. e. using safety indicators such as TTC or PET), but go
back in time and analyse how these situations arise. Parameters such as speed and changes
in speed appear to be valid candidates for such an analysis. Based on changes and vari-
ance in speed, travel pattern might be identified. In addition, interactions of speed while
approaching the intersection might be mapped.

The AIM research intersection offers this opportunity. As mentioned above, motorists
as well as vulnerable road users can be detected and tracked while crossing the intersec-
tion. At the moment, the detection range is limited to the area of the intersection starting
at the stop line, but additional components will be implemented extending the detection
area. With the extension, it will be possible to detect road users for more than 30 meters
before reaching the stop line. Therefore, data recording road users while approaching the
intersection will be available for analyses.
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Based on this data, it will be possible to gain more knowledge about encounters and
conflicts; if and how they differ and whether speed patterns differ from each other while
approaching the intersection. It is thinkable to apply methods such as coherence analysis
to investigate whether and how similar bicyclists and motorists approach the intersection,
in cases when they meet in the intersection. Those results may deliver significant insight
that can be implemented in algorithms aiming at preventing crashes from occurring while
providing recommendations to motorists as well as bicyclists.
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18Analysis andModelling of the Operational
and Tactical Behaviour of Bicyclists

Heather Twaddle

Life is like riding a bicycle, to keep your balance you must keep
moving (Albert Einstein).

18.1 Motivation

The bicycle offers urban travellers an inexpensive, non-polluting transport alternative,
which requires little space while moving or parking, can be manoeuvred quickly through
congested road networks and offers health benefits to the user. Municipalities throughout
the world are taking notice of the personal and societal benefits of utilitarian bicycling
and are implementing policies and developing infrastructure to support current bicyclists
and encourage potential bicyclists to start cycling. As a result, the modal share of bicy-
cling is growing in many cities [1]. In turn, the effect of bicycle traffic on overall traffic
efficiency in urban areas is becoming more important to consider in the design and assess-
ment of road infrastructure. Unfortunately, as the volumes of bicycle traffic increase, so
do concerns about bicyclist safety. Although traffic safety in general has improved greatly
in many European countries in the last decades, the rates of bicyclist injury and death have
stagnated [2–6]. In Germany, while the modal share of bicycling is about 3% when mea-
sured by distance and 10% when measured by trips [7], bicyclists account for 19.9% of all
injuries and 11.7% of fatalities on German roads [5]. At urban intersections in Germany,
a startling 39.1% of collisions involve at least one bicyclist [8]. In light of the significant
impact of bicyclists on the overall traffic efficiency in urban areas as well as the excessive
burden on bicyclists with regard to traffic safety, it is crucial to consider bicyclists explic-
itly in the evaluation of traffic engineering and control measures. This is particularly true
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at intersections, where bicycle traffic has a pronounced influence on traffic flow [9] and
bicyclist safety is a pressing concern [8].

Microscopic traffic simulation is a frequently used tool for analysing traffic and fore-
casting the effects of road infrastructure design, signal control, intelligent transportation
systems (ITS) and advanced driver assistance systems (ADAS). However, in order to
validly simulate urban intersections with bicycle traffic, the models used to describe bicy-
clist behaviour within the simulation must be detailed and realistic. This is a complicated
task when one considers the unique behaviour of bicyclists, which is characterised by the
following features.

� Flexibility: Bicyclists can choose between using different parts of the road infrastruc-
ture. They can use a bicycle facility, if provided, or instead ride on the roadway with
motor vehicles. Alternatively, bicyclists can decide to ride or dismount and push their
bicycles on the sidewalk. It is possible for bicyclists to change sporadically between
different parts of the infrastructure to best suit their tactical goals and to apply their
flexibility with regard to traffic rules and regulations. An in-depth study of the rule ac-
ceptance of bicyclists in six cities in Germany showed that 36% of bicyclists violate
a traffic regulation at some point during each trip [10]. The most common violations
are riding against the designated direction of travel, not using a mandatory bicycle lane
and running red lights.

� Diversity: Bicyclist behaviour is strongly influenced by the personal characteristics of
the bicyclists. Observable aspects, such as age, gender and physical fitness, as well as
non-observable traits, including bicycling experience, personality and mood, greatly
influence both the tactical and operational behaviour of bicyclists [10–13]. Individuals
within a population of bicyclists have differing desired riding speeds and acceleration
profiles, respond differently to other road users and obstacles and make different tacti-
cal decisions.

� Variability: Not only do differences exist between bicyclists in a population, but the
behaviour of one bicyclist fluctuates as he or she encounters different situations. Speed,
acceleration and deceleration, rule compliance, infrastructure use and other facets of
the operational and tactical behaviour are continuously adjusted depending on external
(e. g. behaviour of other road users, infrastructure design) and internal (e. g. mood)
factors [11].

However, currently available microscopic traffic simulation tools are limited in their
capacity to simulate the flexible, diverse and dynamic behaviour of bicyclists. The first
step in UR:BAN was to identify shortcomings in the state-of-the-art in modelling and
simulating bicycle traffic with regard to behaviour at the tactical and operational level.
The review of current modelling and simulation approaches was published in the paper
Bicycles in Urban Areas: Review of Existing Methods for Modeling Behaviour [14]. In
summary, bicyclists are typically simulated in currently available simulation tools using
models that were developed for vehicular traffic. In some cases, these models have been
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extended to allow for increased flexibility in lateral movement [15]. While this exten-
sion greatly improves the simulation of bicycle traffic, many other aspects of bicyclist
behaviour, such as the tactical choice between riding on a bicycle lane, the roadway or
the sidewalk, and riding against the given direction of travel, continue to be difficult with
currently available tools.

Following the identification of shortcomings in the state-of-the-art, the data necessary
for closing these gaps was specified. In order to gain an understanding of the relationships
between situational factors and the operational and tactical behaviour of bicyclists, it was
imperative to collect data that provide a comprehensive overview of the entire situation
at the intersection. Microscopic data that includes the position and speed of each road
user at regular time intervals as they cross the intersection were necessary. To meet this
requirement, video data was collected and trajectories were extracted using automated
computer vision methods. Additionally, information describing the phase transitions of
the signal control as well as maps detailing the geometry of the intersection were added
to the trajectory database. The resulting database was quantitatively analysed to gain an
understanding of the operational behaviour and tactical choices of bicyclists at signalised
intersections. As a final step, the findings of the behavioural analyses were used to cali-
brate and extend existing models and develop new methods for modelling the operational
and tactical behaviour of bicyclists.

In order to formulate the analysis and modelling tasks within UR:BAN, the hierarchical
framework proposed by Michon [16] was used to classify road user behaviour based on
the time scale of the choice and the type of action. According to this framework, tactical
behaviour takes place on a timescale of seconds to minutes and includes controlled action
patterns and conscious decisions made by a road user to cope with the immediate situation.
Tactical behaviour is governed by decisions made at the strategic level, such as route
choice, and is influenced by environmental factors, including the actions of other road
users and the phase of the traffic signal. Operational behaviour is defined as automatic
action patterns that take place on a timescale of milliseconds to seconds and includes
such behaviours as acceleration, deceleration and obstacle avoidance. Behaviour at the
operational level is directed by conscious choices made at the tactical level, such as the
desired path and the desired speed, and is influenced by environmental factors, such as the
condition of the pavement, the weather and infrastructure design. There are feedback loops
between the operational level and tactical level in which the operational state restricts and
influences the tactical behaviour, while choices at the tactical level activate and supervise
behaviour at the operational level. The hierarchy defined by Michon [16] was used in
UR:BAN to guide behavioural analyses and model development.

This chapter is organised using the following structure. The methods used for data
collection and processing are presented in Sect. 18.2 and the behavioural analyses carried
out using the resulting database are presented in Sect. 18.3. In Sect. 18.4, the modelling
approaches developed based on the findings of the behavioural analyses are introduced.
The outcomes of the project are discussed and concluded in Sect. 18.5.
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18.2 Data Collection and Processing

The behavioural analyses and model development to be carried out in UR:BAN were
identified through a thorough review of the literature and two meetings with a group of
experts. As a second step, the observational data necessary to complete these tasks were
specified. Both the behavioural analyses and model development necessitated trajectory
data from bicyclists as well as an exhaustive description of the situation in which the
bicyclists find themselves at each point along their trajectories. Aerial video data was
selected for data collection and processing because trajectories could be traced from all
road users within a given area and situational data could be extracted using automated
methods or added manually.

The entire road network is relevant for the analysis of road safety and efficiency using
microscopic traffic simulation. The scope of the research in UR:BAN, however, was con-
fined to signalised intersections. This focus was justified by the disproportionately high
safety risk to bicyclists at intersections in comparison to road segments [8]. In addition,
many measures for improving the safety and efficiency of bicycle traffic are deployed at
signalised intersections, including ITS and ADAS measures developed within UR:BAN.
The research intersections were selected with the goal of maximising the variety of situ-
ations with which the observed bicyclists were faced. The type of bicycle infrastructure
was used a key selection criterion for research intersections because this variable has been
found to have a significant effect on the behaviour of bicyclists [10, 11]. Twelve types of bi-
cycle infrastructure used in Germany were identified and clustered into four groups based
on the separation from motorized vehicle traffic; (I) roadways with no specific bicycle
facility (bicyclists move with motorised traffic), (II) roadways with an on-road bicycle fa-
cility, (III) physically separated bicycle facilities and (IV) miscellaneous bicycle facilities.
Four signalised intersections were selected for data collection with varying types of bicycle
infrastructure and traffic volumes. Research sites in Munich, Germany were selected be-
cause of the relatively high modal split of bicycle traffic of 17% in the city [17]. Basic four
arm intersections were chosen to facilitate comparability between data collection sites. Of
the eleven approaches at the four research intersections (one intersection includes a one-
way street), four approaches belong to type I, four belong to type II and seven belong to
type III. Type IV facilities, which include bicycle paths in green areas, contraflow bicycle
lanes, two-way bicycle lanes and bicycle roads, were not investigated within this project.

Raw video data were collected at each research intersection for two to four days from
before the morning peak traffic hour (ca. 7:00 am) until after the evening peak hour
(ca. 8:00 pm). Each of the collection days was a weekday during the spring and summer
months of 2013 and 2014. A GoPro Hero 3 Black Edition camera was used for data col-
lection with a full HD resolution (1920× 1080 pixels) and a frame rate of 25 fps. The wide
angle lens made it possible to observe the behaviour of road users on all approaches of the
intersections. Camera views of the four research intersections are shown in Fig. 18.1.

Two hours of video data from the morning peak hour at each of the four research
intersections was selected for detailed analysis. This selection was made based on the
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Fig. 18.1 Camera views from the research intersections Arcisstraße/Theresienstraße (a), Arnulf-
straße/Seidlstraße (b), Karlstraße/Luisenstraße (c) and Marsstraße/Seidlstraße (d)

number of bicyclists, the stability of the camera (no wind disturbance) and the absence of
shadows that can cause problems in extracting trajectories (overcast weather was found
to produce the best results). The eight hours of selected video data was processed using
the open source software Traffic Intelligence [18], which uses automated computer vision
methods to extract the trajectories of moving road users. A trajectory database with the
position and velocity vectors (x-y coordinates) of all the road users in each video frame
was generated by Traffic Intelligence. An example of one of the research intersections,
Marsstraße-Seidlstraße, with the extracted trajectories from a five minute video segment
superimposed over a video frame is shown in Fig. 18.2.

An approach was developed in UR:BAN to classify the road users as pedestrians, bi-
cyclists or motor vehicles based on their position in the video frame and their dynamic
characteristics. The approach was presented and evaluated in the paper Use of automated
video analysis for the evaluation of bicycle movement and interaction by H. Twaddle,
T. Schendzielorz, O. Fakler and S. Amini [19]. The accuracy of the methodology used to
track and classify cars, bicycles and pedestrians varied widely between the research inter-
sections. The percentage of tracked road users ranges from 72–93%, while the percentage
of correctly classified road users ranges from 28–97%. A method was also developed in
this project to rectify the distortion in the trajectory data caused by the wide angle lens.
The approach is based on functionalities provided in the open source computer vision
library OpenCV [20].

The resulting trajectory database was manually corrected to reclassify mislabelled road
users, delete erroneous or superfluous trajectories and merge trajectories that were dis-
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Fig. 18.2 Trajectory data extracted from a five minute video segment using Traffic Intelligence [18]

jointed due to an occluding object or a stop (only moving objects are tracked with Traffic
Intelligence [18]). The database was controlled to ensure that trajectories with discon-
tinuities or jumps were not used for the behavioural analyses. Qualitative parameters
describing the situation and the behaviour of the bicyclists that could not be collected
using automated processes were manually added to the trajectory database. Precise infor-
mation about the traffic signal phase and timing was obtained from the City of Munich
for the specific data collection dates. This data was integrated with the trajectory database
using a corrected time stamp from the video data. As a result, a corrected and verified
database of trajectories from 5146 bicyclists was created, complete with signal timing
information and qualitative descriptive variables.

18.3 Data Analysis

An analysis of the resulting database of trajectories, signal timing information and qualita-
tive variables describing the situation and bicyclist behaviour is presented in this chapter.
The intention of the analysis is to provide quantitative information concerning the op-
erational and tactical behaviour of bicyclists that has not yet been provided by previous
studies. The operational behaviour is analysed in Sect. 18.3.1 followed by a brief overview
of the tactical analysis in Sect. 18.3.2.

18.3.1 Operational Behaviour

Three aspects of the operational behaviour of bicyclists were examined in UR:BAN using
the trajectory data extracted from the videos: speed, acceleration and spacing between bi-
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Table 18.1 Division of observed bicyclists into Group A, Group B and Group C

Interaction with other bicyclists

time gap� 2 s time gap< 2 s

Signal phase upon approach Green Group A (N= 704) –

Red Group B (N= 326) Group C (N= 630)

cyclists while stopped. In order to isolate the behavioural aspects of interest, the observed
bicyclists were divided into four groups based on their interaction with other bicyclists
and the signal phase upon arrival at the intersection. The division criteria and the number
of bicyclists in each group is shown in Table 18.1. The group of bicyclists that arrived
while the signal was green and interacted with other road users (time gap < 2 s) are not
included in the analyses presented in this chapter.

Group A includes bicyclists that arrived at a green signal and did not interact with
other bicyclists. The trajectories from this group were used to analyse speed. Bicyclists in
Group B arrived while the signal was red and had no interaction with other bicyclists. The
acceleration and deceleration profiles were studied using trajectories from this group. Fi-
nally, trajectories from bicyclists who arrived while the signal was red and interacted with
other bicyclists (Group C) were used to investigate the spacing behaviour while queu-
ing. The analyses and results for each of the three selected aspects are summarised in the
following sections.

18.3.1.1 Speed
Speed is an important parameter to consider in the design of road infrastructure and traffic
signal control. Most of the research that has been done to date concerning bicyclist speed
has been motivated by the need to consider bicycle traffic in signal control design at in-
tersections. Intergreen times, the length of which has a strong influence on the capacity of
signalised intersections, must be set to ensure that all road users can cross the intersection
before conflicting streams are allowed to enter. The maximum crossing time is determined
from the distribution of speed and acceleration rates among bicyclists. The average speed
has been thoroughly analysed by researchers, mainly in the USA, with results ranging
between 3.2 and 7.5m/s [21–24]. Most of the studies estimate the mean speed and do
not elaborate on the distribution of the speed observations. The methodology used to es-
timate the Level of Service (LOS) in the Highway Capacity Manual assumes a normally
distributed average speed of 5m/s with a standard deviation of 0.8m/s [25]. No informa-
tion is given concerning how differing speed distributions can be considered. Nonetheless,
speed distribution is a crucial parameter in estimating LOS for bicyclists, as large speed
disparities are known to cause issues with traffic safety and efficiency. Within UR:BAN,
the speed distributions at the four research intersections were studied to provide detailed
information for use in simulations and in design guidelines. The effect of various tacti-
cal decisions on the speed of bicyclists was investigated in order to specify speeds for
bicyclists carrying out different manoeuvres.
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The average speed across the intersection, the range of speeds observed for one bi-
cyclist and the minimum and maximum speeds were extracted from the trajectories of
bicyclists in Group A. Histograms for each of the observed speed parameters are shown
in Fig. 18.3. An initial hypothesis of normal distribution for the four speed parameters
was used as a starting point for distribution analysis. The mean and standard deviation of
the observed data for each parameter were calculated and the resulting probability density
function (pdf) and cumulative density function (cdf) of the normal distribution were plot-
ted. The suitability of the normal distribution for the four speed parameters was evaluated
using the kurtosis and skew of the data and a visual inspection of the histograms of the
observed data.

The normal distribution was found to provide an accurate representation of the mean
speed of the bicyclists crossing the intersection as well as the minimum and maximum
speeds. All three parameters were found to have a slight negative kurtosis, meaning that
the observed distribution contains fewer extreme values than the normal distribution. This
could be remedied by using another distribution with a negative excess kurtosis, such as
the raised cosine distribution, although this adds complexity due to the number of pa-
rameters necessary to define the distribution without significantly improving the fit. This

Fig. 18.3 Distribution of the mean speed (a), the range of speeds (b) and the minimum (c) and
maximum (d) speeds of the observed bicyclists in Group A
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problem can also be remedied by setting a minimum and maximum allowable speed. The
slight skew in the observed mean, minimum and maximum speed distributions were not
pronounced enough to reject the normal distribution. The range of speeds covered by the
observed bicyclists, on the other hand, is positively skewed to the extent that the normal
distribution does not provide an accurate representation of the observations. The Rayleigh
distribution was selected in this case because it offers a good fit with the observed distribu-
tion and is characterised by only two parameters, a location (�) and a scale (� ) parameter,
analogous to the normal distribution. The final distributions with the fit location (�) and
a scale (� ) parameters are shown in Fig. 18.3.

The effects of selected tactical behaviours on the mean speed were quantified using the
trajectories from bicyclists in Group A. To this aim, a multiple regression model was es-
timated with dummy variables representing three tactical choices; infrastructure selection
(bicycle lane, roadway, sidewalk), direction of travel (with or against the mandatory direc-
tion) and type of manoeuvre (straight, left turn, right turn). The results of the regression
are shown in Table 18.2. The base situation (constant) for the model is a bicyclist riding
straight across the intersection on a bicycle lane, travelling in the mandatory direction of
travel. A total of 704 observations were used to develop the multiple regression model.

The multiple regression model indicates that bicyclists travel slower when riding on
the sidewalk or roadway in comparison to when riding on a bicycle lane (1.4 and 0.36m/s
slower average speed, respectively). Similarly, the average speed of bicyclists turning right
and left is 1.20 and 0.54m/s, respectively, slower than bicyclists travelling straight across
the intersection. Bicyclists riding against the mandatory direction of travel ride 0.66m/s
slower on average than those moving in the mandatory direction of travel. However, the
small number of bicyclists observed riding against the direction of travel limits the signif-
icance of this finding.

Results from the distribution analysis and the multiple regression model can be used
in conjunction with the findings of previous research to model speed with more accuracy
in microscopic traffic simulation tools. Other applications for the findings in this section
include the calibration and extension of methods used in design and evaluation standards

Table 18.2 Multiple regression model of mean speed

Variable Coefficient t-statistic Significance

Constant 5.22 94.142 0.000
Bicycle lane use (constant case) – – –
Sidewalk use �1.40 �3.527 0.000
Roadway use �0.36 3.236 0.001
Straight (constant case) – – –
Right turn �1.20 �7.974 0.000
Left turn �0.54 �1.609 0.108
Mandatory direction of travel (constant case) – – –
Against mandatory direction of travel �0.66 �1.279 0.201
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such as the US American Highway Capacity Manual [26] and the German Handbuch für
die Bemessung von Straßenverkehrsanlagen [27].

18.3.1.2 Acceleration and Deceleration
In a similar manner as speed, the acceleration and deceleration characteristics of bicyclists
have a significant influence on bicyclist safety and traffic efficiency. For example, accelera-
tion from a stopped position at a red light impacts the crossing time of bicyclists and there-
fore the necessary intergreen times. Maximum deceleration rates are important parameters
in evaluating critical situations with regard to safety. However, few researchers to date
have examined this aspect of the operational behaviour of bicyclists. Those researchers
who have analysed acceleration and deceleration have typically assumed a constant rate
of acceleration during an acceleration process and have found average acceleration rates
ranging from 0.23 to 1.07m/s2 [21, 28–30]. No studies were identified that quantified the
deceleration processes of bicyclists or the distribution curves of acceleration and deceler-
ation rates amongst a population of bicyclists.

The trajectories from bicyclists in Group B were used to investigate the acceleration
and deceleration1 processes. In a first step, the distributions of the observed mean acceler-
ation, the range of accelerations for each bicyclist, minimum and maximum acceleration
were investigated. The method used for identifying and fitting a distribution model was
the same as the approach used for the speed analysis (Sect. 18.3.1.1). An initial hypoth-
esis of normal distribution was accepted or rejected for the four acceleration parameters
based on a visual assessment of the histograms as well as an evaluation of kurtosis and
skew. In cases where the normal distribution was rejected, a more suitable distribution was
identified and parameterized based on the observed data.

For each of the acceleration parameters, mean acceleration, acceleration range, min-
imum and maximum acceleration, the normal distribution was rejected due to the skew
of the data. The observed distributions for the mean acceleration, acceleration range and
maximum acceleration are positively skewed. The Rayleigh distribution was selected to
represent the observed distributions based on the shape of the observed data distribution
and in consideration of the low number of parameters used to define the distribution (a lo-
cation (�) and a scale (� ) parameter, analogous to the normal distribution). The minimum
acceleration (maximum deceleration) distribution is negatively skewed. The Gumbel dis-
tribution was found to provide the best fit with only two parameters describing the location
and scale. The observed histograms and fit distributions are shown in Fig. 18.4. The min-
imum and maximum acceleration distributions are most relevant for the calibration and
development of microscopic simulation tools.

The trajectories of bicyclists in Group B were investigated in more detail to deter-
mine how acceleration is controlled throughout an acceleration process. To enable this
investigation, the speed ratio �s was introduced (Eq. 18.1) to indicate the degree to which

1 The term acceleration is used in the remainder of this section to describe both positive acceleration
and negative acceleration (deceleration) in order to simplify the text.
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Fig. 18.4 Distribution of the mean acceleration (a), the range of accelerations (b) and the mini-
mum (c) and maximum (d) acceleration of the observed bicyclists in Group B

a bicyclist has completed an acceleration or deceleration process.

�s D s � si
sd � si (18.1)

In Eq. 18.1, s is the current speed (m/s), si is the initial speed (m/s) (e. g. 0m/s when
accelerating from a stopped position) and sd is the desired speed upon completing the
acceleration or deceleration process (m/s) (e. g. 0m/s when deceleration to a stopped po-
sition).

Trajectories were identified that included a complete acceleration or deceleration pro-
cesses in which the bicyclist either started or ended the process in a stopped position. For
acceleration processes, the desired speed (sd ) was estimated by taking the average of the
speed measured after the bicyclist first reached 85% of his or her maximum speed. Simi-
larly, the initial speed (si ) was estimated for deceleration processes by taking the average
speed before the bicyclist first dropped below 85% of his or her maximum speed. An
observation containing the �s value and the momentary acceleration was taken for each
bicyclist at a frequency of five measurements per second. The trajectory data has a fre-
quency of 25 measurements per second but the observations were aggregated to smooth
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Fig. 18.5 Acceleration (a) and deceleration (b) profiles of the observed bicyclists in Group B

the acceleration profiles. The �s values were grouped in bins with a width of 0.05 and the
median, 25th and 75th percentile of each bin are shown in Fig. 18.5 for accelerating (a)
and decelerating (b) bicyclists in Group B. In total, 14,551 observations were collected
from accelerating bicyclists and 1913 observations from decelerating bicyclists. The 25th

and 75th percentile of the bins were smoothed using spline approximation with an order
of spline fit of three.

The overall trend in the acceleration profile in Fig. 18.5a indicates that bicyclists do not
accelerate constantly but rather accelerate most strongly during the first half of the accel-
eration process. The highest acceleration values, which range between 0.4 and 0.9m/s2,
were observed at about #s D 1=3 (one third of the acceleration process is complete). The
acceleration drops to less than 0.2m/s2 when the bicycle has reached about 80% of his or
her desired speed. The observed deceleration profiles indicate a more constant decelera-
tion of between �0.8 and �0.2m/s2 throughout the deceleration process. The deceleration
values were observed during normal deceleration processes and are not meant to be inter-
preted or used as maximum deceleration values.

The analysis of the acceleration and deceleration behaviour of bicyclists at intersections
can be used to improve the accuracy of microscopic traffic simulation tools. Findings show
that average acceleration, the range of acceleration and minimum and maximum acceler-
ation amongst a population of bicyclists cannot be described using the normal distribution
because of significant skewing. The Rayleigh and Gumbel distributions are suggested as
alternatives. Similarly, the assumption of constant acceleration could not be confirmed
by this data analysis for acceleration processes but seems to provide a good estimate of
deceleration processes.

18.3.1.3 Spacing
The spacing maintained between bicyclists directly influences the density and flow of bi-
cycle traffic. The minimum spacing accepted by a bicyclist also defines whether or not
he or she can squeeze through a queue of motor vehicles at a red light, a behaviour that
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directly influences motor vehicle flow at intersections. For these reasons among others,
this parameter plays a crucial role in bicycle and overall traffic efficiency, both on road
segments and at intersections. Nonetheless, only two previous studies were found that
examined the lateral spacing of bicyclists, both of which investigated spacing during over-
taking manoeuvres. A German study found the average, minimum and maximum lateral
spacing to be 0.60m, 0.20m and > 1.00m, respectively [13]. A US American study es-
timated larger values for the average, minimum and maximum lateral spacing of 1.78m,
1.35m and 2.36m, respectively [31]. No studies were found that quantified spacing while
queuing.

Unlike motorised road traffic, which predominantly moves single-file in road lanes
with intermittent lane changes, bicyclists have significantly more freedom of movement
in the lateral direction and can pass one another in the same lane. The one-dimensional
parameter that is used to measure motor vehicle traffic; the longitudinal following distance
(spacing) between two vehicles in the same lane, is insufficient for describing bicyclist
spacing. To measure the spacing between bicyclists, a two-dimensional vector was pro-
posed that contains a longitudinal component, which is measured along the axis of the
direction travel of the bicyclist, and a lateral component, which is measured perpendicular
to the axis of the direction of travel. Both of these components are crucial for the calibra-
tion of microscopic traffic simulation tools because they directly influence the density and
flow of bicycle traffic.

Fig. 18.6 Lateral, longitudinal and Euclidean spacing between stopped bicyclists in Group B
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The spacing between stopped bicyclists was measured using the trajectory database.
Platoons of bicyclists were identified by grouping bicyclists who stop (minimum speed
< 0.1m/s) during the same signal phase on the same approach. The stopping positions of
the platoon members were analysed to find the distance from each bicyclist to his or her
nearest neighbour. The resulting lateral, longitudinal and Euclidean distances between the
bicyclists are shown in the boxplots in Fig. 18.6. The measurements were taken from the
centre of the bicyclists, which is typically near the head, as shown in the top left corner of
the figure.

The findings shown in Fig. 18.6 are useful for calibrating microscopic simulation tools
that require the minimum lateral spacing at a speed of zero. Furthermore, the spacing data
can be used to quantify the density of bicycle traffic at different driving speeds. Density,
along with the findings presented in Sect. 18.3.1.1 can be used to estimate the flow of
bicycle traffic using the fundamental relationship between density (bicycles/m2), speed
(m/s) and flow (bicycles/h/m). This relationship has been confirmed by researchers to
describe bicycle traffic in the same way as it has been used for decades for motorised
traffic [9, 25].

18.3.2 Tactical Behaviour

Five aspects of the tactical behaviour of bicyclists at signalised intersections were selected
for analysis in UR:BAN; the infrastructure selection upon approaching the intersection
(bicycle lane, roadway or sidewalk), the response to a red traffic signal, the stop position
when queuing, the type of left turn manoeuvre and the direction of travel. In the first
step, a descriptive analysis of the tactical choices was carried out and the number and
percentage of bicyclists observed executing the various behaviours was recorded. This
information can be useful in creating tactical models based on the probability of a certain
behaviour arising. For example, in the microscopic simulation tool VISSIM, it is currently
possible to stipulate the percentage of road users that violate a red light [15]. Red light
violations are then randomly simulated using this percentage. The observed frequency of
bicyclists carrying of various options for the five investigated tactical behaviours are given
in Table 18.3.

In order to gain an in-depth understanding of the factors which influence the tactical
decisions of bicyclists, the relationships between situational variables and the observed
tactical decisions were studied. A total of 43 independent variables belonging to four
categories were investigated; the strategic choices of the bicyclist, the geometry of the
intersection, the traffic situation and the traffic signal control. Each of the five tactical
behaviours (dependent variables) and the independent variables was tested individually
using null hypothesis testing (˛ = 0.05) to determine if a statistically significant correla-
tion exists. If a significant correlation was found, the effect size measures Cramer’s V
(V) for two categorical variables and squared canonical correlation (R2c ) for a continuous
independent variable and a categorical dependent variable were used to estimate the mag-
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Table 18.3 Tactical behaviour, categories and observed frequencies

Tactical behaviour Category 1 Category 2 Category 3

Infrastructure selection
(bicycle lane available)
N = 3927 bicyclists

Bicycle lane
94.6% (N= 3721)

Roadway
1.8% (N= 69)

Sidewalk
3.5% (N=137)

Infrastructure selection
(no bicycle lane avail-
able)
N = 634 bicyclists

Roadway
90.5% (N= 574)

Sidewalk
9.5% (N= 60)

n. a. (dichotomous)

Response to red signal
N = 2437 bicyclists

Stop
80.8% (N= 1968)

Violate
19.2% (N= 469)

n. a. (dichotomous)

Stop position
N= 1648 bicyclists

Behind queue
83.9% (N= 1382)

In front of queue
16.1% (N= 266)

n. a. (dichotomous)

Left turn manoeuvre
N= 531 bicyclists

Direct turn
17.9% (N= 95)

Indirect turn
35.8% (N= 190)

Indirect turn against
direction of travel
46.3% (N= 246)

Direction of travel
N = 5109 bicyclists

With direction of
travel
97.9% (N= 5003)

Against direction of
travel
2.1% (N= 106)

n. a. (dichotomous)

nitude of the effect. The independent situational variables that were found to have at least
a small effect on the tactical choice were used to estimate a logistic regression model for
each of the identified behaviours. These models are to be published in an upcoming paper
Tactical behaviour of bicyclists at signalised intersections by H. Twaddle and F. Busch.

18.4 BehaviourModelling

The outcomes of the behavioural analyses described in Sect. 18.3 were used to develop
improved methods for modelling the operational and tactical behaviour of bicyclists for
application in microscopic traffic simulation tools. A number of the findings, such as the
distributions of the desired speed and the minimum and maximum acceleration, are use-
ful for calibrating models that are currently implemented in simulation software such as
VISSIM and SUMO. Other findings, such as those describing the acceleration and decel-
eration profiles of bicyclists, necessitate new modelling approaches.

18.4.1 Modelling the Operational Behaviour

The findings from the operational behaviour analysis described in Sect. 18.3.1 are applied
in this chapter to refine and extend the model proposed by Falkenberg et al. [13]. In their
model, bicyclists are represented using a diamond shape that is positioned with the ver-
tices pointing along the lateral and longitudinal axes of the bicyclist. This shape supports
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staggered queuing as well as offset riding along links [14]. In this project, the Falkenberg
et al. [13] approach was extended to include both a physical and a psychological bound-
ary of the simulated bicyclists. The physical boundary defines the shape of the simulated
bicyclist and acts as a hard barrier between the bicycle and other road users and objects in
the simulation (shown in black in Fig. 18.7). Although different lengths and widths can be
set for different types of bicyclists, the shape is static and does not change throughout the
simulation. Generally, two or three types of bicycles with their corresponding length and
width measurements are sufficient to describe a population of bicyclists (e. g. normal bicy-
cles, cargo bicycles and bicycles with trailers). This static physical boundary is the extent
of the model proposed by Falkenberg et al. [13], which is implemented in the microscopic
simulation tool VISSIM.

The additional boundary proposed here is the psychological boundary, which defines
the desired safety spacing of the bicyclist and is shown in blue in Fig. 18.7. This spac-
ing is applied in addition to the physical boundary defined by the Falkenberg et al. [13]
model. The desired lateral and longitudinal spacing of the bicyclists are set stochastically
amongst a population of simulated bicyclists to recreate the variety in spacing preferences
that exists in reality. The range of the spacing parameters measured in Sect. 18.3.1.3 is
used to create a population of bicyclists with differing spacing preferences. There is no
psychological spacing distance behind the modelled bicyclist to simulate the premise that
bicyclists are not concerned with and only have limited control over the actions of road
users travelling behind them.

The spacing values given in Table 18.4 are proposed based on the analysis of the ob-
served trajectory data. The total lateral spacing of the bicyclist including the physical
and psychological model range from a minimum of 0.6m to a maximum of 1.1m while
stopped in a queue. The total longitudinal spacing while stopped in a queue ranges from
0.9 to 1.8m. These values correspond with the median and 75th percentile of the observed
values in both cases. The distances are measured from the centre of the bicyclist.

The safety spacing maintained by bicyclists does not remain constant but is rather ad-
justed continually based on the situation and the momentary preferences of the bicyclist.
It is proposed here to include this intra-bicyclist variation by using a simple relationship

Fig. 18.7 Proposed approach
for modelling the operational
behaviour of bicyclists using
a physical and psychological
boundary
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Table 18.4 Proposed values for lateral and longitudinal spacing parameters with a speed of 0m/s

Lateral spacing (m) Longitudinal spacing (m)

Physical model 0.3 0.4
Psychological model minimum 0.3 0.5
Psychological model maximum 0.8 1.8

between the current speed, the desired speed and the spacing as shown in Eq. 18.2.

�
Splat; Splong

� D
�
1C ˛

s

sd

� �
Splat min;Splong min

�
(18.2)

In Eq. 18.2
�
Splat; Splong

�
is the current spacing vector (m),

�
Splat min; Splong min

�
is the

minimum spacing vector (m), s is the current speed (m/s), sd is the desired speed (m/s)
and ˛ is a constant that controls the magnitude of the spacing variation. This constant is
not estimated here because the spacing variation could not be observed using the collected
trajectory data at intersections.

The speed characteristics of the simulated bicyclists are randomly selected from the
distributions shown in Fig. 18.3. The regression model coefficients given in Table 18.2 are
implemented in the simulation by adjusting the desired speed of the simulated bicyclist
by the respective speed difference (coefficient in the regression model). For example, if
a simulated bicyclist that is randomly assigned a speed of 5.1m/s from the distribution in
the base scenario (bicycle lane use, travelling straight in the mandatory direction of travel)
tactically decides to ride on the sidewalk, the desired speed will be reduced to 3.7m/s.

Within the project UR:BAN, a new method for modelling the acceleration and deceler-
ation profiles of bicyclists based on the observations presented in Fig. 18.5 was developed.
A detailed description and evaluation of the developedmodelling approach can be found in
the paperModeling the speed, acceleration and deceleration of bicyclists for microscopic
traffic simulation by H. Twaddle and G. Grigoropoulos [32]. This modelling approach can
be combined with the speed distributions, regression model and dynamic spacing model
to improve the realism of microscopic traffic simulation of bicyclists.

18.4.2 Modelling the Tactical Behaviour

Two methods were developed and evaluated within UR:BAN for predicting the tactical
behaviour of bicyclists based on the observed situational data; logistic regression mod-
elling and machine learning using artificial neural networks. Modelling approaches were
developed for the five tactical choices introduced in Sect. 18.3.2; infrastructure selection
upon approaching the intersection (bicycle lane, roadway or sidewalk), response to a red
traffic signal, stop position when queuing, type of left turn manoeuvre and the direction
of travel. For both approaches, the dataset was broken into two subsets, one of which was
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used for estimating (training) the model while the other was used to validate (test) the re-
sulting model. Depending on the size of the dataset for each tactical choice, 60 or 80% of
the data was used for calibrating and the remainder was used for validating. The models
were evaluated using confusion matrices and five evaluation measures; accuracy, positive
prediction value, negative prediction value, true positive rate and true negative rate. The
Receiver Operating Characteristic (ROC) curve was used to determine the optimal classi-
fication cut-off point for the binomial choice models.

Both methods were found to produce similar results based on an evaluation of the
resulting confusion matrices, with accuracies that ranged from 76% to 92%. Machine
learning approaches are known to produce exceptional predictions given a large training
set and a large number of independent variables. This accuracy, however, comes at the
cost of interpretability of the model. The resulting ‘black box’ may be useful in predicting
outcomes, but the relationships between the input parameters describing the situation and
the tactical choices are difficult to discern. The logistic regression models were deemed
superior because of the possibility to understand the relationships between the observed
situation and the choice outcome. The resulting choice models are to be published in an
upcoming paper Tactical behaviour of bicyclists at signalised intersections by H. Twaddle
and F. Busch.

18.5 Discussion and Conclusions

The realistic inclusion of bicycle traffic in microscopic traffic simulations is becoming
increasingly important as the number of bicyclists in many urban areas continues to rise.
Within the project UR:BAN, the operational and tactical behaviour of bicyclists was anal-
ysed using trajectory data extracted from videos collected at four intersections in Munich,
Germany. One application for the findings from these studies is the calibration of exist-
ing models for bicycle traffic in simulation software. Shortfalls in the ability of currently
available software to simulate bicycle traffic were identified and addressed in UR:BAN by
extending existing models or developing new approaches for modelling the behaviour of
bicyclists.

Three aspects of the operational behaviour of bicyclists were identified for analyses
and model development; speed, acceleration and spacing. The use of trajectory data en-
abled the detailed investigation of the identified aspects. Data from 704 bicyclists who
approached the intersection while the signal was green and did not interact with other bi-
cyclists were used to select and fit distribution curves for the average speed, the range of
speeds and maximum and minimum speed. A multiple regression model was estimated
to quantify the effect of selected tactical behaviours on the average speed. The acceler-
ation and deceleration behaviour of 326 bicyclists who stopped at a red light but were
not influenced by other road users was investigated to select and fit distribution curves.
Analogous to the speed analysis, mean acceleration, range of acceleration values and the
minimum and maximum acceleration were investigated. An in-depth analysis of the ac-
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celeration profiles indicated that bicyclists do not accelerate at a constant rate, but rather
begin an acceleration process with a relatively low acceleration, reach a maximum accel-
eration when approximately 1/3 of the process is completed and then decrease the rate of
acceleration until the desired speed is reached. An investigation of the deceleration profiles
revealed relatively constant rates of deceleration throughout the process. The lateral and
longitudinal spacing of 630 bicyclists who stopped at a red traffic signal in a platoon of bi-
cyclist were analysed to provide calibration data for existing models. An extension of the
Falkenberg et al. [13] model is proposed based on the observed spacing behaviour that al-
lows for the simulation of inter-bicyclist and intra-bicyclist variance in spacing behaviour.
Together, the proposedmethods for modelling the operational behaviour of bicyclists offer
the potential to increase the realism of bicycle simulations.

The methods developed for predicting the tactical choices of bicyclists using inde-
pendent variables describing the current situation were found to deliver accurate results
(accuracies ranged from 76% to 92%). The inclusion of independent variables describing
the personal characteristics of the bicyclists, such as gender, age, bicycling experience, bi-
cycling preferences and aggressiveness, would likely further improve the predictive power.
Data describing the personal characteristics of the observed bicyclists were not collected
because of privacy laws and the high position of the video camera that was necessary for
extracting accurate trajectories. Additionally, models including personal attributes would
have limited application in microscopic traffic simulation because the agents in currently
available tools are not equipped with such attributes. Therefore, as long as the variation
in observed behaviour can be recreated within the simulation and the relationships be-
tween the different aspect of the operational and tactical behaviour can be maintained, it
is unnecessary to associate these behaviours with personal attributes.

The operational model and tactical models can be combined in the simulation to reflect
the feedback loops proposed by Michon [16] in his hierarchy of road user behaviour.
This was realised in UR:BAN by determining the tactical behaviour using the developed
logistic regression models. This behaviour was linked to the operational level through
the speed multiple regression model. The resulting approach allows for a more realistic
simulation of bicyclist behaviour at both the operational and tactical level.
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19Urban Interaction – Getting Vulnerable Road
Users into Driving Simulation

Christian Lehsing and Ilja T. Feldstein

19.1 Motivation and Goals – The Situation in 2012

Despite the increase of population by 4% registered-vehicles by 15% between 2007 and
2010, the number of road-traffic fatalities worldwide remained about the same at 1.24 mil-
lion per year [1]. The stagnation of this still remarkable high number suggests that efforts
being put into developing road safety measures are actually taking effect and preventing
a higher number of road incidents and deaths. Furthermore, the rapid development of novel
driver assistance systems, the rising implementation of intelligent traffic infrastructure,
and the demographic change worldwide as well as individual performance abilities have
had a remarkable effect on driving behaviour and habits. Hence, the classical regularities
and models used for traffic research need to be updated. Actual driver and traffic models
have a limited capacity to sufficiently illustrate the aforementioned aspects. Only the road
users’ reactive behaviour can be taken into consideration; the intervention of assistance
systems, an increased amount of information, and the interaction or mutual behaviour
adaption of partially assisted traffic participants remain unconsidered. This pushes sim-
ulation environments currently being used (driving and traffic simulation) to their limits.
Performing efficacy- and safety-tests on future driving assistance or information systems
in virtual environments under these conditions is more than questionable, especially in
terms of validity. Testing new applications or systems in reality with dummies is costly and
time consuming but will be necessary in the future. The interaction between the involved
road users is also missing. Moreover, the performance of huge traffic data collections is as-
sociated with an immense planning and cost effort. The demand for an effective, efficient
tool that supports the activities mentioned is therefore given [2].
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19.2 Social Interaction at a Glance

Humans adapt their behaviour towards each other in their various everyday roles – they
interact. This is sometimes useful to achieve one’s goals and under special circumstances
is purely necessary to survive. The latter aspect is a feature of the traffic system, where
human beings occupy one or more roles depending on the type of road user. Independently
of this, the behaviour adaptation process (Fig. 19.1) consists mainly of interpreting:

� the environmental context,
� surrounding traffic, and
� responses to one’s own behaviour [3].

One’s behaviour is adapted as needed after interpreting the behaviour of other road
users with whom one may come into contact while claiming the same infrastructure (e. g.
road segment). This is supported by verbal or nonverbal communication, or both where
applicable. Gestures, mimic, body posture, walking/driving speed, and auditive or visual
signals serve as communication instruments and hints during encounters between human
road users, for whom nonverbal communication plays a significant role [4, 5]. A system of
common understanding is necessary to enable the mutual stimulus reaction scheme among
them and to ensure an externally visible adaption of the participants’ planned actions [6–
8]. The common goal of interaction is behaviour coordination.

In driving simulators, various data can be recorded that allows a detailed analysis of
the coordination procedure. Velocity, acceleration, position, and use of the horn or blink-
ers represent just some of this data. This data, together with sophisticated analysis methods
and the underlying social-interaction theory introduced, forms the basis for investigations
into interaction during multi-participant simulations. In particular, behaviour between cars
and pedestrians and its quantification will be described in detail. Linear and nonlinear ap-
proaches are taken to analyse the “behavioural ping pong” unfolding between road users
who meet in the same simulation. These analyses will help to understand processes occur-

Fig. 19.1 Cooperation scheme. (Based on [3])
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ring in traffic that might lead to critical situations and to identify the role of good or poor
interaction/cooperation.

19.3 Pedestrian Simulators – A Global but Divergent Approach

For over 40 years now, traffic researchers have been putting effort into the investigation
of pedestrian behaviour, often focusing on children and the elderly. They were mostly re-
stricted to observational studies or accident-report analyses because experiments in real
life that assured the participants’ safety were difficult to set up and to conduct. For in-
stance, researchers in the UK used the so-called “pretend road method” to investigate
children’s road-crossing behaviour [8–10]. Under this method, participants are placed in
front of an artificial street parallel to an actual one (Fig. 19.2). The participants are then
asked to cross the artificial street basing their decisions on the real street’s car movements.

With the progress of technology, more and more possibilities in terms of virtual reality
(VR) simulators are appearing and opening up new avenues for researchers. Most of these
devices – often referred to as pedestrian simulators – can be classified into cave automatic
virtual environment (CAVE) setups and head-mounted display (HMD) setups.

The French research institute IFSTTAR presented one of the first CAVE-based pedes-
trian simulators in 2003 and it has been constantly enhanced ever since [11, 12]. Other
research institutes such as the Ben Gurion University of the Negev [13, 14], the Univer-
sity of Valenciennes [15], and the University of Iowa (Fig. 19.3; [16, 17]) followed suit.

Pedestrian simulators based on HMDs started emerging at about the same time as those
based on CAVE technology. Among the first, Simpson et al. [18] presented a working
setup about one and a half decades ago. Although the HMD used was capable of producing
a stereoscopic image, the researchers initially displayed the same full-color image with
a resolution of 640 × 480 for each eye. As the entertainment industry entered the market for
HMDs, great technological leaps were achieved with new, more powerful devices being
released almost every year now. New HMD-based pedestrian simulators such as those at

Fig. 19.2 Pretend road method [8]
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Fig. 19.3 Pedestrian virtual environment at the University of Iowa [16]

the University of Guelph [19] or the Technical University of Munich [20] therefore began
to appear during the past few years. The latter will be described thoroughly in the next
section.

It should also be mentioned that some research institutes developed small-scale, less-
immersive but more transportable setups displaying visual output on several screens [21].

19.4 Implementing the VRU – The UR:BAN Approach

The following section describes the components of the pedestrian simulator setup realised
at the Technical University of Munich (Fig. 19.4).

19.4.1 Virtual Environment

The Silab software framework, which theWürzburg Institute of Traffic Sciences originally
developed as driving simulator software, was chosen to represent the virtual environment.
Software modifications were thus needed to implement a steerable human avatar in the
virtual environment. This software was chosen because the university’s driving simulators
also use Silab. Connecting multiple simulators enables various road users to meet in the
same virtual session thereby creating new possibilities for interaction investigations [22].
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Fig. 19.4 Simplified con-
cept of the current pedestrian
simulator setup at the Tech-
nical University of Munich.
(1) Motion suit, (2) Head-
mounted display, (3) Head-
phones, (4) Motion capture
system, (5) Dynamic cable
mount, (6) Data processing
and data control center

19.4.2 Motion Capture

A Vicon motion capture system was implemented and combined with a motion suit devel-
oped ad hoc to transfer the user’s body movements and body language to the avatar in the
virtual environment. The motion suit (Fig. 19.5) is a full body suit made of highly stretch-
able tissue and equipped with 39 infrared LED markers emitting 850 nm light through
diffusers. These active markers ensure better tracking quality than the passive-reflective
markers that Vicon provided. The motion-capture system uses trigonometric algorithms
to recalculate each marker’s exact 3D position followed by the creation of a human model
according to the Vicon Plug-In-Gait model. The body segments’ positions and orientations
are transferred to Silab, which implements them in its avatar.

19.4.3 Visual Interface

The visual feedback for the user was realised using an HMD, initially the Oculus Rift De-
velopment Kit (DK) but later the successor model, Development Kit 2 (DK2). The device
enables stereoscopic perception of the virtual environment with a resolution of 960 × 1080
per eye. Silab renders a different image for each eye, taking the distance in between the
eyes into account and thereby enabling a realistic 3D view. With a field of view (FOV)
of about 100° diagonally, the Oculus Rift DK2 is not far removed from human binocular
vision, which is about 114° horizontally according to Howard [23]. The human horizon-
tal far-peripheral vision, however, extends up to 200° [24] and cannot be accommodated
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Fig. 19.5 Pedestrian simulator
at the Technical University of
Munich

using this head-mounted display. This needs to be taken into account when creating an
experimental design to answer specific research questions.

19.4.4 Acoustic Interface

Acoustic perception is important for pedestrians in road crossing scenarios. Specifically in
cases where vehicles are approaching from various sides, proper 3D sound perception of
those vehicles helps the pedestrian to orient himself during his crossing task. However, im-
plementing such an acoustic component is fairly challenging because an extensive sound
library is needed covering different types of ambient sounds and specific objects’ sounds
such as a large variety of tire, engine, and airstream noises. These object sounds need to
be adaptable depending on the object’s position, velocity, and direction within the virtual
environment as well as on the pedestrian’s relative position and orientation with respect
to the specific object. For this, a performant sound engine was implemented mixing basic
sounds to generate realistic 3D stereo sounds. To isolate the user from the laboratory’s
noises, headphones were chosen over loudspeakers. This adds another difficulty as the
headphones move together with the user’s head and these tracked movements are used to
constantly recalculate the representation of the acoustic environment in real-time.
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19.4.5 BoundaryWarning System

Since the virtual environment possess no boundaries except for those of the laboratory
itself, the user must be prevented from colliding with walls and other objects in real life,
which cannot be seen due to the HMD. A three stage boundary warning system was there-
fore implemented haptically, visually, and acoustically forewarning the user of imminent
collisions. Software, to which information about authorized walking space is input, trig-
gers the alert indicating the direction of the boundary that the user is approaching. The user
wears a belt around the waist equipped with several vibrating motors that are activated in
direction of the boundary. If the user continues walking in the direction of the boundary,
a virtual fence appears visually in the virtual environment. If the user also ignores this
warning, a 3D warning sound is added.

19.4.6 Dynamic Cable Mount

Data between the user and the control center is exchanged through cables. The control
center transfers the visual and acoustic images to the HMD and the headphones, whereas
the HMD sends motion data about the user’s head captured by the integrated inertial-
measurement units to the control center. Cables are necessary as a wireless transmission
of that data volume is hardly realizable with acceptable latency at the current state of
technology. The HDMI cable and the USB cable longer than 5 meters should be connected
to amplifiers. Installing a cable mount above the laboratory’s action space is advised to
avoid interfering with the user. The cable amount should be dynamic and actively follow
the user’s movements. If the cable mount is dragged passively only, its inertia will create
a drag on the HMD and therefore the user’s head when accelerating or decelerating.

19.5 TheMultiple-Simulator Setting – Enabling Social Interaction

Driving simulators have been used for decades to conduct studies under safe, standard-
ised, repeatable conditions focusing on the driver’s behaviour in certain scenarios and
situations. These conditions highlight some of the advantages associated with the use of
simulators in traffic research. In contrast, one of the main criticisms is the validity of
the data gathered during the classical drive through an artificial environment with pro-
grammed, surrounding traffic. These surrounding road users obey traffic rules and engage
in the scripted behaviour needed to produce the traffic constellation in which the researcher
is interested. This worked well for highway scenarios with uniform traffic flow where in-
teraction between drivers is seldom, but traffic in cities is different. Transient situations,
heterogeneous participants, dynamic change of conditions, information overflow, and vital
behaviour adaptations are just a few aspects characterizing urban traffic.



354 C. Lehsing and I. T. Feldstein

Fig. 19.6 Possible constellation of linked simulators

To conduct investigations that deal with traffic in urban areas, research has to enable
the natural processes involved. One of these processes is the social interaction mentioned
between traffic participants intended to coordinate behaviour and reduce the risk of ac-
cidents or worse. Therefore, the classical approach where one participant in one driving
simulator is surrounded by programmed traffic that is only able to act within the limits
of its script is insufficient. In the UR:BAN project, it is assumed that linking two or more
simulators (Fig. 19.6) opens communication channels that allow behaviour adaption of the
simulation participants. Depending on the research question, it is possible to link several
driving simulators or a driving simulator to a pedestrian simulator as well as to a truck
simulator or that of a powered two-wheeler.

These constellations allow deeper insight into the mutual reaction scheme that road
user exhibit while they adapt to the situation, environment, and surrounding traffic.

Besides the advantages mentioned, some aspects of running an experiment with two or
more participants need to be considered (see Chap. 23):

� Two or more simulators need to be synchronised.
� Participant supervision takes more time than it does in single-simulator studies.
� Test tracks containing the situations of interest might be more complex.
� Synchronizing participants in the simulation to build “interactive” situations is some-

times more complex.

19.6 Interaction in Numbers – AMethodological Overview

One of the goals in the “Simulation and Behaviour Modelling” subproject was to find
tools and methods that on the one hand can enable human interaction in the synthetic en-
vironment of a driving simulation and on the other hand are apt to express this special
interhuman process in numbers. This quantification should foster investigation into the
basic patterns of human-related issues of urban traffic. This chapter introduces and sum-
marizes promising classical and new approaches to data analysis such as safety measures,
and linear and nonlinear analyses.
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All these methods use the speed signals of the driver and the pedestrian in different
urban encounters. It is assumed that the adaption of each individual’s behaviour can be
best detected via these signals.

The driver in a representative study encountered two types of pedestrians (pro-
grammed/bot vs. human-controlled) in three varying types of crossings (free lane vs.
occlusion vs. zebra crossing). These independent variables served as a starting point for
the following analysis of dependent variables such as time to arrival (TTA), deceleration-
to-safety time (DST), braking pressure, and average speed.

19.6.1 Safety Measures

The classical way of analyzing human behaviour in traffic is to look at fundamental met-
rics such as speed, distance, and brake-reaction time or similar – all related to traffic-
conflict severity. Further metrics can be computed based on this data, which the driving
simulation software itself can easily record. The TTA (similar to time to collision (TTC)
but intended for road-user trajectories that might intersect) employs both road users’ speed
and the distance at the moment of the driver’s first brake reaction to calculate the time that
the driver would need to reach the street segment that the pedestrian would also occupy if
the driver had not braked. The DST, which is the driver’s deceleration necessary to achieve
a preselected safety time (time at which the pedestrian crossing zone is crossed after the
pedestrian has crossed). Furthermore, braking pressure can reveal some information about
the unexpectedness of crossing events (e. g. occlusion situations) [25, 26].

The differences in the yielding behaviour become obvious in the figure above
(Fig. 19.7). The TTA’s mean value varies remarkably in situations where the driver
has the right of way and the pedestrian tries to cross the street with a focus on safe
crossing. Whereas in the situation with zebra crossing, the driver behaves more uniformly,
independently of the type of crossing pedestrian. This might result from the reversed right
of way in this situation [27].

Fig. 19.7 Time to arrival in three different driver-pedestrian encounters
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19.6.2 Time Series Analysis

As stated in Sect. 19.2, interaction takes time and is therefore a time-related construct. The
safety measures mentioned in Sect. 19.6.1 account poorly for this and other methods need
to be applied to consider the timing aspect of the driving data. A linear approach to this
can be found in time series analysis and especially in the cross-correlation approach where
similarities between two time-based signals (here speed signals) are calculated [28]. Both
signals are time shifted against each other to find the maximum correlation between them.
The following figures show examples of human-human and human-bot encounters in the
free-lane situation.

Fig. 19.8 Time series analysis for situation with programmed pedestrian

Fig. 19.9 Time series analysis for situation with human controlled pedestrian
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Fig. 19.10 Bar chart for cross correlation coefficients (a) and related time lags (b)

The diagrams show the speed signals of the car (upper graph) and the pedestrian
(middle graph) and the resulting cross correlation curve (bottom graph; cross correlation
coefficient over time lag k). The different speed behaviours of the two pedestrian types
are clearly visible. In the situations with the programmed pedestrians (Fig. 19.8), only the
driver could react whereas in the situations involving two humans (Fig. 19.9), both were
able to adapt their behaviour cooperatively resulting in a fuzzier graph for the cross cor-
relation coefficient. Another representation of time series analysis is shown in Figs. 19.10
and 19.11. Here, the maximum cross correlation coefficient with the necessary time shift
(lag k) is displayed. The time shift of the signals is assumed to be the time the lagging time
series needs to answer the behaviour of the leading time series and is therefore called time
to react (TTR). In case of a negative TTR, the programmed pedestrian (bot) is the leading
time series and in case of positive TTR the driver leads the behaviour adaption process in
urban encounters.

Using cross correlation to analyse the signals shows conclusive results by means of the
presented metrics. The TTR can detect differences in the type of crossing pedestrian as
well as the cross correlation coefficient. The disparity can be visually supported by the
given graphs [22].

19.6.3 Nonlinear Analysis of Driving Data

Within the scope of nonlinear approaches to quantifying and visualizing behaviour, the
method of cross recurrence plots (CRPs) and subsequent analysis of these plots using
cross recurrence quantification analysis (CRQA) show high potential supporting research
on interaction in traffic.

The method, first established in 1987 was used to describe dynamic systems [29]. Cli-
mate and financial researchers applied it successfully (e. g. [30]) and recent approaches
used it to describe behaviour in other disciplines such as traffic [31] or aviation [32]. In
the UR:BAN experiments described here, the behaviour between a driver and a pedestrian
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Fig. 19.11 Examples of cross recurrence plots

was of interest. Their speed and acceleration signals were analysed to reveal underly-
ing processes that are related to interaction. The CRPs were able to distinguish between
a programmed and a human-controlled pedestrian. The latter was able to interact with
the car via speed reduction or vice versa. The following are two typical plots based on
the aforementioned signals. The left plot visualises the encounter between the driver and
a programmed vulnerable road user (VRU) and the right the human-human encounter
(Fig. 19.11, axis indicate duration of encounter in ms).

Using CRQA, the structures and textures in these plots can be quantified and the be-
haviour of the (car-pedestrian) system can therefore be described (Figs. 19.12, 19.13 and
19.14).

Fig. 19.12 Measure “determinism” of cross recurrence quantification analysis
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Several complexity measures have been developed in the recent years, some of which
are:

� recurrence rate (RR): Counts the number of black dots in a CRP and is therefore a den-
sity measure for these points (and corresponds to the probability of recurrence states);

� determinism (DET): Also predictability; takes diagonal lines into account and calcu-
lates the ratio of diagonally arranged points to all recurrence points in a CRP;

� average diagonal line length (L): The diagonally arranged structures in a CRP represent
the time intervals during which different parts of a trajectory are close to one another
and thus describe the divergence of the trajectory segments in the phase space; and

Fig. 19.13 Measure “average diagonal line length” of cross recurrence quantification analysis

Fig. 19.14 Measure “entropy” of cross recurrence quantification analysis
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� entropy (ENT): Informs about deterministic structures and their complexity and is
related to the Shannon entropy concerning the diagonal-line-length frequency distri-
bution; can be computed for black and white area [33].

Applying CRQA to the plots, the following results show that the analysis is sensitive
to differences in the constellation of road users.

These are just a few examples of measures. Not all have shown sufficient results and
further analyses has to be performed to generalize the outcomes of the described experi-
ments. Appropriate filtering of the data before applying CRQA is another aspect that has
to be taken into account when looking at the underlying data of the signals.

19.7 Conclusions and Outlook

The goal of the activities in the Simulation subproject was the coupling of various simu-
lators to enable social interaction in synthetic environments such as driving simulations.
Detailed analyses with classical and novel methods has shown that it is possible to induce
different behaviour when the experimental setting features two instead of one simulator
and a human controls the surrounding traffic. Nevertheless, effort increases when the re-
search question calls for multi-participant settings and two or more humans to meet in the
same traffic scenario and react to each other. The gathered data seems to be more valid
(compare [22] and [27]), but further analyses and especially comparison with naturalistic
driving data would positively support the endeavors undertaken in the UR:BAN initiative.
Ecological validity is a central aspect when it comes to the robustness of simulation data
and the subproject Simulation tackled these issues with new technical and methodological
approaches that seem promising.

For the future, the amount of technical equipment in the motion lab (which brings the
pedestrian into the simulation) will be reduced and the calibration process simplified. Fur-
ther investigations with driver-pedestrian encounters are planned, especially in the context
of automated driving where the technological solutions of recent years open a new chapter
in the pedestrian-driver conflict in urban areas. This constellation challenges the develop-
ers of the algorithms for environmental understanding of self-driving cars (independently
from the level of automation) in unsuspected ways.
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20Encounters Between Drivers with andWithout
Cooperative Intelligent Transport Systems

Katharina Preuk, Mandy Dotzauer, Frank Köster, and Meike Jipp

20.1 Cooperative Intelligent Transport Systems

Cooperative intelligent transport systems (C-ITS) appear to be a promising solution to
increase road traffic safety in urban areas as today the vast majority of persons lives in
urban areas or visits them frequently. In consequence, traffic increases and so do chances
of fatalities and traffic congestion [1]. In Germany, the percentage of persons killed in
urban areas increased by 5% from 2013 to 2014 [2]. Initiatives such as UR:BAN have
formed focusing on the development of C-ITS in urban areas counteracting these issues
[3]. Especially, traffic light-controlled intersections came into the focus of research. Traf-
fic lights regulate traffic in complex intersections where different kinds of road users meet
and interact. However, studies have shown that traffic lights trigger stop-and-go driving
that is associated with increased fuel consumption, CO2 emissions, congestion and driver
frustration [4, 5]. Additionally, the switching of traffic light signals is difficult to antic-
ipate. The inability to predict the switching is associated with a high degree of drivers’
uncertainty, anxiety and increased workload [6–8]. Especially the so-called dilemma zone
appears problematic while approaching traffic lights. Drivers may be too close to the inter-
section for stopping safely, but also too far away for passing through. An increased number
of crashes has been reported in such zones. In addition, drivers’ workload appears to be
higher [9–11]. Another difficult situation at signalised intersection is the start-up at the
onset of green. Drivers need some time to react to signal changes. This time is called start-
up lost time. Especially in large urban cities, effects of start-up lost times are significant.
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Drivers often experience traffic jams, lose attention to signal changes and miss the onset
of the green phase respectively. Consequently, traffic flow deteriorates at the signalised
intersections [12].

Traffic light assistance systems can support drivers in these situations. Such systems
can be understood as an umbrella term for various kinds of C-ITS applications for sig-
nalised intersections. Their development was the goal of several research projects such as
eCoMove, INTERSAFE or UR:BAN focusing on different aspects such as traffic flow op-
timisation, eco driving or road traffic safety [13, 14]. Traffic light assistance systems are
based on information exchange via either wireless communication between vehicle and
traffic light or mobile communication networks (i. e. smartphones). Vehicle-to-infrastruc-
ture communication is based on communication standards (e. g. ETSI G5, IEEE 802.11p).
The traffic light sends its current and upcoming traffic light state to so-called road site
units (RSU). Road site units can be part of the infrastructure bundling incoming infor-
mation of traffic lights and other sensors. They transmit the bundled information to the
vehicles overcoming a distance of up to 700m in urban areas [15]. Through in-vehicle ap-
plications drivers receive this information. How information is presented to drivers varies.
The simplest way is to inform drivers about the current and upcoming signal and when
it will switch (Fig. 20.1). More complex in-vehicle applications provide recommenda-
tions of how to efficiently approach traffic lights. For example, in the European project
eCoMove, Ford developed an eco-driving system. This eco-driving system recommended
the most efficient driving behaviour in terms of acceleration, deceleration, and gear-shift
realised by a visual display and a haptic force feedback pedal [14].

The start-up assistance system developed by Volkswagen in UR:BAN aimed at reduc-
ing the start-up lost time after signal change.When drivers follow the advice, they are able
to cross the stop line with a higher speed at the moment the traffic light switches to green
(Poppe & Kranke, personal communication, April 11, 2013). Therefore, drivers cross the
stop line earlier, and in turn, following traffic is able to do so as well. Various studies

Fig. 20.1 HMI draft of the currently developed urbanDRIVE at DLR. Drivers are advised to travel
at a certain speed in order to cross the intersection on a green light [16]
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have demonstrated the positive effects of traffic light assistance systems: More efficient
driving behaviour and faster reactions to signal changes were found [14, 17]. Such sys-
tems have the potential to change the way we drive. C-ITS provide assisted drivers with
information in anticipation of upcoming driving situations enabling more time and energy
efficient driving. However, the penetration rate of such kind of systems will remain low for
the next years. Nonetheless, the questions how such systems influence surrounding traffic
should not remain unanswered.

20.2 Why Research Encounters BetweenDrivers
with andWithout C-ITS?

In 2013, the European Commission estimated an overall penetration rate of C-ITS of only
10%within the next two years, under the premises that all newlymanufactured vehicles are
equipped [18]. But as not all vehicles entering the market will be equipped with this tech-
nology, the percentage of the penetration rate may even be smaller than projected. Thus,
only a minority will drive vehicles equipped with C-ITS. Drivers with an equipped vehicle
will encounter unequipped vehicles’ drivers (UVDs) most of the time. These UVDs will
probably not be aware of C-ITS. However, UVDs may be affected by such systems. Dif-
ferent authors presume that drivers with C-ITS may show driving behaviour that may alter
the encounters with UVDs [19–22]. Within the initiative ADVISORS, introducing adap-
tive cruise control (ACC), issues of encounters between drivers with and without systems
were summarised based on results of six research projects [23]. One issue was that UVDs
imitated the short following distances of equipped vehicles’ drivers. In line with this result,
Gouy (2013) found that UVDs’ car-following behaviourwas affected by automated vehicle
platoons in neighbouring lanes [24]. It was found that UVDs also kept shorter headways
when driving next to automated vehicle platoons with short headways. These studies show
that behavioural adaptation of UVDs may be a consequence of encountering drivers with
C-ITS. However, behavioural adaption of UVDsmay have positive consequences: If UVDs
adapt their driving behaviour to drivers with, for example, traffic light assistance system,
they may also benefit from it. Consequently, the associated benefits of C-ITS may increase
even without a high penetration rate. Katsaros (2011) calculated that in case of green light
optimal speed advisory (GLOSA), a penetration rate of at least 50% is needed to find visi-
ble effects on fuel efficiency [25]. If UVDs imitate and adapt the behaviour of drivers with
systems, significant benefits for the traffic flow and fuel efficiency may be found even with
small penetration rates. This possible consequence of encounters between drivers with
and without C-ITS has not been subject of research so far. Traffic simulation studies have
considered different penetration rates of systems for calculating their benefits [26, 27].
However, most of the driver models in these traffic micro-simulations have constraints in
terms of integrating human factors of driving [28, 29]. Thus, how UVDs may react to as-
sisted driving behaviour of others and the consequences have not been evaluated properly.
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First studies showed that drivers experiencing drivers with traffic light assistance sys-
tems feel bothered. Mühlbacher (2013) examined the influence of a traffic light assistance
system on four drivers in a driving simulator study [30]. These four drivers were driving in
a platoon approaching traffic lights. The penetration rate of traffic light assistance system
was varied (0, 25, 50, 75 or 100% of the four drivers used a traffic light assistance system).
Drivers were instructed to pull a lever when they felt irritated by the behaviour of the other
drivers. It was found that with a penetration rate of 50%, drivers felt annoyed more often,
especially in situations when they did not understand why drivers slowed down while ap-
proaching green traffic lights. In line with these results, Rittger, Muehlbacher, Maag and
Kiesel (2015) found that UVDs felt more often irritated when drivers with systems were
driving as lead vehicles in platoons and coasted for long distances in the approach to traf-
fic lights [31]. UVDs may simply not expect or understand lower than usual speeds while
approaching a green traffic light. However, understanding why others drive the way they
do, is crucial for the individual driving behaviour. Drivers’ behaviours and its regulation
highly depends on what is anticipated of other drivers [32]. When drivers have difficul-
ties understanding or expecting driving behaviour of others, two effects may arise: It is
far more likely to perceive this driving behaviour as aversive and more difficult to ad-
just the driving behaviour accordingly. Frehse (2015) showed that understanding driving
behaviour of others comes along with less anger, whereas not understanding the reason
for, for example, a suddenly decelerating car in front increases anger [33]. The cogni-
tive-motivational-relational theory of emotion explains why: When hindered in our goal
(i. e. passing the traffic light within the green phase), we get frustrated [34]. Negative
emotions, such as frustration, affect our intentions, cognition and behaviour. When being
bothered, frustrated or irritated because of others, drivers tend to show more aggressive
driving behaviour (e. g. tailgating, cutting off others; [35–37]).Moreover, when experienc-
ing negative emotions, drivers are less likely to engage in adapting their driving behaviour
(e. g. to assisted drivers; [38]). Drivers also tend to show unsafe driving behaviour, when
having difficulties anticipating the behaviour of others. For example, most of the crashes at
signalised intersections are attributed to deviating, not expected behaviour of other drivers
[39]. The expected behaviour of others affects how appropriately and quickly drivers will
react [40–46].

Thus, consequences of encounters between drivers with and without C-ITS may be,
on the one hand, positive: UVDs may adapt their driving behaviour and show positive
behavioural changes. Thus, benefits of such systems may be achieved even without a high
penetration rate. However, on the other hand, encounters between drivers with and without
C-ITSmay also lead to safety-critical situations with UVDs. UVDs may also feel bothered
by the behaviour of drivers with systems and react aggressively or less safely towards
them. In turn, this might influence the acceptance of drivers with systems: Who would
like to follow system recommendations when doing so leads to conflicts with others?
Compliance with system recommendations, acceptance in general and willingness to use
such kind of C-ITS may strongly depend on the experiences drivers with systems gain
while encountering drivers without such systems. Thus, researchers and system developers
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should study these encounters more thoroughly in order to prevent safety and acceptance
issues.

20.3 How to Research Encounters BetweenDrivers

Above mentioned results (Sect. 20.2) of past research illustrate the necessity to further
investigate encounters between drivers with and without C-ITS. Different methods and
tools have been developed to study how drivers interact with each other. Their advantages
and disadvantages are discussed in detail [47–49].

Encounters between drivers may be studied in on-road studies such as naturalistic driv-
ing studies (NDS) and field operational tests (FOT). A naturalistic driving study is a study
method to observe driving behaviour in real traffic. Naturalistic driving studies allow in-
vestigating everyday driving of participants in their vehicles equipped with data recorder,
sensors, and cameras. Encounters with other drivers are not obstructed or biased by the
presence of experimenters, instructions or the use of an unfamiliar study vehicle. Field op-
erational tests aim to study the interaction of drivers with C-ITS on the road. Usually, FOTs
are more controlled compared to NDS. Nonetheless, the recorded driving behaviour of par-
ticipants is realistic and representative. Consequently, results of on-road studies (NDS and
FOT) offer high external validity (i. e. degree to which study results can be generalised).
However, they lack internal validity (i. e. degree to which study results can be attributed
to manipulated factors and not to other confounding variables) as driving situations are
not controlled. Therefore, a certain degree of experimental control may be necessary. On
the one hand, participants have to meet so that encounters can be studied. Using NDS or
FOT, it is unlikely to create those encounters at all – not to mention repeatedly to obtain
robust data. On the other hand, even if participants meet, encounters may be biased by
other confounding variables that are not controlled. Test track studies may be a solution
to realise encounters between participants in a more controlled setting on closed or dedi-
cated test roads. Here instructed participants drive instrumented vehicles in the presence
of experimenters. Due to moral issues, test track studies may only focus on non-critical
encounters between drivers. Studying critical encounters, driver simulation studies may
be the solution. Driving simulators are a valid tool to assess driving behaviour [50–52]. In
terms of research questions addressing C-ITS, driving simulators may also be the most ef-
ficient tool. The C-ITS does not really need to be implemented, but rather simulated. The
necessary communication architecture and infrastructure (i. e. equipped infrastructure or
vehicles) is not needed, as well. Especially research in an early stage of development of
C-ITS may be realised with the help of driving simulators.

In conventional driving simulator studies participants interacted with simulated drivers
(e. g. [14]). The behaviour of these simulated drivers was modelled based on driver mod-
els. However, most of the driver models are unrealistic [53]. For example, most of the
car-following models describe driving behaviour as a stimulus-response function in terms
of driving behaviour: Following drivers regulate their driving behaviour in accordance to
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the driving behaviour of leading vehicles. The Gazis-Herman-Rothery model (GHR), for
instance, describes the acceleration behaviour of a following vehicle as proportional to
the speed of a leading vehicle, their speed difference and headway [54]. The following
driver reacts to even small changes in the relative speed even when the headway between
these two vehicles is high. In contrast to this model, psycho-physical or action-point mod-
els such as the one proposed by Wiedemann and Reiter (1992) state that drivers only
change their driving behaviour when certain thresholds are reached [55]. Although, the
latter model integrated human factors characteristics such as safety needs and motivational
factors, cognition in terms of emotions or of information processing is mostly neglected.
Additionally, most of the existing driver models are not suitable for describing driving
behaviour in more complex environments such as urban areas and in regard to safety re-
search questions [29]. Hence, the human factors that may influence encounters between
drivers with and without C-ITS in urban areas are neglected. However, such encounters
may be studied replacing the simulated drivers with participants and coupling multiple
driving simulators respectively. This concept of connected driving simulators had been re-
alised in the MoSAIC (Modular Scalable Applications Platform for ITS Components) lab
at the Institute of Transportation Systems at the German Aerospace Center (see Fig. 20.2).

In the MoSAIC simulation, multiple driving simulators are coupled. Thus, participants
drive in the same virtual environment. However, the use of such a study method consti-
tutes the need for a specifically tailored study methodology addressing the planning and
conducting of the experiment as well as analysing data. Best-practices have addressed
these issues [47–49]. In terms of planning studies, a major challenge is to design scenar-
ios in a way that participants will actually meet. Another crucial point in terms of data

Fig. 20.2 Connected driving simulation realised in the MOSAIC lab at the Institute of Transporta-
tion Systems in Braunschweig at the German Aerospace Center (DLR)



20 Encounters Between Drivers 369

analysis is that parameters are needed quantifying these encounters. Parameters have been
developed describing the longitudinal driving behaviour of a platoon of drivers [30]. The
length of a platoon of drivers and its variation have been used to describe car-following
behaviour. In addition, another new developed parameter is used to describe the position
of each driver in the platoon in relation to the other drivers [49]. In order to quantify how
well drivers match their own driving behaviour to others, traditional use of statistical in-
ference analyses may not be suitable [56]. Using spectral analysis, co-occurring rhythmic
changes in the trajectories, the so-called coherence, can be applied to measure the degree
of behavioural adaptation of drivers in car-following situations [57]. As described above,
experiments in connected driving simulators require a tailored methodology, but also pro-
vide a tool, especially in early stages of C-ITS development, to investigate the effects of
C-ITS on the behaviour of UVDs.

20.4 Encountering Drivers with Traffic Light Assistance Systems:
Overview of a Study

Investigating the effects of the above mentioned traffic light assistance system is a use case
best examined in a connected driving simulation. Traffic light assistance systems have the
potential to enhance traffic flow and decrease environmental impact. At the same time, the
traffic light assistance system leads to unusual driving behaviour. So what happens when
drivers with such systems encounter other drivers? In a recent study, the effects of the
driving behaviour of one driver with traffic light assistance system on two naïve UVDs
were examined [57–59].

Three drivers completed the experiment in the same virtual environment simultane-
ously. The participants drove in a car-following scenario in an urban area. The lead driver
was a confederate. The confederate’s vehicle was equipped with two functionalities of
a traffic light assistance system: The start-up assistance system and GLOSA. The start-up
assistance system was developed by Volkswagen within the project UR:BAN (Poppe &
Kranke, personal communication, April 11, 2013). The assisted confederate began accel-
erating before a traffic light turned green. Hence, the assisted confederate crossed the
stop line with a higher velocity at the moment the traffic light switched to green. As
a result, the traffic flow at signalised intersections might be optimised, especially when
surrounding traffic adapts this driving behaviour. However, higher velocity in the moment
of stop line crossing was only possible when the assisted confederate stopped several me-
ters before the stop line. The parametrisation of the start-up assistance system was varied.
The assisted confederate stopped either 4m (moderate parametrisation) or 10m (extreme
parametrisation) from the stop line. The other functionality of the traffic light assistance
system, GLOSA, helps preventing unnecessary deceleration behaviour in the approach to
a traffic light that switched its signal from red to green. With GLOSA, the assisted confed-
erate showed a higher velocity in the approach to a red traffic light that switched its signal
during the approach.
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Per experimental trial, two participants (UVDs) followed the confederate and expe-
rienced the above described system functionalities. Altogether, thirty experimental trials
were executed, and therefore data of 60 drivers (40 male, 20 female) between the ages
of 20 and 78 years (M= 30.6, SD = 10.8) collected. The study followed a mixed design.
One factor manipulated within participants was the confederate’s equipment with the
two levels “with” or “without” traffic light assistance system and its two functionalities
(GLOSA and start-up assistance system). The other factor manipulated within participants
was the number of intersections as UVDs repeatedly drove through signalised intersec-
tions. The parametrisation of the start-up assistance system was varied as a factor between
participants and nested within “with” level of the factor confederate’s equipment. The
parametrisation was either moderate (4m) or extreme (10m). The position of the UVDs
(either 1st or 2nd UVD) was randomly assigned and another factor manipulated between
participants. The true purpose of the study was disguised: UVDs were told that the study
aimed to investigate different driver types in urban areas. UVDs experienced the scenario
with and without the confederate’s equipment in a randomised order. After each scenario,
a questionnaire on how UVDs rate the confederate’s behaviour was given. At the end,
a post-questionnaire with open-ended questions was administered to determine whether
UVDs noticed the assisted driving behaviour of the confederate.

The results of the study showed that UVDs benefited from the assisted confederate:
They approached traffic lights without showing unnecessary changes in velocity and
crossed the stop line earlier after signal change [58, 60]. Spectral-analysis was used to
evaluate how well UVDs adapted their driving behaviour to the assisted confederate. In
regard to the start-up assistance system, it was found that with the moderate parametrisa-
tion, the UVDs adapted their driving behaviour to the assisted confederate. However, in
the extreme parametrisation, UVDs adapted their driving behaviour only over time. Addi-
tionally, the length of the platoon varied more and the 1st UVD kept a greater distance to
the assisted confederate [57]. The results also provided initial evidence that safety issues
may arise when UVDs encounter assisted driving behaviour: When the assisted confed-
erate showed the unusual deceleration behaviour in the approach to a traffic light due
to the extreme parametrisation of the start-up assistance system, shorter minimal time-
to-collision and one rear-end crash were found [59]. Additionally, the assisted driving
behaviour was rated as aversive. In general, only few UVDs guessed that the assisted
confederate must have had a traffic light assistance system [60].

20.5 Encounters BetweenDrivers with andWithout C-ITS:
Open Questions

The results show that C-ITS such as GLOSA or a start-up assistance system of assisted
drivers affect surrounding traffic. Positive behavioural adaptation was observed as UVDs
adapted the efficient driving behaviour of assisted drivers. However, safety issues were
also found for the extreme parametrisation of the start-up assistance system. Therefore,
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research should focus on three issues: (1) Taking UVDs into account when parametris-
ing C-ITS, (2) understanding how behavioural adaptation of UVDs takes place and how
positive behavioural changes of UVDs can be enhanced and (3) discussing whether in-
forming UVDs may be a solution to enhance positive behavioural changes and reduce
safety issues.

(1) Future research should focus on taking UVDs into account when parametrising C-
ITS. The system’s parametrisation appears to play an important role in encounters
between drivers with and without C-ITS [58, 59]. As the results of the presented
study suggest, moderate parametrisation of the start-up assistance system appears to
be less aversive than the extreme one, caused no safety issues with UVDs, and led to
a benefit in the driving behaviour of UVDs. It might indicate that the degree of de-
viation of assisted from normal driving behaviour affects acceptance and safety: The
greater the deviation, the more likely are safety and acceptance issues of encounters
with UVDs [59]. Researchers and system developers should keep this in mind when
parametrising C-ITS. It may be necessary to find a trade-off between the parametrisa-
tion that leads to the best results in terms of traffic flow and emission and the negative
consequences of encounters with UVDs. For example, from a technical point of view,
the communication between RSU and equipped vehicles can be realised 700m be-
fore reaching a traffic light. However, it may lead to severe negative consequences
when drivers with systems start slowing down 700m before reaching the green traffic
light. In terms of speed choice, Mühlbacher (2013) found that the minimal velocity of
drivers with GLOSA approaching traffic lights should not be below 30 km/h or differ
more than 17.5 km/h from the desired speed [30]. Future research should focus on
finding the thresholds of system’s parametrisation that are acceptable for drivers and
in turn diminish the mentioned negative consequences.

(2) Future research should focus on understanding how behavioural adaptation of UVDs
takes place. Behavioural adaptation of UVDs may lead to positive effects such as
UVDs adapting to the efficient driving behaviour of assisted drivers. To enhance these
positive behavioural changes, the reasons why drivers adapt to others need to be clar-
ified. Models and theories have been used to describe why drivers tend to change
their driving behaviour when equipped with C-ITS. These models focus on nega-
tive behavioural changes of drivers as a response to system use. Motivational models
such as the risk homeostasis theory state that behavioural adaptation of drivers with
systems is a consequence of risk perception [61]. Drivers tend to be more careful
when they perceive a driving situation as risky. But when feeling protected, for ex-
ample, by antilock braking systems or airbags, drivers tend to behave riskier [62].
Additionally, trust models state that whether negative behavioural changes in driving
behaviour occur depends on personality and the individual’s level of trust, for exam-
ple, in the assistance system [63, 64]. However, these models lack to explain why
UVDs might adapt to the positive driving behaviour of drivers with systems. Social
psychological models may be more suitable to explain positive behavioural changes
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of UVDs to drivers with systems. These models focus on the influence of others on
ones feelings or behaviour. For example, the extended theory of planned behaviour
states that behaviour is shaped by what persons think others think of them (subjec-
tive norm), what one thinks is how others normally behave (normative norm) and
what one actually experiences is how others behave in a specific situation (descriptive
norm) [38, 65]. The descriptive norm may explain the speed choice of drivers in car-
following situations: Drivers simply imitate the driving behaviour of the surround-
ing traffic [66, 67]. Whether this imitation of driving behaviour happens consciously
needs to be researched. Motivational and trust models state that before drivers adapt
their behaviour, they have to perceive, for example, the driving behaviour of drivers
with systems and its benefit. Gouy (2013) also claimed that in order to research how
UVDs adapt their driving behaviour to automated drivers, UVDs have to perceive
and be conscious about the assisted driving behaviour [24]. If this is true, directing
the attention of UVDs to assisted drivers may be necessary to study the mechanisms
of why UVDs may adapt their driving behaviour. In the presented study, we found
positive behavioural changes of UVDs, although most of them were not aware of the
assisted confederate. Maybe behavioural adaptation occurs unconsciously as well.
Skottke (2007) found that drivers adapt their current driving behaviour to their frame
of reference (e. g. previous experienced driving situations or the environment) without
noticing their behavioural changes [68]. This frame of reference might be a lead-
ing driver with C-ITS. Such kind of unconscious behavioural changes are discussed
for driving behaviour requiring mostly perceptual-motor skills (e. g. fluent driving)
[69]. Studies showed that leading drivers’ acceleration patterns influence following
drivers especially at signalised intersections [70]. However, that does not necessar-
ily mean that positive behavioural adaptation may not be trigged top-down as well.
Based on the SEEV model by Wickens (1992), top-down factors such as expectancy
influence visual attention and perception [71]. The expectancy of encountering as-
sisted driving behaviour and its value may be communicated to UVDs. These cues
may be systematically addressed in future studies in order to extract factors affecting
positive behavioural adaptation. Weller & Schlag (2004) also stated that behavioural
adaptation depends on whether drivers perceive a benefit of it [72]. These assump-
tions are in line with the social learning theory [73]. Drivers observe consequences
of the behaviour of others and tend to adapt this behaviour when the outcome adds
positive value. Similar to that, Saad (2004) states that the readability of the driving
behaviour of drivers with systems (i. e. how well UVDs understand assisted driving
behaviour) might be a crucial factor influencing UVDs [22]. So, when the behaviour
of drivers with systems and its positive consequences are salient and comprehensi-
ble for UVDs – will they adapt their behaviour? Future research should focus on this
question to enhance positive behavioural changes of UVDs. Based on these results,
it may be implicated whether and how UVDs be informed about the equipment of
drivers with C-ITS.
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(3) Moreover, informing UVDs about the equipment of assisted drivers may prevent
safety-related issues such as these presented in Sect. 20.4. Drivers tend to react faster
and more appropriately when the actions of others, such as slowing down, can be
anticipated. Participants driving vehicles with GLOSA in a driving simulator study
also suggested in forming surrounding traffic about their equipment [31]. They felt
that they were bothering UVDs when they followed the system’s recommendations.
The study results also show another issue in terms of encounters between drivers with
and without C-ITS: To what degree does the low penetration rate of C-ITS influ-
ence drivers with systems? To what extent do UVDs affect drivers with system? Two
outcomes are thinkable. First, when drivers with systems experience or fear to experi-
ence issues with UVDs, their initial acceptance of the system may deteriorate. A field
operational test administered in the Drive Car-2-X-project showed that drivers with
GLOSA were worried that their driving behaviour may frustrate surrounding UVDs
[74]. Otto (2011) found that drivers with GLOSA only followed system’s recommen-
dations when the recommended approach speed to a traffic light was greater than
20 km/h [75]. Second, drivers with systems may also not accept the technology be-
cause of missing communication partners: Drivers may not experience the benefit of
their systems very often [49, 76]. However, the perceived benefit of a system is crucial
for the overall acceptance and compliance [77]. Therefore, it seems system developers
and researchers need to identify countermeasures to minimise or even prevent effects
UVDs may have on drivers with systems and vice versa [58, 59]. However, research
results have not yet confirmed that informing UVDs decreases the likelihood of safety
and acceptance issues. If that is the case, it also needs to be investigated how informa-
tion should be presented to UVDs. In the study of Rittger et al. (2015), participants
proposed that stickers on the back of equipped vehicles may help understanding the
behaviour of drivers with systems [31]. However, visual applications on equipped ve-
hicles need to be designed in a way that UVDs intuitively understand the message.
Otherwise, these applications may distract or irritate UVDs leading to an increased
likelihood of safety and acceptance issues. Light signals have also been proposed
for communicating drivers’ intentions and behaviour [78]. In some cases of C-ITS,
equipped vehicles may send light signals to communicate their driving behaviour and
intentions respectively.

In conclusion, studies have given first insights in what happens when drivers with C-
ITS encounter drivers without such systems. Results show that those systems affect the
behaviour of UVDs. Safety-and acceptance-related issues have been identified, but the
extent cannot be forecasted as wished. Questions of how, why, when these issues occur
and how to counteract those remain unanswered. Their answers, however, are necessary
for a successful deployment, in terms of road traffic safety, of C-ITS.
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21TheMulti-Driver Simulation: A Tool to Investigate
Social Interactions Between Several Drivers

Dominik Muehlbacher

21.1 Need for Multi-Driver Simulation?

21.1.1 Driving Simulation and Traffic Simulation

Since a lot of years, traffic sciences have been using two popular tools of simulation:
Driving simulation and traffic simulation.

In a driving simulation, a participant steers a virtual vehicle through a simulated envi-
ronment. In most cases, the main focus of research is drivers’ behaviour and perception.
The popularity of driving simulation has several reasons: First, driving simulation allows
creating sceneries tailored to the research question. Therefore, confounding variables like
varying traffic or weather conditions can be controlled or eliminated. Additionally, the
investigation of events which occur rarely in real traffic or might be safety-critical in real
traffic is possible. However, driving simulation studies also have limitations: Effects like
reactivity or demand effects may constrain the external validity of driving simulation stud-
ies. Furthermore, simulator sickness can influence the validity as symptoms like headache,
sweating or eye strain might affect a driver’s performance negatively [1].

In contrast, the traffic simulation gives the opportunity to investigate research ques-
tions concerning the whole traffic system, for example the development of congestions,
effects of infrastructural measures like speed limits or the effect of driver assistance sys-
tems. For this purpose, it uses simulated driver models exclusively instead of real drivers
in a virtual environment. A common model is, for instance, the Intelligent Driver Model
[2]: This model is focused on car-following and considers the velocities of the own and
the preceding vehicle, the headway and intelligent braking strategies with smooth tran-
sitions between acceleration and deceleration behaviour. Another important driver model
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is the psycho-physical perception threshold model [3] which uses – besides technical pa-
rameters similar to the Intelligent Driver Model – also psychological factors like drivers’
motivation, headway estimations and need for safety to describe car-following.

However, a lot of different models exist and the results of an experiment may depend
on the chosen modelling assumptions [4]. For some research questions, the traffic simula-
tion has limitations because of the lack of understanding driver behaviour [5]. Validation
studies using real driving data show that driver models do not fit perfectly because human
driving behaviour is very variable, flexible and individual [6, 7].

21.1.2 Driver, Traffic, and Interactions

Between the poles “driver” and “traffic” exist further aspects which have not been consid-
ered in past research, namely groups of drivers and the social interactions within a group
([8, 9]; see Fig. 21.1). Social interactions are present whenever two or more drivers en-
counter each other. These events require that drivers take intentions and behaviour of the
other road users into account and react correspondingly.

Social interactions in traffic are sometimes very short episodes (e. g. crossing at inter-
sections) and sometimes longer term (e. g. car following on a rural road). They are crucial
for driving safety (e. g. accidents between road users), traffic flow (e. g. development of
congestions) and the atmosphere on the road (e. g. aggressive driving). Due to an increas-
ing traffic volume, social interactions in traffic will have a more important role in the
future.

It is not possible to investigate social interactions in a driving simulation. The problem
of driving simulation is the presence of only one human driver. Of course, the driving
simulation uses simulated surrounding traffic which is based on the models of the traffic
simulation – however, these models are not so variable and flexible like human behaviour
in traffic. Instead, most models used show predefined behaviour. Due to the same reason,
traffic simulations do not enable the analysis of interactions.

Fig. 21.1 Schematic repre-
sentation of the whole traffic
system (light grey) consist-
ing of vehicles which interact
temporarily (dark grey) and
vehicles which are driving in-
dependent from each other
(black). Taken from [9, p. 10]
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21.1.3 Multi-Driver Simulation

It is not sufficiently possible to analyse social interactions in one of the established sim-
ulated environments (driver simulation and traffic simulation). The connection of several
driving simulations could be the solution for this problem: In a so-called multi-driver
simulation the participants drive through the same virtual environment and are able to
see the other vehicles and can react to the other participants’ behaviour which enables
social interactions. Additionally, the most advantages of single-driver simulations (e. g.
controllability and reproducibility of test situations, possibility to investigate safety crit-
ical situations) are given in a multi-driver simulation. Therefore, it can be seen as a link
between driving simulation and traffic simulation [10].

A few research groups connected driving simulators and investigated issues such as
driving behaviour at intersections [11], cooperative driving behaviour [12], as well as
effects of a merging assistant [8], a hazard warning [10], or a traffic light assistant [13,
14]. Other studies dealt with methodological issues of the multi-driver simulation like
developing new parameters to describe driving behaviour and interactions [9, 15, 16].

21.1.4 Aim of the UR:BANMulti-Driver Simulator Studies

Although the previous chapter shows that several research studies were conducted with
multi-driver simulator studies, a comparison of the multi-driver simulation with a single-
driver simulation is missing up until now. This is important, as only when the differences
are known it is possible to decide which kind of simulation has to be used for a specific
research question. Therefore, one aim of the UR:BAN multi-driver simulation studies was
to compare multi-driver simulation with a single-driver simulation. For this purpose, this
chapter presents two studies investigating this issue:

1. In a first exploratory analysis, driving behaviour of simulated vehicles and real drivers
was compared (see Sect. 21.3).

2. Afterwards, both kinds of simulations were compared using the example of the evalu-
ation of a traffic light assistant (see Sect. 21.4).

21.2 TheWIVWMulti-Driver Simulation

The multi-driver simulation laboratory of the Wuerzburg Institute for Traffic Sciences
GmbH (WIVW) consists of four connected driving stations (see Fig. 21.2a). These can be
used either as a single-driver simulation or as a multi-driver simulation:

� In the single-driver simulation, each participant drives through a separate but identical
virtual environment. The surrounding traffic consists of simulated driver models only.
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Fig. 21.2 Multi-driver simulation of the WIVW GmbH (a); working place of the operators (b)

� In the multi-driver simulation, four participants drive through the same virtual environ-
ment. Only the vehicles of the study participants make up the surrounding traffic.

Each mockup consists of a high-quality PC-game-steering wheel with force feedback
and pedals. The visual system of each driving station provides a horizontal field of view
of 150 degrees which is shown on three 2200 size LCD-displays with a pixel resolution of
1680 × 1050. The left, right and inside mirrors are embedded in the front view. A 1000 LCD-
display with a pixel resolution of 800 × 480 is mounted near the steering wheel and can
be used for secondary tasks, icons of driver assistance systems or touchpad-based ques-
tionnaires. Headsets provide the sound simulation and also enable the communication
between the participants and the operators. In a WIVWmulti-driver simulation study, two
operators are controlling and monitoring a study with four participants. The working place
of the operators is in an adjacent room which is separated by a window from the driving
stations (see Fig. 21.2b).

The simulator is run by the software SILAB which was developed by WIVW. The
network consists of 25 PCs connected via gigabit-Ethernet.

21.3 Study 1: Driver Models vs Human Drivers

21.3.1 Background andMethods

A comparison of driving behaviour of real drivers with driving behaviour of simulated
driver models is necessary to test if simulated driver models show realistic behaviour.
Larger differences would demonstrate the benefit of a multi-driver simulation.

For this purpose, four driver models completed a country road course with a length
of 24.5 km in platoon formation (i. e., in line). The course contained various situations
like different speed limits, overtaking of a slower car, or braking due to an unforeseeable
obstacle (broken vehicle) after a curve. With minor changes, the driver models were based



21 The Multi-Driver Simulation 383

on the psycho-physical perception threshold model [3]. The desired velocity was different
for the four positions within the platoon (position 1: 101.5 km/h, position 2: 108.7 km/h,
position 3: 115.9 km/h, position 4: 125.8 km/h) so that the vehicles stayed in the platoon
and did not lose contact. The desired time headway was set at 1.5 s.

Compared to this, four groups with four participants each negotiated the course. They
were instructed to drive in platoon formation to ensure that each driver was influenced by
the driving behaviour of the preceding vehicle. Additionally, they had to preserve their or-
der in the platoon (i. e., they were not allowed to overtake the other drivers of the platoon).

The N = 16 participants (6 women and 10 men) were aged between 23 and 40 years of
age (M= 30.8; SD= 5.3). Prior to the study, all participants were trained with the multi-
driver simulation in order to introduce them to the simulator and reduce the probability of
simulator sickness [9]. The participants were paid for taking part in the study.

The differences between the simulated platoon and the participants are shown using
a course element of approx. 4 km. While speed limit was 100 km/h in the first two-thirds
of this element, it was 70 km/h afterwards. After approximately half the way, the drivers
had to overtake a slower car.

Fig. 21.3 Velocity of the platoons consisting of driver models (a) and consisting of human
drivers (b)
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21.3.2 Results and Discussion

Three of the four human platoons decelerate prior to overtaking from 100 km/h to approx.
60 km/h. In contrast, the simulated platoon and one human platoon (platoon no. 3) pass
the slower car without reducing speed (see Fig. 21.3).

Most of the time, the velocities of the simulated vehicles oscillate around a value (see
Fig. 21.3). This behaviour is typical for driver models using the psycho-physical percep-
tion threshold model. Due to the psychological factors which are considered in this model,
the actual velocity differs from the predefined desired velocity. Compared to the human
drivers, large variations of velocity do not occur in the run of driver models. Especially
the driver models on the first position maintain velocity rather constantly.

The homogeneous driving style of the driver models affects longitudinal accelerations:
These are 1.2m/s2 at maximum, while the decelerations exceed �1m/s2 only seldom
(see Fig. 21.4). In contrast, human participants show an acceleration behaviour which is
much more variable. Especially the decelerations are stronger. Sometimes, stronger brak-
ing events result in events of over-deceleration, i. e. the decelerations of following drivers

Fig. 21.4 Longitudinal acceleration of the platoons consisting of driver models (a) and consisting
of human drivers (b)
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are stronger than the decelerations of preceding drivers (e. g. platoon no. 4). The effect
of over-deceleration is a well-known phenomenon which can be a reason for congestions
[17]. However, this effect can’t be seen in the run of the simulated platoon.

The comparison of human and virtual platoons demonstrates that driver models do not
represent reality. Instead, the used driver models operate according to their programming
which considers specific characteristics of human behaviour (e. g. over-decelerations) only
insufficiently.

As a next step, it is important to check if these differences between driver models and
human drivers affect behaviour of participants. Therefore, study 2 shows a comparison of
single-driver simulation and multi-driver simulation.

21.4 Study 2: Single-Driver Simulation vs Multi-Driver Simulation

21.4.1 Background

The evaluation of driver assistance systems is a common use case of driving simulators.
Traffic light assistance is a system which has been in the focus of much research using
single-driving simulators in recent years [18, 19]. This system informs the driver about
economic driving behaviour when approaching traffic lights. Therefore, the system might
recommend to drive slowly or to brake at large distances in front of a traffic light. How-
ever, this driving behaviour could be annoying for following drivers without traffic light
assistant [14]. Therefore, assisted drivers might worry about hindering the drivers follow-
ing behind them. This could result in a weak compliance to the system recommendations.

Aim of the present study was to investigate if compliance to recommendations of
a traffic light assistant depends on the presence and type of surrounding traffic. This
was investigated by means of a multi-driver simulation as well as a single-driver simu-
lation. It was expected that compliance is independent of surrounding traffic in the single-
driver simulation setting, because here the driver is surrounded by simulated driver mod-
els which cannot be annoyed. In contrast, it was assumed that surrounding traffic modifies
compliance in the multi-driver simulation as economic driving might bother following
participants.

Besides this methodological research question, the evaluation of the traffic light as-
sistant itself was another purpose of the conducted study. These results are published in
separate papers [13, 20].

21.4.2 Methods

21.4.2.1 Traffic Light Assistant
During the approach of a traffic light, the traffic light assistant informed the driver visually
about the optimal driving behaviour (e. g. “drive 20 km/h”, “slow down to 30 km/h”) to
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Fig. 21.5 Driving recommendations of the traffic light assistant: coasting (a), driving (b), brak-
ing (c)

reach a green traffic light. To generate these recommendations, the traffic light assistant
considered the current and next traffic light phase, participants’ driving speed and distance
to the traffic light. The driving recommendations were presented with distinctive colors
(coasting =white; driving= green; braking= amber) in the HMI on the separate 1000 LCD-
display. The speed recommendations for approaching the traffic light were between 20
and 50 km/h (see Fig. 21.5).

In the multi-driver simulation with four participants, the penetration rate of the traffic
light assistant was 50%. While two drivers were assisted by the system, the other two
drivers had no assistance.

In the single-driver simulation, the platoon consisted of one participant (who was ei-
ther equipped or non-equipped with the traffic light assistant) and three driver models.
These were based on the Intelligent Driver Model [2]. Two driver models followed the
recommendations of the traffic light assistant, i. e. their desired velocity was the velocity
which was recommended by the system. The third driver model was unequippedwith a de-
sired velocity of 54 km/h. 1000 LCD-display. The minimum time-headway of all simulated
drivers was set on 1.5 s.

The participants were instructed that following the system recommendations is volun-
tary and not obligatory. In both runs, the participants were not informed if the other road
users were equipped with the traffic light assistant or not.

21.4.2.2 Test Scenarios
The urban course consisted of eight identical segments: At the beginning of each segment,
the four vehicles approached an intersection in platoon formation (i. e., in line). At the
intersection, a traffic light was timed so that if the drivers travelled at the recommended
speed they arrived at the intersection when the light turned green and avoided a stop. If
the participant drove faster than recommended they arrived at a red light and had to stop.
After crossing the intersection, the drivers had to stop at a “positioning sign” which was
mounted at a gantry overhead (see Fig. 21.6). This sign pictured all four vehicles of the
platoon (with their corresponding colors). Below each displayed vehicle was a parking
space on the road. Each driver had to stop at the designated parking space. After all four
drivers had stopped, the driver on the left parking space started to drive towards the next
traffic light. The other drivers followed him/her in the prescribed sequence from left to
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Fig. 21.6 Positioning sign

right. In each element, the vehicle order on the positioning sign was different. By means
of this method the order within the platoon was controlled and balanced so that each driver
experienced each position for an equal number of times.

21.4.2.3 Study Design
The type of driving simulation (single-driver simulation or multi-driver simulation) was
the main independent variable. Each participant completed a session in both driving sim-
ulations (within-subjects factor). In the single-driver simulation, each platoon consisted
of one human driver and three driver models. In the multi-driver simulation, each pla-
toon consisted of four human drivers. Before each run, the experimenter informed the
participants whether they would be using the single-driver or the multi-driver simulation,
respectively. The two runs were conducted in counterbalanced order.

In both runs, the drivers were either assisted by the traffic light assistant or not assisted
(between-subjects-factor).

Each run consisted of eight elements with one traffic light at an intersection. The drivers
had to approach the traffic light in platoon formation. After each element, the drivers
changed positions within the platoon and approached the next traffic light in another se-
quence. By means of this method, each driver was in 2 of 8 approaches each on first,
second, third or fourth position in the platoon (within-subjects factor).

21.4.2.4 Dependent Variables
After each run, the drivers rated different aspects of the run (e. g. “The virtual world is
realistic”) on a 7-point scale from 1 = “disagree” to 7 = “agree”. In a final inquiry at the
end of the session, the drivers had to compare both runs in an open-question format.

To assess compliance to the traffic light assistant, the percentage of stops at intersec-
tions was calculated. A stop was defined as reaching a driving speed lower than 1 km/h.
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The assisted drivers could only avoid a stop at the traffic light if they followed the system
recommendations. Therefore, the percentage of segments without a stop at the traffic light
is an indicator for the system compliance (so-called compliance rate).

21.4.2.5 Sample
Four test drivers participated in each session. In total, there were N =20 participants
(10 women and 10 men) between 20 and 65 years of age (M= 36.8; SD = 15.6). As in
study 1, the participants were trained with the multi-driver simulation prior to the study
[9] and were paid for taking part in the study.

21.4.3 Results

21.4.3.1 Drivers’ Judgments
After each run, all drivers rated different aspects of the run in a questionnaire. Drivers
with as well as without system note several differences between driving in a single-driver
simulation and a multi-driver simulation: According to the participants, the virtual world
of the multi-driver simulation is more realistic compared to the single-driver simula-
tion (t(19) = 2.27; p= 0.035; see Fig. 21.7a). Additionally, the driving behaviour of the
surrounding traffic is rated as more realistic in the multi-driver simulation (t(19) = 4.24;
p < 0.001). Furthermore, the participants state that they felt observed by the other drivers
in a higher degree in the multi-driver simulation (t(19) = 4.53; p< 0.001).

Fig. 21.7 Mean subjective judgments for items in the questionnaire for multi-driver and single-
driver simulation (a); mean compliance rate for each position in the platoon in multi-driver and
single-driver simulation (b)
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21.4.3.2 System Compliance
In the single-driver simulation the drivers with system cross between 80 and 90% of the
intersections without stopping. The position within the platoon does not affect the com-
pliance (F(3, 27) = 1.00; p= 0.864; see Fig. 21.7b). In contrast, the position has an effect
in the multi-driver simulation (F(3, 27) = 5.21; p =0.006): While the compliance rate is
approx. 20% in position 1, it increases gradually to 80% in position 4.

When comparing single-driver simulation and multi-driver simulation, drivers in the
multi-driver simulation have a lower compliance rate in position 1 (t(9) = 3.97; p= 0.003)
and position 2 (t(9) = 2.86; p = 0.019). However, there are no significant differences in
position 3 (t(9) = 1.50; p = 0.168) and position 4 (t(9) = 1.00; p = 0.343).

21.4.4 Discussion

First, the participants notice several differences between the two runs: The run in the
multi-driver simulation with human surrounding traffic is rated as more realistic compared
to the run in the single-driver simulation with simulated surrounding traffic. This result
underlines the external validity of the multi-driver simulation.

Additionally, the type of surrounding traffic affects the participants’ compliance to the
traffic light assistant. When driving in front of two or three human drivers, the participants
do follow the system’s recommendations to a lesser extent compared to driving in front
of one or no human drivers. In contrast, when driving in front of simulated drivers there
is no effect of the number of vehicles driving behind. The reason for this behaviour could
be that assisted drivers might worry about hindering the drivers following behind them.
This result shows the influence of knowledge the drivers have about surrounding traffic
(simulated vs real).

21.5 Conclusion

Due to a lot of benefits, driving simulation and traffic simulation have been used success-
fully in traffic sciences. By means of these tools it is possible to answer research questions
concerning driver behaviour and the whole traffic system. However, groups of drivers
and the social interactions within these groups are aspects which lie between these poles
“driver” and “traffic” and have not been considered in past research. It is not sufficiently
possible to analyse social interactions via driving simulation or traffic simulation. How-
ever, the connection of several driving simulations could solve this problem. It results in
a so-called multi-driver simulation which enables the investigation of social interactions.

One aim of the simulator studies in the UR:BAN project was to compare multi-driver
simulation with single-driver simulation. This comparison is necessary for further stud-
ies – only if the differences and similarities between these tools are known, it is possible
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to decide which kind of simulation is appropriate for a specific research question. For this
purpose, this chapter presented two studies investigating this issue.

In a first exploratory analysis, driving behaviour of simulated vehicles and real drivers
was compared. The comparison of human and virtual platoons demonstrates that the driver
models do not reflect the reality. Instead, the used driver models operate according to their
programming which considers specific characteristics of human behaviour (e. g. over-de-
celerations) only insufficiently.

In a second study, single-driver simulation and multi-driver simulation were compared
using the example of the evaluation of a traffic light assistant. The drivers’ judgments
underline the external validity of the multi-driver simulation. Drivers’ compliance to the
traffic light assistant was affected by the type of simulation. It seems that drivers consider
the kind of surrounding traffic (real vs virtual) in their decision whether or not to follow
the systems’ recommendations.

Both studies demonstrate that there exist two main differences between the simulations
which might affect participants’ behaviour and perception:

1. Participants show realistic driving behaviour when acting as the surrounding traffic in
the multi-driver simulation compared to the programmed behaviour of models in the
single-driver simulation.

2. Like in real traffic, participants know about the presence of other human drivers in the
multi-driver simulation. In contrast, participants in the single-driver simulation know
that surrounding traffic is created by virtual drivers.

Prior to a study, researchers carefully have to take into account which kind of simula-
tion is more appropriate for their research question. When deciding between single-driver
simulation and multi-driver simulation, they need to consider the importance of the two as-
pects “realistic driving behaviour of surrounding traffic” and “knowledge about presence
of other human drivers” for their research purpose.
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22ANew Approach to Investigate Powered
TwoWheelers’ Interactions with Passenger
Car Drivers: theMotorcycle –
Car Multi-Driver Simulation

Sebastian Will

22.1 Abstract

Motorcyclists are at high risk of getting involved in accidents that result in serious in-
jury [1]. Especially interactions with cars bear a high risk potential, e. g. if motorcyclists
are overlooked or if their potential to accelerate is underestimated. Up until now, little is
known about motorcyclists’ behaviour in general. Within the project UR:BAN, a Motor-
cycle-Car Multi-Driver Simulation was developed that enables a motorcyclist and a car
driver to interact in the same virtual environment. This approach widens the set of re-
search methods to investigate safety-relevant aspects of Powered Two Wheelers (PTW)
and gains deeper insight into interactions and mutual behaviour adaptation. The following
chapter describes the simulator setup as well as advantages and challenges. Furthermore,
these topics will be supported by exemplary results of a study investigating Vehicle2X
technology.

22.2 Introduction

In general, PTWs are an increasingly popular mode of transport. This holds especially
true for urban areas, as more and more cities face problems with congestion, pollution or
lack of parking space. For instance, the number of motorcycles in use within Germany
has more than doubled in the last 20 years resulting in 4,054,946 registered motorcycles
in January 2014 [2].

Unfortunately, PTWs are still among the most vulnerable road users and overrepre-
sented in accident and injury statistics [1]. Accident analyses from different German and
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European data revealed that single-vehicle accidents account for up to one third of the
registered accidents, while the rest involves more than one road user (e. g. [1, 3–5]). Es-
pecially interactions with other vehicles such as cars and trucks bear a high risk potential,
e. g. if motorcycles’ silhouettes are overlooked or if their acceleration is underestimated.
In 2012, in Germany alone, 14,129 crashes between motorcycles and other road users
were registered [6]. In about 80% of the crashes that involve another vehicle, the latter
was a passenger car. The most common accident constellation is a front-side impact that
primarily takes place at intersections ([1, 7]).

Driving simulators are a commonly used tool in the field of traffic sciences to inves-
tigate those critical scenarios and evaluate effects of potential countermeasures. Up until
now, only a few motorcycle simulators which serve as research tools are available in the
field of empirical traffic sciences [8]. Due to the fact that there is always one rider in a pro-
grammed virtual environment, motorcycle simulators allow the assessment of important
research questions (e. g. [9, 10]), but always exclude real interaction and mutual behaviour
adaptation between more vehicles. These facts reveal the need to investigate Powered Two
Wheeler safety from a new point of view. Besides the important derived accident coun-
termeasures like technical improvements of motorcycles (e. g. ABS, traction control) or
adequate rider training, the next step towards improved PTW safety is to address inter-
actions between PTWs and other road users. Therefore, the Motorcycle-Car Multi-Driver
Simulation was implemented within the scope of the project UR:BAN.

22.3 Simulator Setup: TheMotorcycle-Car Multi-Driver Simulation

The general idea of using connected driving simulators to assess interactions has already
been established for cars (e. g. [11, 12]). The next step was to link a motorcycle simulator
to a car simulator resulting in two subjects driving in the same virtual environment. This
allows gaining a deeper insight into interactions and mutual behaviour adaptation of two
real drivers in a safe and controlled environment.

Within the scope of the project UR:BAN a motorcycle riding and a car driving sim-
ulator were coupled. The static motorcycle simulator is equipped with a full-size BMW
R 1200 RT motorcycle and prepared for intermountable mockups (see Fig. 22.1).

This enables the rider to use fully realistic controls such as usual handlebar, brake
lever/pedal, clutch, gear selector, etc. Three 55 inch flat screens offer a 180° horizontal
field of view. A 10 inch touch screen is used as cockpit showing speedometer and rev-
olutions per minute. Additionally, different Human-Machine-Interfaces (HMI) e. g. for
Advanced Rider Assistance Systems (ARAS) or On-Bike Information Systems (OBIS)
can easily be displayed there. If necessary, riders can directly fill out questionnaires on-
line or engage in secondary tasks displayed on the touchscreen (e. g. operating a board
computer). Two 7 inch TFT-displays are installed as mirrors. An electrical actuator is
used to produce a steering torque at the handlebar up to 50Nm. Acoustic feedback includ-
ing sounds of surrounding traffic is delivered by a 2.0 sound system. The speakers work
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Fig. 22.1 Static motorcycle
riding simulator

in combination with a shaker, installed under the rider seat, delivering engine vibrations
to the rider. The simulator is running with the software SILAB riding scenario control.

The car driving simulator includes a generic car mockup with a real driving seat,
steering wheel with force feedback and brake as well as accelerator pedal. It works with
automatic gear shift. Five projectors produce a 300° horizontal field of view. A 15 inch flat
screen works as an instrument cluster showing speedometer and revolutions per minute.
A second 15 inch flat screen installed in the dashboard can be used to display a navi-
gation system, secondary tasks or HMIs. Two 7 inch TFT-displays replace the rear-view
and wing mirror (see Fig. 22.2). A 5.1 sound system is installed to deliver auditory cues
from the ego vehicle and the surrounding traffic. Additionally, eye-tracking as well as
physiological measures can be recorded. The simulator is also running with SILAB riding
scenario control.

The motorcycle simulator and the passenger car simulator are connected to a multi-
driver simulator via a 1GB Ethernet switch. A specific computer of the multi-driver sim-
ulation is configured with the SILAB software and works as the traffic main computer.
At any point during operation the driving dynamics of the motorcycle as well as those of
the car are both evaluated and the results are transferred to the traffic main computer. The
traffic main computer is then used to evaluate the driving models for all SILAB simulated
vehicles in order to create the appropriate scenarios for the two human drivers.

This setup requires two operators: one for each simulator in order to take care of the
participant, to give instructions, to hand out questionnaires etc. Both operators can ob-
serve a variety of driving parameters like velocity, lateral position etc. in real time and
monitor the positions of both participants from a bird’s-eye view. However, one of them
is the main operator who is responsible for running the scenarios. Furthermore, a multi-
driver simulation has more extraordinary requirements that have to be dealt with. That
is, for example, the synchronization ensuring that the two participants meet each other at
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Fig. 22.2 Static car driving simulator

the relevant intersection or the corresponding road network with appropriate navigation
systems to name just some of them. A detailed methodological review can be found in the
Chap. 23.

22.4 Study Example: Intersection Support

Generally speaking, the Motorcycle-Car Multi-Driver Simulation can be useful for all
scenarios including these two types of interacting vehicles. On the one hand, general
knowledge on mutual behaviour adaptation can be gained. On the other hand, specific sys-
tems such as Advanced Driver/Rider Assistance Systems could be investigated in a safe
and controlled environment. This was done for an intersection support using Vehicle2X
technology within UR:BAN. Excerpts of this study will be described as one possible use
case in the following section.

22.4.1 Background

As stated above, PTW riders suffer from a high vulnerability compared to other road
users. Literature reveals that urban intersections are a special PTW-car accident hot spot.
Vehicle2X technology could help minimize these critical situations. These technological
inventions are already subject to passenger car research for years. In the motorcycle sector
it is not really covered yet, as there is a smaller market, less space for implementations at
the handlebar and more recent challenges to face, such as ABS implementation or traction
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control that are already covered in the automotive sector. Nevertheless, there lies huge
potential in such systems so that the aim was to implement an informing advanced rider
assistance system and to estimate the safety potential of this resulting intersection support
for PTWs.

22.4.2 Methods

As special interest lies on the interaction and mutual behaviour adaptation between motor-
cyclist and car driver, the above-described Motorcycle-Car Multi-Driver Simulation was
used for investigation. The course existed of an urban scenario with about 60 junctions.
Eight of them were used to provoke critical situations. All junctions resembled each other
in appearance in order to avoid participants from becoming suspicious and changing to
unnatural behaviour due to environmental hints. N = 24 pairs of participants completed
this course twice: once with and once without intersection support in a randomized order.
A cover story was used in order to avoid overcautious behaviour: The participants did not
know that they were driving in a multi driver simulation and they were told that the study
aims at investigating an intersection support. The system used an unspecific information
icon to inform the rider respectively driver about a potential conflict partner in cross traffic
(see Fig. 22.3).

The information was emitted when the time-to-arrival of the first of the two orthogonal
approaching vehicles fell below 2.87 s [13]. Both vehicles were synchronised by red traffic
lights at a pedestrian crossing 100m in front of the junction. At the eight relevant research
intersections, the traffic lights were green for both vehicles. Participants did not realise
this and perceived a surprising critical situation representing a typical error that leads to
two vehicles entering a junction at the same point in time. As independent variable the
availability of the intersection support was varied in four steps:

Fig. 22.3 Intersection support – information icon for PTW displayed in cockpit (a) and for passen-
ger car driver in head-up display (b)
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� None of the vehicles was equipped (none).
� Only the car was equipped with the intersection support (only car).
� Only the PTW was equipped with the intersection support (only PTW).
� Both vehicles were equipped with the intersection support (both).

As dependent variables objective and subjective parameters describing situation criti-
cality were analysed. The following parameters are of special interest to the new method-
ology of connected motorcycle and car driving simulators. That is post encroachment
time (PET) indicating the difference in time of two vehicles passing one common conflict
zone. Shorter PETs are said to describe more critical situations whereas PETs < 2 sec are
referred to as “critical interactions” and PETs < 1 sec are referred to as “very critical inter-
actions” [14]. Moreover, the distance to intersection (DTI) is relevant given in interaction
plots. These plots indicate a pair of subjects’ approach to an intersection from orthogonal
directions. Each axis displays the DTI of one of the vehicles (see also Chap. 23).

22.4.3 Results

Scenario control poses an inherent challenge to connected driving simulations. The gain of
having more realistic interactions accounts for the loss in controllability due to two inde-
pendently acting participants. Fig. 22.4a shows the distribution of PETs at the intersection
when none of the vehicles is assisted. The dashed lines mark the critical interactions ac-
cording to PET. Just about half of the planned critical interactions turn out to be critical
(those between the dashed lines). In the other scenarios the two participants miss each
other by up to twelve seconds. This could, for example, be the case because one vehi-
cle accelerates faster than the other or one participant accelerates right away while the
other one starts delayed. Therefore, study planning for a multi-driver experiment has to
take this into account, including e. g. more situations of interest as not all of the planned
critical scenarios might work as formerly intended.

The interaction plots in Figs. 22.5 and 22.6 clarify this. When none of the participants’
vehicles is equipped with an intersection support almost all lines run in parallel to the
diagonal line. This means neither drivers nor riders brake before entering the intersection.
The lines farther away from the diagonal indicate a lag in the vehicle’s intersection ap-
proach. The numbers of cases with the PTW rider or the passenger car driver being first
are almost identical with motorcyclists being a bit more defensive. In 40% of the cases the
PTW is the first to cross the junction. This is shown by almost the same amount of lines
ending on the upper side respectively right side of the plot.

The effect of the intersection support can clearly be seen in Fig. 22.6. Even when facing
a green traffic light, the vehicle equipped with an intersection support slows down before
crossing the junction. The left plot shows lines turning to the right side of the graph. This
indicates that the car gets closer to the intersection whereas the PTW does not approach
significantly anymore. Accordingly, in 67% of the cases, the car enters the intersection
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Fig. 22.4 Distribution of PETs at the intersection (a). Effect of at least one of the vehicles being
equipped with the intersection support on the number of critical interactions (b)

first. Vice versa, the right graph shows lines turning to the upper end of the plot indicating
that the PTW enters the junction while the passenger car driver decelerates. In 80% of
these cases the PTW is the first vehicle to cross the intersection.

Fig. 22.5 Interaction plots when none (a) respectively both (b) of the vehicles are equipped with an
intersection support
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Fig. 22.6 Interaction plots when only the PTW (a) respectively the car (b) is equipped with an
intersection support

Taking a closer look at the interactions in which both vehicles are assisted, lines turning
to both sides of the graph can be seen (see Fig. 22.5b). Nevertheless, more lines turn to
the right end revealing that PTWs tend to step back in ambiguous situations. PTWs only
enter the intersections as the first vehicle in 28% of the situations.

In conclusion, Fig. 22.4b shows that the intersection support reduces the amount of very
critical situations according to PET significantly (F(1.92)= 2.22; p = .014; 2 = 0.135).
This holds true as long as at least one of the vehicles is equipped with the intersection
support.

22.4.4 Discussion

This study besides others within the scope of the project UR:BAN proved the Motorcycle-
Car Multi-Driver Simulation to run stable. From a methodological point of view, the syn-
chronization method using specific traffic light configurations can be seen as a promising
way of provoking relevant critical scenarios. Nevertheless, the distribution of PETs at the
intersection revealed the need for effective parametrization of the scenarios. Depending
on the environmental conditions (speed limit, surrounding traffic, . . . ), the synchroniza-
tion point (the red traffic light 100m in front of the junction) has to be chosen carefully.
On the one hand, the participants need some time to reach the intended speed. On the other
hand, the bigger the distance, the higher the chance is of both vehicles missing each other.
Another consequence could be to plan the road network in a way that it is either built up
iteratively until all relevant scenarios have worked or include a higher number of research
scenarios allowing for some of them to fail.
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Taking a closer look at the potential of Vehicle2X technology to reduce critical situ-
ations at intersections, one can state a positive effect: The intersection support seemed
to increase PTWs’ as well as car drivers’ safety. The number of critical incidents was
decreased independently from the fact which vehicle was equipped with the assistance
system. An interesting finding was that PTW riders tend to give way in ambiguous sit-
uations in the connected simulation. This phenomenon is also known from real riding.
Motorcyclists try to avoid harm as they are usually the ones being seriously injured in an
accident with a passenger car.

22.5 Conclusion

The Vehicle2X study showed one potential use case of the newly invented Motorcycle-
Car Multi-Driver Simulation. One the one side, challenges like synchronization in spe-
cific scenarios of interest were addressed. On the other side, advantages such as gaining
knowledge about mutual behaviour adaptation (e. g. which participant enters the intersec-
tion first in ambiguous situations and how participants react to each other’s behaviour such
as approaching the junction slowly) were outlined. Insights into these questions cannot be
gained in typical single-driver simulators as the participants react to scripted vehicles and
bots. Getting back to the starting point of an increasing number of PTW riders and them
being one of the most vulnerable road users, a lot of countermeasures have to be taken in
the future. Surely, a lot of important things will be done on the technical side concerning
active and passive rider safety, but actions beyond this will be needed. Actions that take
a closer look at the rider, whose behaviour is not yet investigated sufficiently, will be of
great importance in order to take the right measures. The Motorcycle-Car Multi-Driver
Simulation can add one piece to the puzzle, leading the way to improved PTW safety.
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23Multi-Road User Simulation: Methodological
Considerations from Study Planning
to Data Analysis

Dominik Muehlbacher, Katharina Preuk, Christian Lehsing, Sebastian
Will, and Mandy Dotzauer

23.1 Introduction

An aim of the UR:BAN project was to connect existing driving simulators in order to
describe and analyse behaviour of several interacting road users. Multi-road user sim-
ulations allow investigating social interactions between these road users (i. e. influence
on other drivers or influence of other drivers). In order to cover most of the urban road
system consisting of various road users, the following multi-road user simulations were
developed:

� connected driver-driver simulation (see Chap. 20),
� connected multi-driver simulation (see Chap. 21),
� connected driver-pedestrian-simulation (see Chap. 19),
� connected driver-motorcyclist simulation (see Chap. 22).

In the past few years, different research groups have already made first experiences
with connected driving simulators. However, these experiences were made for a specific
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type, for example, connected driver-motorcyclist simulation [1], connected driver-driver
simulation [2] or connected multi-driver simulation [3]. An encompassing methodological
consideration of connected simulations, however, lacks and will be reflected thoroughly in
this chapter. It is obvious that using multi-road user simulations has its special demands.
These requirements have to be regarded during the whole process of a scientific study:

1. Considerations are necessary concerning study planning: If social interactions between
participants are the scope of a study, test scenarios need to be designed ensuring social
interactions at all. These aspects are discussed in Sect. 23.2.

2. Conducting studies in multi-road user simulations implies challenges which do not oc-
cur in a single-driver simulation. These challenges concern technical aspects as well as
issues regarding experimenters and/or participants. Sect. 23.3 deals with these issues.

3. Numerous options for data analysis are possible due to the simultaneous participation
of several persons. Besides the analysis of single drivers, parameters to describe and
investigate driver groups are needed. This issue is highlighted in Sect. 23.4.

As a conclusion, in Sect. 23.5 appropriate possible applications of multi-road user sim-
ulations are discussed and also compared to single-driver simulations.

23.2 Planning Studies

23.2.1 Scenario Design

Particularly, the multi-road user simulation is a tool which is used to investigate social
interactions while driving. To achieve social interactions in the multi-road user simulation,
participants have to encounter each other or have to stay within a distance which forces
the road users to react to each other. Social interactions can occur in situations in which
road users cross at intersections, are following each other or in situations with oncoming
traffic. However, the benefit of the multi-road user simulation would not be given when
road users do not meet in the virtual environment.

According to [4], there exist three options to support encounters between drivers and
thus to provoke social interactions in connected virtual environments:

� Road design supports encounters between road users at predefined locations on the
road in crossing or merging scenarios as well as in situations with oncoming traffic.
These locations could be intersections, roundabouts, narrow zones, or driveways. Par-
ticipants have to start driving from different locations at the same time. A simultaneous
start can be realised using traffic lights turning green at the same time or instructions
of the experimenter via speaker or headset. Via routes of the same length and the same
speed limit, they are led to the relevant locations of interest. If drivers travel according
to the posted speed limit, they encounter each other at the location at the same time. In-
stead of a speed limit, preceding simulated vehicles with synchronised velocity profiles
can also be used to lead participants to the location.
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� Surrounding traffic may force participants to stay together on the road. Especially
highway scenarios with high speed limits and several lanes pose a risk that drivers
hold different velocities. If they lose connection, social interactions do not develop any
more. By using slow driving simulated vehicles which precede the participants, fast
driving participants can be decelerated so that the platoon of drivers is restored.

� Instructions can be used to keep participants within a platoon to investigate social
interactions during car following. An example for such an instruction is the “two-sec-
ond rule” (i. e. to stay at least two seconds behind the vehicle that is directly in front).
However, following instructions might affect naturalistic driving behaviour and thus
confound the results.

23.2.2 Confederates

In studies conducted with connected driving simulators, confederates can be used to pro-
voke predefined situations that cannot be scripted authentically. A confederate shows
natural driving behaviour adapting its behaviour, if necessary, in order to produce and con-
trol test scenarios. Nevertheless, it is of great importance to account for reproducibility as
much as possible. This issue may, for example, be countered using augmented reality. Arti-
ficial elements such as real-time bar plots showing the distance to the vehicle ahead can be
displayed in confederates’ fields of view enabling them to adjust the following behaviour

Fig. 23.1 Confederate in the
connected motorcycle-car
multi-driver simulation. The
projection includes augmented
reality elements displaying the
distance to the vehicle ahead
in meters and seconds as well
as recommended thresholds
indicated by arrows
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[1]. Depending on the research question, different longitudinal or lateral parameters can
be applied (see Fig. 23.1).

In order to avoid the suspicion of participants, the confederate needs to be treated as
everybody else (e. g. filling in questionnaires). Furthermore, it is of great importance to
ensure that no other participant notices special treatments such as augmented reality ele-
ments, especially when all test drivers are in a common room.

23.2.3 Selection of Participants

The acquisition of participants for studies in connected driving simulators is more com-
plex compared to conventional studies in single-driver simulators. The sample size usually
needed for sufficiently high statistical power levels needs to be multiplied by the numbers
of road users per experimental trial for studies in the multi-road user simulation. As a re-
sult, the acquisition of participants is more time-consuming. In addition, if a participant
drops out either of simulator sickness or other reasons (e. g. does not show up), the ex-
perimental trial cannot be used for further analysis. Therefore, lists of possible back-up
participants or confederates, who can fill in, are recommended.

When studying cooperative driving, the degree of social similarity or antipathy/sympa-
thy between participants may influence the study’s outcome. It may be advisable to sepa-
rate participants while conducting an experiment to avoid undesired interactions between
them. As a result, the influence of confounding variables may be minimized or even
avoided [5]. Participants with a high degree of social similarity (i. e., same age, back-
ground) may be more inclined to cooperate [6]. Gender effects may also influence results:
Female drivers tend to show more cooperative driving behaviour than male drivers [7].
While planning an experiment with multiple drivers, experimenter may take these effects
into account when selecting participants for each trial.

23.3 Conducting Studies

23.3.1 Demands on Experimenters andMonitoring

During a test session in a driving simulation study, the experimenter is responsible for
several tasks. Prior to the test run, the experimenter explains the procedure to the partic-
ipants. During the test run, it is necessary to check whether the participants follow the
instructions and all technical devices work properly. After the test run, the experimenter
hands out questionnaires or conducts inquiries with the participants.

In a multi-road user simulation study, all these tasks are multiplied due to the larger
number of participants. Therefore, it is recommended to use several experimenters in
these studies. For example, two experimenters were required in the UR:BAN studies in
the multi-driver simulation with four participants. Each experimenter took care of two
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participants. Also the studies in the connected driver-motorcycle simulation were con-
ducted by two experimenters as the two mockups were located in different rooms. Here,
each experimenter was responsible for a participant.

Comparable a to single-driver simulation study, problems (e. g. participants show up
too late or need breaks) may occur hindering the study conduction. However, due to the
increased number of participants the chance for these problems is multiplied. Similarly,
due to the high number of computers and equipment in multi-road user simulations tech-
nical problems are also more likely to occur. Therefore, time buffers between two test
sessions have to be considered. Furthermore, using additional back-up participants could
help to avoid canceling sessions with participants who drop out.

Especially in multi-road user simulation studies it is important to monitor the group
of drivers. In addition to checking whether all participants follow the instructions, exper-
imenters also need to pay attention to whether social interactions take place. Therefore,
it is necessary to develop tools which support the experimenters during monitoring. One
solution is to observe the test scenery from a bird’s-eye-view (see Fig. 23.2).

Fig. 23.2 Intersection scenario with four participants in the multi-driver simulation
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23.3.2 Communication

In some experiments, participants and the experimenter need to communicate in order
to transmit all necessary instructions as well as answer all questions related to the ex-
periment. However, the communication between participants should be limited or even
avoided at all, if it is not part of the intentioned interaction as this minimizes the effects
mentioned in Sect. 23.2.3. In addition, limited verbal communication between drivers is
more realistic as drivers usually do not speak with each other in traffic. To reduce commu-
nication between participants, a physical separation of the driving simulators may be a so-
lution: Driving simulators may be put in different rooms or separated with blinds. When
using the latter solution, headsets are recommended to minimize background sounds (e. g.
conversation of participants with experimenter).

In some cases, it may be useful to enable communication between participants because
verbal communication between participants may be valuable for the development of car-
to-car-applications. For example, it may be of interest to find out the type and amount
of information drivers would like to share with each other, for example, in a lane change
scenario. Based on the results, appropriate communication concepts may be developed for
car-to-car-applications such as a cooperative lane change assistant.

A limiting factor regarding the communication between drivers is the lack of visibil-
ity of the participants’ faces and bodies in the multi-road user simulations. Especially in
complex and unclear driving situations, communication via gestures or glances is an im-
portant factor in traffic [8]. Technical improvements (e. g. embedding of camera streams
in the simulated environment) are necessary to enable these ways of communications be-
tween road several users.

23.3.3 Gathering Subjective Data

Compared to studies with one participant only, an advantage of multi-road user simula-
tions is that more data are acquired in the same time. This is also valid for subjective data
as questionnaires can be answered by several participants simultaneously. Nevertheless,
it is more challenging to conduct interviews in a connected driving simulator study. The
experimenter has to conduct one interview after another with each participant which takes
a lot of time. Alternatively, the interview may be conducted with all participants at the
same time. This has the disadvantage that social influences might affect the participants’
judgments so that the answers might not be unbiased. This could also be the case when
participants sit at the same table filling out questionnaires: they might talk with each other.

In single-driver simulation studies, verbal inquiries via an experimenter can be used to
gather subjective data during driving. In multi-road user simulations, however, this is not
possible as the experimenter can only ask the participants successively which might im-
pede questions after the test scenarios. In these cases, inquiries via a display are possible.
Questions may be shown on displays and drivers may answer via key-press or touchpad.



23 Multi-Road User Simulation 409

Another option to assess subjective evaluations during driving is to instruct drivers
to use buttons or levers. For instance, in an study using the multi-driver simulation the
drivers had to pull a lever attached to the steering wheel every time they were angered by
other drivers [9]. This poses a non-intrusive method which allows collecting data of all
participants continuously.

23.4 Analyzing Data

23.4.1 Illustration of Data

In order to display interactions of various drivers appropriately, different kinds of illustra-
tions are needed compared to conventional single driver data plots. Having more than one
participant in themulti-road user simulation means trajectories, velocities etc. are recorded
and need to be illustrated for at least two participants, while the mutual influence between
these is of special interest. In the following section two possibilities fulfilling these re-
quirements are recommended. While an interaction plot can show the behaviour of two
participants, the time-space-diagram has its strength in covering more vehicle trajectories.

Interaction Plot
One possible solution to address two vehicles’ behaviour is the use of interaction plots
[10]. These diagrams show a vehicle’s longitudinal distance to a reference point on the
horizontal axis and the other vehicle’s longitudinal distance to the same reference point
on the vertical axis. As a result, each line represents the relative approach to the reference
point of a pair of participants. A perfect diagonal line starting at the bottom left would
indicate that both road users approach the point of interest synchronically. This type of
diagram is for example useful to display an intersection approach of two vehicles from
different directions (see Fig. 23.3). In this example, a car and a Powered Two Wheeler
(PTW) approach an intersection in orthogonal manner. The motorcyclist is equipped with
an intersection support system informing the rider about potential conflict partners in cross
traffic. Both road users start 100m in front of the junction (�100/�100 bottom left). Their
trajectories form a hypothetical conflict zone (0/0 top right) that is the common reference
point. The following information can be retrieved from the interaction plot:

� The farther away one line is from the diagonal, the greater the difference of the two
vehicles in distance to the conflict zone (e. g. the line in the lower right corner indicates
that the car has about 50m left to reach the junction whereas the PTW still has 100m
to go).

� At the beginning (0/0 up to about �40/�40) both vehicles cover the same distance at
the same time as indicated by straight lines running in parallel to the diagonal line.

� A lot of motorcyclists slow down about 20m in front of the junction as indicated by
lines bending to the right. The lines that run nearly in parallel to the horizontal axis
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Fig. 23.3 Interaction plot
showing an intersection ap-
proach of two vehicles in
a multi-road user simulation.
The Powered Two Wheeler
is assisted by an intersection
support

show that the PTW almost stands still while the car approaches the junction at constant
speed. An interaction plot as shown in Fig. 23.3 can visualise effects produced by
variations in conditions. In this case, the deceleration could be due to the intersection
support system.

� The number of lines ending on the right side respectively on the upper side of the plot
corresponds with the road user reaching the junction first. In the example shown below,
more lines lead to the right side, meaning that more cars crossed the junction before
the motorcyclist.

� A line crossing the conflict zone (0/0 top right) indicates that a collision occurred be-
tween the two road users.

Time-space Diagram
Interactions between more than two drivers can be described by means of time-space-
diagrams. A time-space-diagram shows time on the horizontal axis and distance to a ref-
erence point on the vertical axis. The trajectories of individual vehicles are shown by
sloping lines. The slope of the line represents the speed of the vehicle: A horizontal line
represents a stopped vehicle and a higher slope signifies a higher velocity. Acceleration
and deceleration are displayed by the change of slope: Deceleration causes the slopes of
the lines to flatten, while acceleration causes the slopes to increase. If two vehicles are
moving on the same lane on the road, the vertical distance displays the headway between
these vehicles. Therefore, crossing lines indicate a collision if the respective vehicles were
driving on the same lane.

Fig. 23.4a gives a case example to demonstrate the usage of time-space diagrams to
describe the course of interactions between several drivers: While the vehicles 1 and 2
approach the intersection from the left side, the vehicles 3 and 4 approach from the right
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Fig. 23.4 Starting conditions of the case example (a). Time-space-diagram for the case example (b)

side. Vehicles 3 and 4 have right of way because the priority-to-the-right rule applies at
the intersection.

Vehicle 1 reaches and crosses the intersection first (see Fig. 23.4b). Afterwards, vehi-
cle 2 reaches the intersection area. However, the driver decelerates (as the slope of the line
decreases) to give vehicle 3 the chance to cross the intersection. Vehicle 4 also decelerates
and stops approximately 15m prior to the intersection (as the line becomes horizontal), but
accelerates again and crosses the intersection. Finally, vehicle 2 crosses the intersection.

23.4.2 Selection of Parameters Describing a Platoon of Drivers

Studies conducted in multi-road user simulations enable the investigation of drivers’ inter-
action. As a result of interacting with each other, individual behaviour may be influenced.
Thus, the driving behaviour of one driver might not only be affected by the manipulated
variable that is focused on in an experiment. As a result, the causal relationship between
a manipulated and a response variable cannot be investigated properly. The interaction
of drivers must be taken into account to ensure the internal validity of the results. For
example, in a lane change scenario, conditions and circumstances leading to cooperative
behaviour may be investigated in multi-road user simulation. Drivers might show specific
driving behaviour prior to a lane change request (e. g. drive aggressively) that may affect
the willingness to cooperatively allow a lane change. Thus, the causal relationship be-
tween the circumstances of a lane change request (manipulated variable) and the number
of cooperative lane changes (response variable) cannot be analysed without taking into
account the interaction of the drivers [11, 12].

To address this issue, parameters describing the interaction of drivers must be devel-
oped. Parameters were suggested to describe a platoon of drivers: the platoon’s standard



412 D. Muehlbacher et al.

deviation of the lateral position (SDLP) and the platoon’s length [3]. The platoon’s SDLP
describes the lateral control of a platoon of drivers in an interaction scenario. The pla-
toon’s length describes the longitudinal control of a platoon. The longitudinal control of
the vehicle does not provide any information of each driver’s position within the platoon;
therefore, this parameter was modified for an URBAN study with three drivers. Their in-
dividual car-following behaviour and thus the arrangement within the platoon may differ,
although the platoon’s length is equal. To address this issue, the difference in distances
(DiD) between two queued drivers within a platoon of three drivers was proposed [11,
12]. The distances between the third and second driver and between the second and first
driver are measured followed by calculating the difference between these distances. Here
the distance between the third and second driver is subtracted from the distance between
the second and first one. A small DiD around zero shows equal distances between the
drivers in the platoon (see Fig. 23.5 below). A larger DiD represents unequal distances be-
tween the drivers. A large negative DiD indicates a higher distance between the third and
second driver than between the second and first driver (see Fig. 23.5 above). A large pos-
itive DiD indicates a higher distance between the second and the first driver than between
the third and second one (see Fig. 23.5 center).

The DiD can be plotted across relevant scenarios describing the arrangement of three
drivers within a platoon over time (see Fig. 23.6). In the example in Fig. 23.6, the DiD was
plotted across a start-upmanoeuvre from the moment the first driver starts up until the third
driver passes the stop line. At the beginning, the DiD increases steadily. This means that

Fig. 23.5 The differences in distances (DiD) represents the formation within a platoon of three
drivers
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Fig. 23.6 Calculated differences in distances within a platoon of drivers for a start-up manoeuvre

the distance between the first and the second driver increases until reaching its maximum.
From this point, the DiD decreases indicating that the distances between the first and the
second vehicle decreases. Based on this approach, drivers’ interaction behaviour can be
described. Parameters such as the mean, maximum, minimum or standard deviation of the
DiD describe the behaviour of three drivers in a platoon.

23.4.3 Cross Correlation – AMethod to Quantify and Assess Social
Interaction inMulti-Road User Simulation

Analyzing driving data by means of safety measures is the common approach. Time-to-
collision respectively time-to-arrival (TTC/TTA), post-encroachment-time (PET), average
velocity or maximum braking power are just a few to be mentioned when focusing on driv-
ing behaviour in real world or simulator experiments. These measures support a cross-
sectional analysis concerning the underlying processes and stated hypothesis. However,
social interaction between road users is a time-based process and the aforementioned ap-
proach lacks the potential to register the mutual behaviour adaption between different
traffic participants encountering each other [13].

In urban traffic, these encounters occur more often due to traffic density and more
heterogeneous road users compared to rural roads or highways. To consider these social
interactions in case of traffic conflict research, time-based methods have to be taken into
account when analyzing data of traffic related experiments. These time-series analyses
are popular in other disciplines (i. e., physics or climate research) but more seldom in
microscopic traffic research.

In driving simulators, it is quite easy to record all the data that are produced by the
simulation and additional external equipment such as eye-tracking, driver information, or
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driver assistance systems as they are implemented in the simulator. Real world observation
or field tests require additional effort to extract the data needed for the analysis of the
interesting time series. These might contain additional information about the underlying
action and reaction of involved road users.

A well-known measure in time-series analysis is the cross correlation of two signals
calculating the similarity between them [14]. The correlation depends on the time shift
(lag) of one series to the other series. This method aims at finding the necessary lag to
produce the maximum correlation between the considered time series and thereupon draw
conclusions concerning the interaction of systems.

In the case of two urban road users, using the example of car driver and pedestrian
encounters, the cross correlation can be analysed using the speed signals. The latter can be
recorded in a driving simulator experiment with connected simulators and different types
of crossing situations (free lane, occlusion situation, pedestrian crossing) and types of
pedestrians. The different behaviours of the participants are shown in Figs. 23.7 and 23.8.

Fig. 23.7 shows the speed signals of the car driver (top) and the signal of a programmed
pedestrian (middle), which is not able to interact with the driver. Its street crossing be-
haviour is programmed meaning the programmed pedestrian starts to cross the street with
a predefined distance to the driver without looking right or left or being able to adapt the
behaviour (speed) in regard to the driving behaviour. In this case, the pedestrian is the
leading time series (leading road user) and only the driver is able to react which manifests
in negative time shift to gain the maximum correlation between the two speed signals.
This behaviour is quite uncommon as pedestrians show mainly a safety oriented crossing
behaviour due to their human characteristics (i. e. vulnerability).

Fig. 23.7 Cross correlation of car and pedestrian speed signals in free lane situation (programmed
pedestrian)
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Fig. 23.8 Cross correlation of car and pedestrian speed signals in free lane situation (human con-
trolled pedestrian)

In contrast, Fig. 23.8 shows the cross correlation function of the behaviour adaption
process between two humans that encounter each other in a linked driver-pedestrian-
simulation. Here, through the heterogeneity of the speed signals and the resulting cross
correlation it is obvious that interaction by means of speed adaption took place and is
quantifiable by the displayed method. In this case, the car is the leading series (leading
road user) because the necessary time shift to identify the maximum correlation is posi-
tive.

In summary, cross correlating the two speed signals of road users that intend to use the
same traffic infrastructure (i. e. street segment) supports statements concerning their inter-
action behaviour. Further, it is possible to identify the leading series and the mutual time
to reaction (time shift). Therefore, a quantification of social interaction in traffic is fea-
sible through velocity signal analysis. Adding results of glance behaviour of both parties
and posture analysis of pedestrians at the curb could complete the image of interpersonal
communication in synthetic environments such as driving simulations.

23.5 Conclusion

This chapter provides an overview of methodological aspects relevant for conducting
studies in multi-road user simulations. For this purpose, the conclusions based on sev-
eral studies using various types of multi-road user simulations (driver-driver simulation,
driver-pedestrian-simulation, driver-motorcyclist simulation) during the UR:BAN project
are taken into account.
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It turns out that methodological specifics and challenges are relevant for all stages of
a scientific study – from planning and conducting a study to analyzing data. Compared
to single-driver simulations, these specifics might have beneficial as much as detrimen-
tal effects. On the one hand interaction between road users can be examined. One the
other hand, studies in multi-road user simulation constitute the need for a more complex
and tailored study methodology. Thus, prior to a study, researchers need to decide what
type of driving simulation may be used to most effectively answer the postulated research
questions.

It is obvious that using a multi-road user simulation is more complex than working with
a single-driver simulation. The scenario design is very important – only with an appropri-
ate design it is possible to create social interactions between road users. Besides, more
participants, experimenters and technical equipment are needed for conducting studies in
multi-road user simulations resulting in a heighten probability of artefacts, failures and
problems. Furthermore, participation of several drivers reduces controllability and repro-
ducibility of the experimental situation. This reduces internal validity, which corresponds
to the causal relationship between the independent and dependent variables. Instead, the
single-driver simulation guarantees a high degree of internal validity – therefore, it is more
suitable for research issues which require highly controlled test situations (e. g. controll-
ability of driver assistance system failures). Besides, connected driving simulators lose
their benefit when the focus of research is on the single driver and surrounding traffic is
less important. This applies, for example, for the investigation of driver states. When ex-
amining the effects of distraction, alcohol, or fatigue on driving behaviour the interaction
with surrounding traffic might be of lower priority. As well, the multi-road user simulation
might not be appropriate for studies analyzing usability of driver information systems or
driver assistance systems, as the interaction with these systems is often investigated and
not the interaction with other road users.

In contrast, the multi-road user simulation enables new options to measure, describe,
and analyse behaviour of single drivers as well as groups of drivers. Moreover, it allows
investigating social interactions – the actions and mutual reactions between drivers which
are crucial for traffic safety, traffic flow, and traffic climate. This is a benefit compared
to single-driver simulations which use driver models with predetermined behaviour as
surrounding traffic. Simulated driver models interact with other road users not at all or
only insufficiently. Instead, human drivers show human behaviour, which makes test sce-
narios more realistic and enhances external validity and, therefore, the generalization of
results. Studies in the multi-road user simulation enhance knowledge concerning inter-
actions between road users. This knowledge in turn might be used to improve simulated
driver models used in the single-driver simulation.

Due to these benefits, connected driving simulators are suitable for all questions re-
garding social interactions between road users. Interactions occur every time road users
encounter each other and have to react to the other road user’s behaviour. Interactions are
affected by various factors such as cooperation or aggression. Furthermore, new technolo-
gies may influence interactions. Assistance systems (supporting or overtaking a part of
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the driving task) may produce driving behaviour that is not anticipatable or predictable for
other road users. For instance, a traffic light assistant helps drivers to adapt their driving
behaviour anticipatorily to the upcoming traffic light status. This manifests itself in, for
example, slowing down while the traffic light is still on green or stopping prior to the stop
line. Surrounding traffic without the assistance might not understand this behaviour as
they have no information about the upcoming traffic situation. A multi-road user simula-
tion allows analyzing the effects of this system on other drivers. Moreover, by increasing
the number of drivers in a simulation the effects of different penetration rates on the whole
traffic system could be investigated.

If the technical restrictions are solved, a multi-road user simulation consisting of sev-
eral cars, trucks, motorcycles, bicycles and pedestrians is imaginable. Such a multi-road
user simulation would create a real traffic system in a simulated environment which allows
investigating more complex and safety-critical phenomena without putting participants at
risk. At the same time, external validity increases enables to transfer results to the real
world.
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The subproject UR:BAN KON “Controllability” developed and evaluated methods which
can be used to assess safety and controllability in early-stage development of new driver
assistance systems. The empirical studies focused on assistance systems helping the driver
to avoid collisions in time-critical scenarios. Although these advanced driver assistance
systems get more and more “intelligent” and “efficient” they also get more complex which
poses a great challenge for the assessment and evaluation of safety and controllability.
Especially, emergency steering and evasion assistants require strong interventions which
makes it more difficult to control a false positive activation. However, these advanced
driver assistance systems could also help to avoid casualties, as in many cases it can be
assumed that the driver would not have been able to avoid a collision at all.

Within the subproject KON we tried to address this problem by exemplarily analysing
emergency steering and evasion assistants which help the driver to avoid collisions in
time-critical scenarios. We could identify several factors like the available manoeuvring
space, the drivers’ attention and characteristics of the system design, which have an influ-
ence on controllability in case of a false positive activation and safety in use. To optimize
efficiency of the safety and controllability assessment we evaluated the applicability of
several existing research environments, like driving simulation, the so called Vehicle in
the Loop (VIL), which combines elements of driving simulation and a real vehicle, and
real vehicle testing on a closed test track. Additionally, new approaches to assess controll-
ability were tested which focus on the reactions of the surrounding traffic instead of solely
considering the reactions of the affected driver.

In the following chapters, we will start with methodological questions of controllability
assessment (Chap. 25), which focus on the validity and applicability of different research
environments. Using basic driving tasks as an example the results of a study will be pre-
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sented which compares driving simulators (static/dynamic) and the Vehicle in the Loop
with real vehicle testing on a closed test track. The results will be discussed regarding po-
tential application areas of the addressed research environments and whether it is possible
to generalise the environment specific results.

Chap. 26 focuses on studies with the Vehicle in the Loop. Two studies will be reported.
The first study analysed how occupied opposite lanes influence the drivers’ reaction in
case of an intervention of an emergency steering and evasion assistant. The second study
dealt with the reaction of the surrounding traffic in case of steering system failures. Based
on the results of this study it will be discussed whether the surrounding traffic can be
considered when assessing controllability.

Chap. 27 dedicated to the methodological aspect of test scenario design. It focuses on
the influence of the available manoeuvring space in case of a false positive activation.
Additionally, methods to detect the drivers’ override intention based on objective data
will be presented and discussed regarding their applicability to differentiate between true
positive and false positive interventions.

With respect to controllability aspects, Chap. 28 discusses potential intervention strate-
gies which can be used to design an emergency steering and evasion assistant and sum-
marises current findings. The results of real vehicle and driving simulator studies will be
reported, which focussed on the effect of warning and driver intention/override detection
concepts. Based on these results and a literature review recommendations for the design
of emergency steering and evasion assistants will be given.

The last chapter (Chap. 29) addresses the influence of secondary tasks on the drivers’
reaction in case of an erroneous steering intervention. Different ways to induce driver
distraction will be discussed and two exemplary studies will be reported.



25Validity of Research Environments –
Comparing Criticality Perceptions
Across Research Environments

Christian Purucker, Norbert Schneider, Fabian Rüger, and Alexander
Frey

25.1 Introduction

The German research initiative UR:BAN pursues the improvement of safety in urban traf-
fic by investigating and developing new advanced driver assistance systems (ADAS) and
traffic control measures [1]. Various new ADAS are currently subject to research that
includes emergency steering and braking functions that may even steer and brake au-
tonomously for a limited amount of time. These systems are likely to increase overall
traffic safety, but they also have introduced new challenges for controllability research
because systems as well as deployment scenarios have become increasingly complex. Ac-
cording to industrial standards such as ISO 26262 [2], overall system controllability for
human drivers must be established even with possible system failures. Various guidelines
exist for this context, including the RESPONSE Code of Practice [3] and the European
Statement of Principles on Human Machine Interface [4]. Although those guidelines pro-
vide some general rules on how to conduct human driver controllability relying on empir-
ical tests with human test subjects, they remain rather coarse with regard to the choice of
appropriate research environments (e. g. test track vehicles or driving simulators).

The aim of the KON (“Controllability”) subproject within the UR:BANHuman Factors
in Traffic key issue is the development and evaluation of new and existing methodologies
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for the assessment of system controllability. The study herein presented addresses the
choice of test environments and driving simulator validity for specific questions in the
area of controllability research as outlined above. The series of experiments focused on
perceptional aspects that are of particular relevance to controllability research on ADAS
in urban contexts. In particular, human perceptions of longitudinal distances during car-
following, lateral distances when driving through narrow road zones, and perceptions of
lead vehicle accelerations and decelerations during car-following were investigated.

The following theory section gives a short overview on related aspects of human per-
ceptions of vehicle speed, longitudinal and lateral distances, and decelerations of lead ve-
hicles during car-following. Problems involved with the choice of research environments
in recent controllability research are addressed, e. g. questions regarding how research en-
vironments differ from one another and how results obtained in one research environment
can be transferred to another. The method section describes the study’s general approach,
the scenarios that have been used in the research, and the four research environments:
a static driving simulator, a dynamic driving simulator, a hybrid between a test track
vehicle and simulator (a so-called Vehicle-in-the-Loop, VIL), and a test track vehicle.
Subsequently, the results are reported and discussed. Implications for future research are
provided.

25.2 Theoretical Background: Validity of Research Environments

In the following section, literature findings from the field of simulator validity research
and research on human perception in consideration of the subsequent empirical study are
presented. The structure loosely follows a book chapter by Mullen, Charlton, Devlin and
Bédard [5], which is also suggested as a comprehensive review on current simulator va-
lidity research. The following topics will be addressed: choices and perceptions of vehicle
speeds, longitudinal distances to lead vehicles, lateral distances in narrow road passages,
and perceptions of braking and acceleration during car-following. If relevant to the cur-
rent empirical studies, common measures will be described as well. The appropriateness
of different research environments for specific research questions will be discussed, and
works on the transfer of results from one research environment to another will be noted.

25.2.1 Choice of Vehicle Speed and Speed Perception

It should first be noted that the perception and production of vehicle velocities was not the
direct focus of the present study; the scope of the UR:BAN project was German inner-city
environments, and therefore vehicle speeds were limited to lower speeds (except on inner-
city highways, the speed limit in German cities is 50 km/h). However, the influence of
perceived vehicle speeds on the results obtained in the presented study cannot be ruled out,
which is why the literature on human vehicle speed perception should be briefly reviewed.
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Findings in the literature on choice and perception of vehicle velocities in driving sim-
ulators [5] are mixed. Although some studies considered drivers’ self-determined choices
of vehicle speeds (speed production) and perception of vehicle speeds in driving simula-
tors to be absolutely valid when compared to real vehicles [6–8], other studies claimed
only relative validity [6, 9–13], e. g. when looking at the effectiveness of speed-reducing
measures on speed production [14, 15]. Other studies found neither relative nor absolute
validity of speed behaviours observed in driving simulators [16].

Velocity differences between driving simulations and real vehicles have been reported
in both directions [5, 17]. Some works state that drivers tend to drive faster in driving
simulators [7, 12, 18, 19], whereas other works report lower speeds [10, 11, 14]. The
effects of structural measures on speed reduction in driving simulations compared to real
traffic environments have been reported to be similar [14, 20] or greater [15].

Some works have reported a lower perception of speed in driving simulator envi-
ronments [21–23]. A single work differentiated between speed production and speed
perception [12]; the produced speeds tended to be higher in the driving simulation com-
pared to driving in a real vehicle, whereas low speeds tended to be perceived as higher.

Some sources have argued about the reasons for observed differences in speed produc-
tion and perception between real vehicles and driving simulators [17, 22, 23]; for example,
not all environmental cues important for speed estimation are available in driving simu-
lations. Works have also discussed how speed perception in driving simulations can be
improved by visual and technical measures, e. g. by extending the available field of view
(e. g. [22]).

Although the findings in the literature are heterogeneous in some respects, one can
expect that differences in speed perception between driving simulators and real vehicles
also lead to differences in perceptions of longitudinal and lateral distances to lead vehicles
or narrow road zones.

25.2.2 Choice and Perception of Longitudinal Distances

Longitudinal distances to preceding vehicles in car-following scenarios are usually mea-
sured as time distances (Time Headway, THW). There are several studies that describe
observed time distances in real traffic and driving simulators (i. e., [24, 25]) or determi-
nants of driven time distances (cf. [26]). For urban areas, reported mean THWs range
between 1.75 s (SD= 0.65; [27]) and 2.11 s (SD= 1.00; [25]).

Various predictors have been identified to influence the THW. The speed of the vehicle
was found to exert a strong influence on the THW, with lower speeds leading to larger
THWs and THWs being roughly constant at a value of 1.25 s for speeds greater than 15m/s
[26]. Regarding road type, researchers found that THWs on highways usually were lower
than in urban areas, with values less than 2 s [26, 28]. Another factor that influences the
observed THW is traffic density; higher densities decrease mean observed THWs down to
approximately 1 s [29, 28].
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A large body of research on driving simulator validity provides evidence for at least
relative validity (if not absolute validity) in most areas of investigation, including choice of
speed, brake onset or risky traffic behaviours (cf. [5]). To our best knowledge, however, in-
depth investigations of THW have attracted only limited research interest to date (cf. [30]
for an exception), and in particular validity assessments of THW criticality perceptions
during car following tasks are largely missing. In a study comparing THWs at different
higher speeds, Stam [30] found no differences between a static driving simulator and
a test track vehicle. However, the study did not involve lower driving speeds or assess
participants’ criticality perceptions of the different time distances.

25.2.3 Choice and Perception of Lateral Distances

Common measures for lateral distances in the driving simulator validity literature usually
focus on lateral vehicle position within the lane. Measures such as the distance of the
front tire on the passenger side of the vehicle to the corresponding lane marking are not
uncommon (cf. [5]); however, in simulator research, measures such as the deviation of
the vehicle centre from the middle of the lane or the road are often preferred because
vehicle dimensions in simulator environments are often only virtually represented rather
than represented as physical objects.

Various studies address the validity of lateral vehicle positions between driving simu-
lations and real vehicles. Blana and Golias [31] compared driving on a real road section
with a corresponding simulator drive. They observed that drivers in the real vehicle kept
closer to the centre of the road and that the standard deviation of the lane position was
higher in the driving simulator. However, strongly moderated results were observed for
vehicle velocity and type of road section (curved or straight), e. g. these effects generally
only emerged at speeds faster than 60 km/h.

Törnros [13] compared tunnel driving between a driving simulation and real world
driving. The drivers, who were accustomed to Swedish right-hand traffic, tended to drive
in the driving simulator with a lateral displacement to the right of 0.13m, in effect po-
sitioning their vehicles closer to the tunnel wall. The effects of structural measures for
speed reduction, e. g. narrow road zones, have been described to be equally [14, 20] or
even more effective in driving simulations in comparison to real world driving [15]. Van
der Horst [32] investigated the effects of varying narrow road zones between 2.25m to
2.75m on speed reduction, but he did not directly compare his results to a subsequent real
world drive. Reichel [33] found that a narrow zone of 2.25m marked by balloon-cars was
the narrowest lateral distance that drivers would drive through on a test track.

Summarizing those findings, it can be expected that drivers accustomed to right-hand
traffic tend to drive with a lateral displacement to the right-hand side in driving simulators,
and narrow road zones might lead to speed reductions as well.
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25.2.4 Perception of Braking During Car Following

Common measures to assess a driver’s braking behaviour are the time interval between
a driving event and the time the driver needs to take his foot from the accelerator pedal,
the time he needs to initiate pressure on the brake pedal, the elapsed time until a maxi-
mum brake pressure is reached, or until the maximum brake pressure applied. In addition,
vehicle dynamics, such as the maximum vehicle deceleration, can be considered.

Only a few works in the literature address the comparison of braking behaviours ob-
served in driving simulators and real world drives (cf. [34]; [35]; [36]). It is generally
assumed that braking behaviours in both environments are similar [34]; [35]. As an exam-
ple, Hoffman, Lee, Brown, and McGehee [35] reported that braking reaction time as well
as braking force profiles in driving simulators were similar to those observed in real world
driving. Similarly, McGehee, Mazzae, and Baldwin [36] observed that braking reaction
times equalled each other. On the contrary, Neukum, Naujoks, Kappes, and Wey [37] re-
ported that braking reaction times, particularly following strong braking manoeuvres of
lead vehicles, were slower in a driving simulation than in the real vehicle. Compensating
for this, applied braking forces as well as subjective criticality perceptions were higher in
the driving simulator.

Based on those latter findings, one could expect that braking reaction times in driv-
ing simulators are slower and applied braking forces are higher than those in real world
driving. Considering the other empirical works, one would expect that drivers in driving
simulators will rate the situations as critical or even more critical when compared to real
world drives.

25.2.5 Choice of an Appropriate Research Environment

The choice of an appropriate research environment is a central issue for the generaliz-
ability of results obtained from research on human controllability of ADAS. Although
there is a wide spectrum of available research environments and methodologies (cf. [38]
for an overview from research on forward collision mitigation systems), most methods
have unique advantages and disadvantages that must be considered carefully before mak-
ing a decision. The methodological trade-off between “experimental standardization” and
“ecological validity” as depicted in Fig. 25.1 serves as an example trade-off that must
be considered when making a decision between, for example, a driving simulator or on-
road test drives as a research environment. However, the trade-off between research envi-
ronments is often not clear-cut and involves multiple judgmental dimensions that may be
specific to a particular research question.

For example, safety-critical system functions can hardly be tested in real, naturalistic
traffic conditions, although this might be favourable from the viewpoint of generalizabil-
ity. Although controllability researchers in the past often relied on test track studies to
capture participants’ reactions towards functional interventions on vehicle dynamics such
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Fig. 25.1 Illustration of
a possible trade-off between
standardization and validity
between research environments

as ABS or ESP, this may not be an adequate choice for the evaluation of ADAS that were
developed to assist human drivers in complex urban scenarios. When making a decision to
perform research on a test track or even in a naturalistic traffic environment, the following
aspects must be considered:

� Safety reasons: In tests involving real vehicles and drivers, safety is always a concern.
Adequate measures must be taken to ensure the driver’s safety, and some questions may
not be addressed this way.

� Standardization: Experimental control is highly desirable to obtain unambiguous re-
sults; this can be a problem for naturalistic driving on real roads. On the contrary, high
standardization, e. g. on test tracks, may lead to unrealistic and artificial driving situa-
tions with obviously low ecological validity.

� Feasibility: Particularly in the early development stages of vehicle functions or when
testing interactions with infrastructural measures, some factors under investigation may
not be easily represented with a functional or tangible prototype.

� Complexity: Extending the problem of feasibility, complex naturalistic traffic scenarios
that involve the coordination of multiple agents such as vehicles or other road users in
particular are difficult to realise in a systematic way on a test track or in a naturalistic
driving scene.

� Technical and financial effort: The above-mentioned factors may lead to requirements
for test track studies or studies in naturalistic traffic that require extended technical and
financial efforts.

On the contrary, driving simulators overcome some of the previously mentioned re-
strictions because complex or potentially dangerous traffic constellations can be simulated
with ease and without endangering participants. However, fundamental issues concerning
vestibular or visual feedback in simulator environments [17, 39] might limit the validity
and therefore the suitability of simulator environments for controllability research.
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Several works address these deviations in driving simulator studies and studies using
real vehicles [17, 22, 23]. The following list mentions some of these aspects that should
be considered when opting for driving simulator research:

� Lack of visual detail: The amount of details of geometries, proportions, object den-
sities, textures, among others are likely to be reduced in even the newest types of
simulator environments.

� Other shortcomings of visual display: In addition, other shortcomings in spatio-tem-
poral resolution, graphical performance, colour dynamics, luminance, surface display,
and rendering errors may occur.

� Availability of spatial cues: Not all spatial cues used for object location are available
in a simulator environment, e. g. a third dimension is often missing for the scenery
display.

� Acoustical cues: The presentation of sounds might deviate from that in a naturalistic
environment.

� Object physics: Some possibly relevant physical cues may not be displayed in a simu-
lator environment.

� Vehicle dynamics: Even high-end simulators typically are unable to simulate and dis-
play all dynamic forces that are at play in the real vehicle (e. g. longer translational
forces).

� Ecological or “eyesight” validity: Participants are usually fully aware that they are in
a simulated environment; this may, as an example, lead to an altered perception and
reaction towards threats.

� Motion sickness: Some participants experience a simulator specific sickness when act-
ing in a virtual space.

� Training efforts: To overcome some of the aforementioned shortcomings and particu-
larly to observe realistic participant behaviours, extended simulator training might be
necessary to obtain valid results.

Of course, not all of these aspects apply to all simulators in a similar way – the variety
of driving simulators usually relied on extends from very basic desktop simulators to
static driving simulators with conceptual or realistic vehicle mock-ups to full-scale dy-
namic driving simulators that are capable of simulating components of the actual vehicle
motion.

As an approach to overcome some of these limitations, a Vehicle-in-the-Loop (VIL)
was developed as a hybrid between a test track vehicle and a driving simulator. In a VIL,
the driver actually drives a real car on a test track while wearing a non-transparent head-
mounted display. Visually, the driver is completely immersed in a virtual world, but he
feels real vehicle dynamics from the test track vehicle at the same time [40].
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25.2.6 Transfer of Results Between Research Environments

In addition to a consideration of the specific advantages and disadvantages, the question
of the validity and generalizability of results is at the core of all decisions in favour of
or against a particular research environment. Comparisons and the calculation of trans-
fer functions for results obtained in different research environments may, under certain
circumstances, allow research results to be generalized. It has been shown that functions
that have been calculated and validated in a certain research environment can be at least
partially transferred to other research environments. As an example, Andersen and Sauer
[41] showed howmodel parameters used in the prediction of driver performance and THW
can be transferred from a driving simulation to a real vehicle. In another case, Neukum,
Naujoks, Kappes, and Wey [37] showed how results on braking reaction times obtained in
a simulator experiment relate to braking reaction times in a real vehicle.

25.3 Methodology

25.3.1 Research Environments

A total of four different research environments were used for each of the experiments
performed in the study. The research environments were

� a static driving simulator (located at the BASt),
� a dynamic driving simulator (located at the WIVW),
� a VIL (located at the UniBw), and
� a test track vehicle (located at the UniBw).

The experiments were conducted in each of the research environments separately using
the same experimental procedures. Each research environment is described in detail in
the following section to allow a better intercomparison of the environments. All of the
environments allowed the recording of various objective measurement parameters of the
vehicle dynamics and driving situations.

25.3.1.1 Static Driving Simulator (BASt)
The static, fixed base driving simulator at the BASt consisted of a fully instrumented, con-
ceptual vehicle mock-up that was positioned in front of projection screens (Fig. 25.2). The
size of each screenwas2.8m to 2.1m (width x height). In total, the projector screens roughly
constituted a 180° front view. Interior and exterior rear-viewmirrorswere simulated by cor-
respondingly sized small LCDdisplays. A surround sound systemwas completed by a seat-
mounted bass shaker that provided realistic vehicle sounds and vibrations. The SILAB
(v4.0; WIVW GmbH) driving simulation software was used. The simulated vehicle dy-
namics were derived from a model E39 BMW 520i with an automatic transmission.
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Fig. 25.2 The BASt static driving simulator used in the study

25.3.1.2 Dynamic Driving Simulator (IZVW)
The dynamic, moving base driving simulator used by the IZVWwas located at the WIVW
GmbH (Fig. 25.3). The physical vehicle mock-up was identical to a fully instrumented,
production type BMW 520i with automatic transmission. The motion system consisted of
a Stewart platform with 6 electro-pneumatic actuators (stroke ˙60 cm; inclination ˙10°).
With its six degrees of freedom, it was able to briefly display a linear acceleration of up to
5m/s2 or 100°/s2 on a rotary scale. Three LCD projectors were installed in the dome of the
dynamic simulator and provided a 180° front view; each projector had a screen resolution
of 1400 × 1050 pixels. LCD displays served as exterior and interior rear-view mirrors.
A Dolby 5.1 surround sound system and a seat-mounted bass shaker contributed to the
3D sound experience. The SILAB (v4.0; WIVW GmbH) driving simulation software was
used for environment visualization and vehicle dynamics; as with the static simulator,
a BMW 520i’s vehicle dynamics were simulated.

25.3.1.3 Vehicle-in-the-Loop (UniBw)
The VIL was a hybrid between a test track vehicle and a driving simulation (Fig. 25.4).
The driver moved an Audi A6 on a test track while wearing a head mounted display, which
in turn displayed a completely virtual world. The Audi A6 was also used as the test track



432 C. Purucker et al.

Fig. 25.3 The WIVW dynamic driving simulator used in the study

Fig. 25.4 The UniBw Vehicle-in-the-Loop (VIL) used in the study

vehicle in the studies. A detailed description of the system can be found in Berg, Karl, and
Färber [42]; however, the system used for the current experiment used an nVIS ST50 as
a head mounted display. Moreover, the head tracking latency had been greatly improved
for the current studies. The Virtual Test Drive [43] simulation software was used.
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25.3.1.4 Test Track Vehicle (UniBw)
The test track vehicle used in the study was an Audi A6 3.0 TDI Avant with an automatic
transmission (Fig. 25.5). It was equipped with on-board computers for measuring vehicle
signals and signals for exact position tracking (iTrace RT-F200 and DGPS).

25.3.2 Scale for Criticality Assessment

To assess the situational criticality according to the participant’s subjective perception, the
scale for criticality assessment of driving and traffic scenarios [44] (Fig. 25.6) was used
in the current study’s experiments. The scale is based on a two-step rating procedure in
which participants have to rate the criticality of a situation they experienced while driving.
In the procedure, they classify their judgment into the numerically anchored judgment cat-
egories: “imperceptible” (0), “harmless” (1–3), “unpleasant” (4–6), “dangerous” (7–9), or
“uncontrollable” (10). The numeric values allowed the participants to indicate tendencies
to lower or higher categories. The “dangerous” or “uncontrollable” categories (all numeric
values equal or larger than 7) represent scenarios or situations that drivers would not ac-
cept in real traffic. The rating scale was originally developed by Neukum and Krüger [45]
as an evaluation tool for the evaluation of malfunctions of active steering systems. Later,
the scale was extended to the criticality assessment of driving and traffic scenarios, and its
validity for research uses has been assessed in several studies (e. g. [37, 44]).

For the statistical modelling procedure used in the current work, the numeric values
obtained during the study were recoded into the three main categories: “harmless”, “un-
pleasant” and “dangerous”.

Fig. 25.5 The UniBW test track vehicle used in the study
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Fig. 25.6 The scale for crit-
icality assessment of driving
and traffic scenarios [44]

25.3.3 Ordinal Logistic Regression

To obtain transfer functions for the criticality perceptions across research environments
for each of the experiments in the study, ordinal logistic regressions of the following form
were calculated:

Sit: Crit:~ˇ1 � Exp: Cond:C ˇ2 � Res: Env:Dyn: Driv: Sim:

C ˇ3 � Res: Env:Stat: Driv: Sim: C ˇ4 � Res: Env:VIL C "
(25.1)

Ordinal (also called ordered) logistic regression allows modelling ordinal outcome data
as in the case of the scale for criticality assessment of driving and traffic scenarios and
predicting the probabilities of the categories of the ordinal independent variable from cat-
egorical or continuous dependent variables using a logit link function. More precisely, the
model estimates the cutpoints on an assumed latent variable that contribute to the realiza-
tion of the categories of the ordinal independent variable (for a detailed introduction cf.
[46, 47]). The model interpretation can be performed by relying on odds ratios or more
conveniently, as exemplified below, by the calculation and graphical plotting of predicted
probabilities. Following that procedure, it is possible, for example, to make predictions
of the percentage of “dangerous” ratings that occur at a certain level of the experimental
variable for a specific research environment.

25.3.4 Test Scenarios and Trial Composition

To compare and validate the four different research environments, several scenarios ad-
dressing different perceptional aspects were implemented in each of the environments.
Three scenarios focused on the perception and evaluation of longitudinal distances to
a lead vehicle (perception and production of different THWs and perception of TTCs),



25 Validity of Research Environments 435

one scenario focused on the perception of lead vehicle decelerations, and one scenario
focused on the perception of lateral distances in narrow road zones. For each scenario,
different variations regarding the situational criticality were created following published
findings from previous studies. All participants drove through each of the variations in
successive order. To control for learning effects, the order of the various factor levels in
each of the experiments was randomized between participants.

25.3.4.1 Perception of Longitudinal Distances
As noted in the theory section, longitudinal distances are likely perceived slightly differ-
ently in driving simulators than in real vehicles. The first scenario implemented in the
study assessed the criticality perception of the THW of the driver’s vehicle to a lead ve-
hicle. The lead vehicle drove with a constant speed of 50 km/h, and the THWs chosen as
a following distance were 0.75 s, 1.50 s, and 2.25 s. When the participants had established
the desired THW, they were asked to rate the THW on the scale for criticality assessment.

25.3.4.2 Production of Longitudinal Distances
Complementing the experiment on the perception of THWs between the driver’s vehicle
to a lead vehicle with fixed THWs, another experiment was implemented where the partic-
ipants had to produce THWs to a lead vehicle according to the three levels of the scale for
criticality assessment of driving and traffic scenarios: “harmless” (2 on the numeric scale),
“unpleasant” (5), and “dangerous” (8). The lead vehicle drove with a constant speed of
50 km/h. The participants were asked to establish a car following distance to the lead ve-
hicle and confirmwhen they had successfully established the distance by pressing a button.
The respective THW to the lead vehicle was measured at the time of the button press.

25.3.4.3 Occlusion Testing for Longitudinal Distances
To measure the perception of TTCs, an experiment was implemented in which drivers
were asked to drive towards a vehicle that was standing directly in their lane. Participants
drove at a constant 50 km/h, and the eyesight of the driver was occluded before reaching
the standing vehicle. Drivers had to press a button when they thought they would have
reached the car at a standstill. The TTCs used for the occlusion were 1.5 s, 2.0 s, and 2.5 s.
On the test track, a crash-matic with a painted vehicle silhouette was used. Immediately
prior to the crash, the vehicle silhouette was pulled up to avoid a crash. For the occlusion
on the test track, the drivers had to wear occlusion glasses. Participants were asked whether
they could have braked to standstill at the beginning of the occlusion, and respectively,
how critical they judged the distance to the standing car at that point of time.

25.3.4.4 Perception of Decelerations During Car-following
In an experiment to assess the criticality perceptions of lead vehicle decelerations, the par-
ticipants had to follow a lead vehicle at a distance of 1.5 s whilst driving at 50 km/h. After
a while, the lead vehicle suddenly decelerated; the decelerations used in the experiment
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Table 25.1 Participant samples across all four research environments in the study

Age
M SD Min MD Max N nfemale

Static Driving Simulator 30 7.5 21 27.5 46 30 15
Dynamic Driving Simulator 28 8.7 19 26 52 30 15
Vehicle-in-the-Loop 30 11.4 21 26 58 30 15
Test Track Vehicle 31 11.6 18 25.5 59 32 15

were �1m/s2, �3m/s2, and �5m/s2. To make the trials less predictable, the lead vehi-
cles sometimes also accelerated in intervening trials. The drivers were instructed to avoid
collisions and had to rate the criticality of the deceleration situation after each ride.

25.3.4.5 Perception of Lateral Distances
To assess the criticality perception of lateral distances, an experiment was conducted in
which drivers had to drive through narrow road zones marked by red-white delineator
panels. After following a lead vehicle at 50 km/h at a distance of 1.5 s for some time, the
lead vehicle suddenly changed lanes to provide sight of the narrow road zone, which the
drivers successively had to drive through if possible and afterwards judge the situational
criticality. The widths of the narrow zones were 2.25m, 2.75m, 3.25m, and 3.75m. The
narrowest width corresponded to previous research findings [33].

25.3.5 Participant Sample

In all four research environments, participant samples of n =30 (in one case n = 32) were
recruited for the experiments, resulting in an overall sample size of N =122 (Tab. 25.1).

25.4 Results

In the following sections, results from each of the experiments in the study are shown. The
initial data obtained from each experiment are presented via boxplots; the first analyses
presented were performed using ANOVAs with planned contrasts. In the next step, ordinal
logistic regressions were calculated, and the model results are visualised by plotting the
predicted probabilities in cumulative and non-cumulative forms. The independent variable
for each of the models was the obtained criticality rating, which was predicted by the
experimental condition (a continuous variable) and the research environment (a factorial
variable). The model results consist of the coefficients (e. g. the effects of the experimental
condition and research environment) and the threshold coefficients (cutpoint values for
each of the categories of the scale for criticality assessment). The test track vehicle served
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as a reference category against which the other research environments were compared.
Due to limitations of space in this chapter, the full models are not reported.

25.4.1 Perception of Longitudinal Distances

The longitudinal time distances (THW levels: 0.75 s, 1.50 s, and 2.25 s) that were driven
by the participants when following a lead vehicle at 50 km/h received criticality ratings
that differed significantly from each other (F(2, 343) = 254.92, p < 0.001, and 2 = 0.60).
Generally, shorter THWs to the lead vehicle were perceived as more dangerous, as in-
dicated by higher scores on the scale for criticality assessment (Fig. 25.7a). The range
of ratings expanded from “harmless” to “dangerous”, in effect covering the whole range
of the scale for criticality assessment. In addition, an effect of the research environment
was observed (F(3, 343) = 14.67, p < 0.001, and 2 = 0.11). In this case, the dynamic driv-
ing simulator and particularly the VIL seemed to obtain slightly higher criticality ratings
across all of the varied distance levels, whereas the test track vehicle seemed to obtain
consistently lower values.

Modelling the effects using an ordinal logistic regression showed a significant differ-
ence of the factor level “VIL” compared to the reference research environment “test track

Fig. 25.7 Criticality ratings across the research environments for the perception of THWs (0.75 s,
1.5 s, and 2.25 s) to a lead vehicle driven at a speed of 50 km/h. a Boxplot of criticality ratings
for each THW level in the experiment. b Cumulative predicted probabilities of criticality ratings
predicted across the range of THWs in the experiment for the test track vehicle, which was used
as a reference research environment. c Predicted probabilities for all “dangerous” criticality ratings
across the THW range in the experiment for each of the four research environments
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vehicle” (p< 0.001). The other two research environments did not significantly differ. This
is also illustrated by the plot of the predicted probabilities in Fig. 25.7c, which shows that
at a THW of 1.50 s, the VIL was already predicted to receive a higher percentage of
“dangerous” ratings. The ratings for the dynamic driving simulator seemed to be slightly
elevated, whereas the static driving simulator and test track vehicle were almost equal to
each other.

25.4.2 Production of Longitudinal Distances

The longitudinal time distances that were driven by the participants when following a lead
vehicle at 50 km/h at certain criticality levels (“dangerous”, “unpleasant”, and “harm-
less”) differed significantly from each other (F(2, 348) = 313.99, p < 0.001, and 2 = 0.64).
Generally, shorter THWs to the lead vehicle were observed when driving with more dan-
gerous car following distances (Fig. 25.8a). In addition, a general effect of the research
environment was observed (F(3, 348) = 23.22, p < 0.001, and 2 = 0.17). In this case, the
participants seemed to drive with consistently larger THWs on each of the criticality levels
when riding the VIL, whereas they seemed to drive with THWs in the test track vehicle
that were slightly lower than those in the other research environments.

Fig. 25.8 THWs and criticality ratings across the research environments for the perception of
THWs to a lead vehicle driven at a speed of 50 km/h. Drivers could decide on the distance ac-
cording to a pre-set criticality level (“dangerous”, “unpleasant”, and “harmless”) a Boxplot of the
THW ratings for each criticality level in the experiment. b Cumulative predicted probabilities of the
criticality ratings predicted across the range of THWs in the experiment for the test track vehicle,
which was used as a reference research environment. c Predicted probabilities for all “dangerous”
criticality ratings across the THW range in the experiment for each of the four research environments
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Modelling the effects using an ordinal logistic regression showed a significant differ-
ence in the “VIL” factor level compared to the reference research environment “test track
vehicle” (p <0.001). The other two research environments did not differ significantly. This
is also illustrated by the plot of the predicted probabilities in Fig. 25.8c, which shows that
at a THW of 1.50 s, the VIL was already predicted to receive a higher percentage of
“dangerous” ratings. The ratings for the dynamic driving simulator and the static driving
simulator seemed to be slightly greater than those of the test track vehicle.

25.4.3 Occlusion Testing for Longitudinal Distances

The longitudinal time distances (TTC levels: 1.50 s, 2.00 s, and 2.50 s) that were ex-
perienced by the participants when driving towards a standing vehicle at 50 km/h be-
fore occlusion received criticality ratings that differed significantly from each other (F(2,
363) = 29.55, p< 0.001, and 2 = 0.14). Generally, shorter TTCs to the standing vehicle
were perceived as more dangerous (Fig. 25.9a). Across the experimentally varied TTC
values, the observed ratings however were mainly in the range between “unpleasant” and
“dangerous”. In addition to the effect of the TTC, a general effect of the research environ-
ment was observed (F(3, 363) = 7.72, p < 0.001, and 2 = 0.06). In this case, the test track

Fig. 25.9 Criticality ratings across the research environments for the perception of TTCs (1.5 s,
2.0 s, and 2.5 s) to a standing lead vehicle driven at a speed of 50 km/h. a Boxplot of the criticality
ratings for each TTC level in the experiment. b Cumulative predicted probabilities of the critical-
ity ratings predicted across the range of TTCs in the experiment for the test track vehicle, which
was used as a reference research environment. c Predicted probabilities for all of the “dangerous”
criticality ratings across the TTC range in the experiment for each of the four research environments
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vehicle obtained systematically lower criticality ratings across all varied distance levels,
whereas the dynamic driving simulator and particularly the VIL obtained slightly higher
values.

Modelling the effects using an ordinal logistic regression showed a significant dif-
ference in the factor levels “dynamic driving simulator” (p< 0.01) and “VIL” (p< 0.01)
compared to the reference research environment “test track vehicle”. The static driving
simulator did not differ significantly. This is also illustrated by the plot of the predicted
probabilities in Fig. 25.9c, which shows that at a TTC of 2.50 s, the dynamic driving sim-
ulator and the VIL were already predicted to receive a higher percentage of “dangerous”
ratings. The ratings for the static driving simulator also seemed to be elevated in compar-
ison to the test track vehicle.

25.4.4 Perception of Deceleration During Car-following

The braking manoeuvres (decelerations: �5m/s2, �3m/s2, and �1m/s2) that were ex-
perienced by the participants when following a lead vehicle at 50 km/h that suddenly
initiated braking received criticality ratings that differed significantly from each other
(F(2, 378) = 21.62, p < 0.001, and 2 = 0.10). Generally, stronger decelerations were per-

Fig. 25.10 Criticality ratings across the research environments for the perception of sudden decel-
erations (�5m/s2, �3m/s2, and �1m/s2) of a lead vehicle driven at a speed of 50 km/h. a Boxplot
of the criticality ratings for each deceleration level in the experiment. b Cumulative predicted prob-
abilities of the criticality ratings predicted across the range of decelerations in the experiment for
the test track vehicle, which was used as a reference research environment. c Predicted probabilities
for all of the “dangerous” criticality ratings across the deceleration range in the experiment for each
of the four research environments



25 Validity of Research Environments 441

ceived as more dangerous (Fig. 25.10a). Across the experimentally varied decelerations,
the observed ratings covered the lower range of the scale for criticality assessment between
“harmless” and “unpleasant”. In addition to the effect of the deceleration, a general effect
of the research environment was observed (F(3, 378) = 8.61, p < 0.001, and 2 = 0.06). Ex-
cept for the lowest deceleration of �1m/s2, the test track vehicle obtained slightly lower
criticality ratings.

Modelling the effects using an ordinal logistic regression showed a significant differ-
ence in the factor levels “static driving simulator” (p< 0.001), “dynamic driving simu-
lator” (p< 0.001) and “VIL” (p< 0.001) compared to the “test track vehicle” reference
research environment. This is also illustrated by the plot of the predicted probabilities in
Fig. 25.10c which shows that at a deceleration of �5m/s2 all three simulation environ-
ments were predicted to receive a higher percentage of “dangerous” ratings. The ratings
for the static driving simulator also seemed to be slightly closer to those of the test track
vehicle than those of the dynamic driving simulator and the VIL.

25.4.5 Perception of Lateral Distances

The lateral distances (lane widths: 2.25m, 2.75m, 3.25m, and 3.75m) that were ex-
perienced by the participants when driving through a narrow road zone at 50 km/h re-
ceived criticality ratings that differed significantly from each other (F(3, 492) = 330.80,
p < 0.001, and 2 = 0.67). Generally, smaller lane widths were perceived as more dan-
gerous (Fig. 25.11a). Across the experimentally varied lane widths, the observed ratings
covered the full range of the scale for criticality assessment. In addition to the effect of
the lane width, a general effect of the research environment is observed (F(3, 492) = 9.45,
p < 0.001, and 2 = 0.06). In this case, the test track vehicle and the static driving simula-
tor obtained lower criticality ratings across all varied lane widths, whereas the dynamic
driving simulator in particular obtained slightly higher values.

Modelling the effects using an ordinal logistic regression showed a significant differ-
ence in the factor levels “dynamic driving simulator” compared to the reference research
environment “test track vehicle” (p< 0.05). The other two research environments did not
differ significantly. This is also illustrated by the plot of the predicted probabilities in
Fig. 25.11c, which shows that particularly at a lane width of 2.25m the dynamic driving
simulator was predicted to receive a higher percentage of “dangerous” ratings. The ratings
for the VIL also seemed to be slightly elevated in comparison to those of the test track ve-
hicle, whereas the static driving simulator was almost at the same level. In addition to these
findings, participants were observed to drive with a slight lateral displacement (~0.25m)
to the right in almost all of the driving simulators and experimental conditions from the
experiment, compared to the test track vehicle.
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Fig. 25.11 Criticality ratings across the research environments for the perception of lane widths
(2.25m, 2.75m, 3.25m, and 3.75m) in a narrow road zone driven at a speed of 50 km/h. a Boxplot
of the criticality ratings for each lane width level in the experiment. b Cumulative predicted proba-
bilities of the criticality ratings predicted across the range of lane widths in the experiment for the
test track vehicle, which was used as a reference research environment. c Predicted probabilities for
all of the “dangerous” criticality ratings across the lane width range in the experiment for each of
the four research environments

25.5 Discussion

In the current study, a series of experiments was conducted in four research environments
to assess the participants’ criticality perceptions of longitudinal distances to a lead vehicle,
lateral distances in narrow road zones, and lead vehicle decelerations. The four research
environments were a test track vehicle, a static driving simulator, a dynamic driving simu-
lator, and a VIL, which is a hybrid between a driving simulator and a test track vehicle. In
addition to assessing particular differences between the research environments, one of this
study’s aims was to calculate transfer functions that would allow results to be transferred
among research environments.

The general approach pursued in the studies was to confront the vehicle drivers with
critical situations after or during car following at a speed of 50 km/h. The situations varied
with respect to the degree of the criticality of a core variable such as the THW to a lead
vehicle, the TTC to a standing vehicle, the width of a narrow road zone, and the deceler-
ation of a lead vehicle. After experiencing the situations, the participants had to rate each
situation for its criticality on the scale for criticality assessment of driving and traffic sce-
narios [44]. To model the effects of the experimental condition and research environment,
ordinal logistic regressions were calculated.
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When taking into account the findings from the reviewed literature, which were often
heterogeneous or indecisive, we expected at least to observe differences between the test
track vehicle and the simulator environments with regard to the perception of lead vehicle
decelerations. Indeed, in our research we observed notable differences between the re-
search environments with respect to the perception of criticality in each of the investigated
situations. As a tendency, the THWs, TTCs, lane widths and lead vehicle decelerations
were perceived as more critical in the dynamic driving simulator and VIL research envi-
ronments than those of the test track vehicle. The ratings observed in the static driving
simulator were mainly at a similar level to the ratings in the test track vehicle, and only in
some cases were they slightly more critical.

These findings should clearly be taken into consideration when evaluating research
findings from simulator environments in comparison to findings generated on a test track;
with respect to some parameters of situational criticality, participants are going to rate
the situations as more critical in simulator environments than on test tracks. For controll-
ability research, which we had in mind when conducting this series of experiments, this
means that findings generated from simulator research tend to be conservative, at least
with respect to those from test track vehicles. This means that a situation that is judged
as dangerous by a large proportion of participants in a driving simulator will be less so
on a test track – the converse would be more problematic from the perspective of driving
simulator research because it would likely lead to safety-critical misjudgements.

Some shortcomings of the current study should not go unmentioned. First, the situa-
tions created in the experiments were to some extent artificial and not directly comparable
to situations in real-life; clearly, driving simulators can simulate more realistic situations
than the situations used in standard test track studies. However, our intention was to inves-
tigate situations that were straightforward to parameterize, not easily confounded by other
variables, and easy and safe to implement across all research environments in our set,
which also involved a test track vehicle. Second, and somewhat determined by the high
degree of standardization we pursued in our study, we did not have a real traffic environ-
ment to serve as a reference; the test track vehicle was the closest we came to real traffic.
Clearly, this issue cannot be resolved easily in the future and points towards a fundamen-
tal issue when conducting research in various research environments – one will never be
able to replace one research environment completely by another, and some advantages and
disadvantages are inherent to a specific research environment. Another certain limitation
was the restricted velocity range represented in the experiments. This was mainly due to
the inner-city focus of the UR:BAN project, and future studies should employ extended
speed ranges.

Nonetheless, we believe that the presented validation study provides a suitable ap-
proach for assessing research environment validity. Ultimately, the approach presented
is a step towards the generalization of research results that have been obtained using a par-
ticular research environment to another. The scenarios used in this study’s experiments are
designed to assess perceptional key parameters such as THW, TTC, lead vehicle decelera-
tions and lane widths, and the scenarios are easy and straightforward to implement across
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a range of research environments. The approach presented can help researchers who work
in particular research environments to obtain benchmark results that can be easily com-
pared to other research environments. As a final remark, we hope that our results will be
replicated in various similar and other research environments.
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26Emergency Steering Systems – Controllability
Investigations with the Vehicle in the Loop

Fabian Rüger and Berthold Färber

26.1 Introduction

In the field of Advanced Driver Assistance Systems (ADAS) the focus is not only on warn-
ing and comfort functions but increasingly also on collision avoidance by active safety [1].
Until recently, most existing systems only used braking manoeuvres to prevent or miti-
gate accidents; systems that employ automatically initiated emergency steering were the
subject of recent research initiatives such as interactIVe [2] or UR:BAN [3]. Emergency
steering systems aim at avoiding accidents in certain speed-ranges and especially at small
overlaps with a potential collision object, even if it is too close for braking to a standstill.
These requirements particularly apply to scenarios involving cars reversing out of parking
spaces, cyclists or pedestrians, especially in the urban area. The typical urban use case and
the autonomous interventions by these ADAS introduce new challenges to controllability
research.

The basis for the controllability assessment of ADAS are various industrial standards,
such as ISO 26262 [4] or guidelines such as the RESPONSE Code of Practice [5]. Ac-
cording to these works, the human driver must achieve overall system controllability at all
times, even with possible false alarms or system failures.

The steering wheel torques that are necessary for successful evasion in the typical use
cases could possibly result in yaw rates, which exceed the controllability criteria published
in Neukum, Ufer, Paulig, & Krüger [6]. Consequently, system failures might result in an
intrusion into the opposite lane endangering oncoming vehicles and the driver.

To handle such systems the method “safety in use” was published by Huesmann, Farid,
and Muhrer [7]. This risk-based method considers the probability of exposure, the con-
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sequences’ severity and the controllability of driving situations during the usage of an
ADAS. For example, the total risk of a system failure is calculated by these factors and
should lie below the companies’ or population’s accepted risk. If the factors’ probability
of exposure and severity are above a certain risk level, the controllability is a factor that
should be assessed. The controllability assessment should use adequate test cases that are
similar to real traffic situations but without endangering anybody.

Since methodically sound research of controllability situations requires the use of ac-
curately timed and reproducible scenarios, driving simulators constitute the preferred
research environment. Moreover, driver behaviour during the highly dynamic manoeu-
vres found with automatic steering is likely to be more natural, if the driver is provided
with realistic kinaesthetic and vestibular feedback. Both requirements are met in the Vehi-
cle-In-the-Loop (VIL). The VIL constitutes a hybrid testing environment combining a test
track vehicle with a driving simulator (see [8]). The driver is wearing a head mounted
display, which shows a fully virtual world while s/he is moving a real car on a test field
[9], as illustrated in Fig. 26.1.

Previously, the VIL had been validated for the investigation of ADAS in urban envi-
ronments ([10, 11]; Chap. 27 and 28). The results showed that the experience of driving
situations seems to be slightly more critical in the VIL than in a test track environment,
while the overall driving behaviour is valid. This generates conservative and reliable
results that may be considered in controllability investigations [10]. With these precon-
ditions, the VIL can be used to complement existing methods in controllability research.
Two examples are presented in the following.

Fig. 26.1 Vehicle in the Loop (VIL). The picture on the top right shows the driver’s view
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26.2 Emergency Steering Interventions at Occupied Opposite Lanes

Emergency steering systems aim at avoiding accidents even if it’s too late to brake to
a standstill. The interventions must use high levels of dynamics and actor potential to
achieve that goal. Technically, the driver is a disturbance variable in the system’s con-
trol chain trying to guide a vehicle around an obstacle on an ideal trajectory. However,
the driver provides a great potential regarding controllability of ADAS. In other stud-
ies, surveying emergency steering functions (Chap. 27 and 28) the driver is described as
a damping element in the closed loop control chain. In a driving situation with a justified
system intervention, in which another vehicle approaches on the opposite lane, a damp-
ing intervention of the driver with the emergency steering system on-board could reduce
the risk of a collision with the oncoming vehicles on the opposite lane. Therefore, this
testing case tends to investigate whether drivers are able to adjust interventions of emer-
gency steering systems appropriately to the driving situation. That includes avoiding both
collisions with the item triggering an intervention and objects on the opposite lane.

26.2.1 Method

As already mentioned in the introduction of this chapter, the use of the VIL for urban driv-
ing situations was generally validated. The interaction of drivers with ADAS depicts a new
level of VIL’s commitment. Hence, the results attained in the VIL should be compared
with classic testing methods to prove reliability. To achieve this goal, an emergency steer-
ing function was implemented into a test track vehicle. This vehicle was also equipped
with the VIL, which could optionally be operated.

26.2.1.1 Situation
The driver interaction with an emergency steering function should be investigated with
a justified intervention of the system. In order to create such a test case a vehicle reversed
out of a parking space and achieved a final position one meter in the right side of the
driver’s lane (lane width: 3.5m) at a time to collision (TTC) of 1.7 s to trigger the inter-

Fig. 26.2 Driving Situation on the test track (a), with occupied opposite lane (b) and in the VIL (c)
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vention. Aiming to classify the influence of the occupation, the opposite lane was blocked
with road works (see Fig. 26.2b).

The driver’s perspective experiencing this situation in the VIL is shown in Fig. 26.2c.
On the test track a pneumatic-driven Crashmatic reversed out of the parking space (see
Fig. 26.2a) due to safety considerations.

26.2.1.2 Emergency Steering Function
At a TTC of 1.2 s, the emergency steering function started to guide the vehicle around
the obstacle. It aimed to a fixed lateral displacement of one meter to the left. The strength
of the wheel torque was adapted in real time depending on the driver’s inputs and the
vehicle’s heading targeting on an ideal trajectory. The occupation of the opposite lane was
deliberately not included in the system logics. Based on an instructed middle lane position
at the beginning of the evasion manoeuvre, the system would have caused an intrusion into
the opposite lane of about 0.25m and a collision with the road works without a driver’s
input.

26.2.1.3 Study Design
Every participant experienced two emergency steering interventions, one in a test track
vehicle and one in the same vehicle using the VIL in a systematically varied order. Half
of the sample found a free, the other half an occupied opposite lane (between-subjects
design) whereupon one driver always got the same condition in VIL and test track vehicle
(within-subjects design).

A cover story was used to elicit preferably naturalistic driving behaviour in both situa-
tions. The subjects were told to take part in a study that compares lane keeping at narrow
points between the VIL and a normal car. They drove through different narrow points be-
fore and after the evasion situation. The first intervention of the emergency steering system
was declared as a test for further investigations. Executing secondary tasks like activating
the blinker or the wiper before the relevant situations the drivers had both hands on the
wheel.

26.2.1.4 Participants
24 subjects took part in the experiment, with a mean age of 29.7 years with a standard
deviation of 8.9 years. The drivers varied in age between 20 and 61 years and everybody’s
driving experience represented at least a total of 10,000 km.

26.2.2 Results

As previously mentioned, the automatic steering interventions aimed at a lateral displace-
ment of 1m. The left boxplot in Fig. 26.3 shows the measured lateral displacements
depending on testing environment and occupation of the opposite lane. While most drivers
achieved lateral displacements of 1m and higher at a free opposite lane, they damped the
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Fig. 26.3 Lateral displacement (a) and maximum deceleration (b)

steering interventions to an average displacement of only 0.5m at occupied opposite lanes.
Collisions did not happen, neither with the obstacle on the right nor with the road works
occupying the opposite lane. Higher lateral displacements found in the “occupied”-condi-
tion can be explained with an initial position right of the lane’s middle. These results were
both found in the test track vehicle and in the VIL.

Every driver braked additionally to the steering manoeuvre when s/he noticed the ob-
stacle entering her/his lane from the right. The distribution of the maxima of the achieved
decelerations is shown in the boxplots of Fig. 26.3. A few drivers braked very strongly in
the occupied lane condition, while the most breaking manoeuvres showed decelerations
below 5m/s2. Again, the results did not differ systematically between VIL and test track
conditions.

Fig. 26.4 Maximum lateral acceleration (a) and maximum yaw rate (b)
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Differences in driver-system interaction could affect the dynamic of the steering ma-
noeuvre. To distinguish dynamic aspects, the maxima of lateral acceleration and yaw rates
are considered (see Fig. 26.4). Hence, absolute values are used to avoid algebraic sign
conflicts regarding steering exercises to the left or right. Nevertheless, most maxima were
measured while steering away from the obstacle to the left. Both lateral acceleration and
yaw rates indicated differences between free and occupied opposite lanes. While drivers
allowed or even supported highly dynamic steering manoeuvres with yaw rates above
10 °/s and lateral acceleration of almost 3m/s2 in the first condition, they damped the mean
dynamics below a yaw rate of 5 °/s and a lateral acceleration of 1.5m/s2. Means, medians
and the distribution of the measurements are very similar between the test track vehicle
and the VIL. For a more detailed inferential statistical analyses, see Rüger et al. [12].

26.2.3 Discussion

The results show big differences in the driver-system interactions with automatic steering
interventions depending on the occupation of the opposite lane. In the first app. 400ms. of
the interventions, drivers held the steering wheel firmly which is assumed to be a haptic
triggered reaction (Chap. 28). After that short period, most of them followed the sys-
tem’s specification when they found a free opposite lane. At occupied opposite lanes they
damped the systems intervention to avoid both a collision with the obstacle entering the
lane on the right and the road works occupying the opposite lane. Consequently, drivers
are able to adjust steering interventions appropriately to the traffic situation. Acting as
a backup level, drivers improve system controllability for automatic steering interventions,
even when those interventions are not adequate to the driving situation. Those results were
found in a test track vehicle as well as in the VIL. No significant differences between the
variables in VIL and test track vehicle and significant correlations confirm the VIL to be
a valid test tool for the investigation of steering interventions [12].

26.3 Emergency Steering Seen fromOncoming Traffic

By the definition of ADAS “controllability” in the RESPONSE Consortium [5, p. 13],
countermeasures in critical situations aiming to avoid an accident cannot only be per-
formed by the driver with the ADAS on board but also by other road users. Especially
emergency ADAS like the afore mentioned emergency steering functions or automatic
braking systems can affect traffic substantially. Commercially launched systems of the lat-
ter mentioned are able to operate with decelerations over 10m/s2 [13]. Naturalistic driving
studies and field operational tests show that time gaps between following vehicles found
in traffic could lead to hazards when automatic braking manoeuvres used their full perfor-
mance potential [14]. Therefore, the effects of an emergency braking system on pursuing
vehicles were subject to studies by Fach, Baumann, Breuer & May [15] and Neukum,
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Naujoks, Kappes & Wey [16]. In these investigations, participants followed a leading ve-
hicle at a certain distance when an emergency braking system intervened suddenly in the
leading vehicle. The following car’s drivers had to brake hard to avoid an accident. Based
on the results of this research, design rules for emergency braking systems were found,
which most likely allowed the following vehicles’ drivers to control the situation [15].

Considering emergency steering systems, other traffic participants could similarly help
to improve system controllability. An intrusion into the opposite lane caused by an ADAS
for example, possibly resulting in collisions with oncoming vehicles, is a risk against
which must be protected [17]. Seeing traffic as a system of cooperating road users, it is
conceivable that failures or interventions with the maximum system potential of emer-
gency steering systems can often be ameliorated by appropriate reactions of the oncoming
traffic. A similar approach to the mentioned studies of Fach et al. [15] and Neukum et al.
[16] can simultaneously be transferred into the context of emergency steering systems by
investigating those systems from the perspective of opposing traffic. A requirement for
other road users to initiate adequate measures to control the situation could be a limi-
tation of the activation of emergency steering systems to certain restricting parameters.
Those might be the maximum intrusion into the opposite lane or a minimum time gap to
oncoming vehicles.

Therefore, the aim of this experiment was to provide information about these restric-
tions for the functional design of oncoming vehicles with an on-board emergency steering
system. Furthermore, it was designed to answer whether a driver might be able to com-
pensate a system failure in the oncoming vehicle e. g. by braking and steering to the very
right of his/her lane.

26.3.1 Method

Weitzel [18] suggests selecting relevant test cases out of possible combinations of envi-
ronmental, functional and driver aspects to reduce testing efforts. Hence, in this study an
interdisciplinary expert panel including engineers and human factors specialists identified
a number of relevant parameters in preliminary tests, which are specified in the following.

26.3.1.1 Environment and Situation
Emergency steering functions aim at avoiding accidents when it is too late for braking to
a standstill. Such scenarios with pedestrians stepping onto the street, vehicles reverting
out of parking spaces or braking suddenly due to appearing obstacles can be found in
urban areas. Most likely these types of critical situations are a result of a chaining of
single events involving unattended traffic participants. Hence, the investigated scenarios
should offer a comparable complexity. Considering the expected impact of certain factors
on driver behaviour and aspects of plausibility, three driving situations were selected for
investigation. A busy urban environment was chosen in all situations with lanes of 3.5m
width.
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Fig. 26.5a–c Emergency steering situations

In the first situation, a pedestrian runs across a street. Therefore a car turning right has
to stop suddenly (see Fig. 26.5a). The driver in the red vehicle behind is too close to stop
in time. An emergency steering assist intervenes and leads the vehicle around the braking
obstacle. Seen from the investigated view of oncoming traffic (as seen in Fig. 26.5), a car
is waiting on the right-hand side of the crossroad prohibiting the driver to leave her/his
lane to the right.

In the second situation, a child plays with other children between two houses. Suddenly
it runs onto the street (compare Fig. 26.5b) where an emergency steering system leads the
red car around the collision object. Equivalently to situation 1, the area adjacent to the
right side of the lane is blocked. This time by a parking car, thus prohibiting the use of the
pavement as a manoeuvring space.

The third situation is a typical false alarm intervention of an ADAS. For no obvious
reason an automated steering manoeuvre is executed by the red vehicle (as shown in
Fig. 26.5c). Again, a parking car occupies the pavement adjacent to the right lane.

26.3.1.2 Emergency Steering Function
Fig. 26.6a shows parameters of an emergency steering function that could be relevant for
the perception of oncoming vehicles seen from the ego-perspective. Aiming to identify
relevant parameters in preliminary expert panel tests a range of parameters was inves-
tigated. This was reflecting two constraints: firstly, a trajectory should be designed and
limited according to actual developments of emergency steering systems. Secondly, the
parameters should be selected to enable and require a reaction of the ego driver in order
to avoid a collision. With these constraints the lateral displacements were varied between

Fig. 26.6 Investigated parameter sets (a) and relevant emergency steering function parameters (b)
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1.0m	�s	 2.0m, maximum lateral accelerations between 5.0m/s2 	 amax 	 10.0m/s2

and time gaps to the peak of the trajectory between 1.0 s	�t	 2.0 s (see Fig. 26.6b).
The expert panel testing showed that the differences in the perception of different lateral

accelerations by oncoming traffic are negligible. Furthermore, the lateral displacements
should be at least 1.5m (resulting in an intrusion of �i=0.75m into the opposite lane)
for further investigation. Based on these findings, a combination of parameters shown in
Fig. 26.6 on the left were selected and considered as relevant for user studies. Based on
the fact that the evading vehicle is about 2.0m and the lane 3.5m wide and the driver is
initially positioned in the middle of the lane, a �s of 2.0m results in an intrusion into the
opposite lane of �i= 1.25m. The two different �s result in gaps of 2.25m and 2.75m
width on the right of the ego driver’s lane.

26.3.1.3 Pass-/Fail Criteria
In order to assess whether a test case is controllable or not, appropriate binary criteria must
be found [5]. According to that, a collision with other traffic participants or other objects
is considered to be an objective fail criterion, just as an activation of the electronic stabi-
lization program in the ego car indicates that physical limits of the vehicle performance
have been reached.

As shown in Neukum et al. [6], subjective criteria based on judgments of the partic-
ipants according to the scale for criticality assessment of driving and traffic scenarios
may be considered additionally. The criteria stipulate that a test case is considered to be
not controllable if more than 15% of all participants’ ratings classify a situation as sub-
jectively dangerous. Between zero and 15% of the ratings are cross-referenced with the
objective data, before a decision regarding controllability is made.

26.3.1.4 Study Design
A mixed-subjects design was chosen in order to investigate the controllability of the pre-
sented test cases. Each subject experienced all three driving situations with the same
parameter set in a systematically varied order. The number of required participants was
identified with a power analysis based on the expected differences according to the prelim-
inary tests. Accordingly, twelve participants were needed for each parameter set resulting
in a total number of 48 participants.

In order to elicit natural driving behaviour, the participants do not need to be distracted on
purpose but should not expect the tested situations [19]. Therefore, a cover story was used.
The participants were told to take part in an experiment exploring humanmachine interface
(HMI) aspects of a cruise control system while driving the VIL. After a short familiariza-
tion with the VIL, they experienced five driving situations: two fake situations relating to
HMI aspects to sell the coverstory and three relevant ones. The use of cruise control ensured
that every driver held a defined speed of 50 km/h at the beginning of each scenario. After
accomplishing a situation, they were asked about their criticality according to the scale for
criticality assessment of driving and traffic scenarios and some “fake” questions relating to
HMI aspects. Vehicle and simulation data were synchronously recorded in each situation.
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26.3.1.5 Participants
A normal collective of drivers considering age, gender or driving abilities is sufficient
according to the industrial standard ISO 26262 [4]. Therefore 48 persons with a mean
age of 27.2 years with a standard deviation of 9.1 years took part in the experiment. The
driver’s age was between 21 and 58 years and everybody had at least 10.000 km of driving
experience.

26.3.2 Results

The results presented in the following contain descriptive data only. A more detailed in-
ferential statistical analysis, is provided in Rüger, Nitsch, and Färber [20].

The subjective ratings of the drivers’ perceived situation criticality were collected using
the scale of Neukum et al. [6], shown in Fig. 26.7, directly after each situation. According
to the instructions, participants should only indicate “dangerous”-ratings if the driving
situation would not be tolerable in real traffic. Both the varied situation and the parameter
sets influenced the subjective ratings. Fig. 26.8 contains a boxplot of these ratings on the
left. The situations are illustrated in different colours and the parameter sets are grouped
on the abscissas.

In situations 1 and 3, ten of 48 ratings (app. 21%) scored above 6 (=“dangerous” or “un-
controllable”) on the scale. In situation 2, even 58% of all ratings are in the “dangerous”-
sector (28 of 48).

For parameter set 1, 28 of 36 ratings (78%) scored above the limit of 6, with eleven
ratings (31%) for set 2, six for set 3 (17%), and only three (8%) for set 4. For sets 3
and 4, the subjective ratings were compared with the associated objective data, whereby
no collisions or uncontrollable events were found.

Those subjective results are confirmed by the objective data. Fig. 26.8 shows a boxplot
of the minimum Euclidian distance between the ego car and the oncoming vehicle on the
right. Associated collisions are counted in red numbers below each box. Most collisions
appeared in situation 2 (17 of 22). The same rate can be found with parameter set 1, where

Fig. 26.7 Scale for criticality
assessment of driving and traf-
fic scenarios. (Neukum et al.,
[6])
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Fig. 26.8 Driver’s subjective rating (a) and Ego’s min. distances to evading vehicle (b)

Fig. 26.9 Driver reaction time

also 17 out of 22 collisions were detected. During the course of the study, crashes with
other traffic participants except the evading vehicle did not occur. ESP-interventions were
not detected as well, indicating that no driver executed an uncontrollable steering manoeu-
vre. The driver reaction time influences the driving situation’s issue and is illustrated in
Fig. 26.9. It was estimated from the point of time when the evading vehicle was leaving
its lane until the ego driver’s first response by braking or steering.

While the reaction time did not differ between the parameter sets, the mean values were
about 0.3 s higher in situation 2 than in situation 1.

26.3.3 Discussion

The present study investigated controllability of emergency steering systems from the per-
spective of opposing traffic. The results show that the situation is influencing the driver’s
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judgment and behaviour. Especially in the situation involving a vehicle veering around
a playing child (situation 2), driver reaction times were significantly longer than in the
other situations. This caused more accidents and provoked severe reactions in steering or
braking. According to self-reports, many drivers focused on a pedestrian leaving a building
on the right in situation 2 and expected this pedestrian to enter the street (see Fig. 26.5b).
They realised the real threat too late to prohibit a collision, as a consequence of this dis-
traction, or had to perform very intense manoeuvres such as emergency braking.

Parameter sets 1 and 2 generated uncontrollable events subsuming collisions as well as
subjective ratings. In parameter set 4 only eight percent of subjective ratings were above
the accepted limit and no objective fail-criteria were met. In all situations this param-
eter set, with a minimum time gap of �t = 2 s and an intrusion into the opposite lane of
�i= 0.75m, can be classified as controllable. Parameter set 3 indicated no uncontrollable
event by objective criteria as well but should be rejected based on drivers’ judgments.
17% classified the driving situations that occurred as dangerous which is slightly above
the 15%-limit. In any case, all ratings above the limit except one were given in situation 2.
The requirements for the investigation were non-distracted drivers (Chap. 29). Following
this line of argument, situation 2 must not be considered and set 3 can also be classified
as controllable. Based on a lane width of 3.5m and if time gaps to the peak of an emer-
gency evading trajectory are at least�t = 2 s, an intrusion of�i= 0.75m is controllable for
opposing drivers. For non-distracted drivers, even intrusions of�i= 1.25m might be con-
sidered controllable. If an intrusion into the opposite lane is possible, emergency steering
systems must not be activated when estimated time gaps from the peak of the trajectory to
the oncoming vehicle are shorter than two seconds. Additionally, it seems that the context
of the situation in which ADAS are triggered and the attention of other traffic participants
can also have a measurable effect on the results of ADAS controllability investigations.
Therefore, this should be considered in future studies.

26.4 Summary

In two studies, controllability aspects of emergency steering systems were investigated
with the Vehicle in the Loop (VIL). The goal was to expand controllability methodology
using the VIL as a testing environment.

In the first study drivers experienced justified automatic steering interventions in a test
track vehicle and in the VIL, with varying occupation of the opposite lane. The results
showed that drivers are able to adjust intense steering interventions appropriately to the
driving situation. They avoided a collision with the vehicle pulling out of the parking lot
on the right as well as with possible obstacles on the opposite lane. This indicates that
drivers can act as a backup level to control emergency steering interventions at occupied
opposite lanes. Additionally, a comparison of the results between the test track vehicle
and the VIL suggests the VIL to be a valid testing environment for the investigation of
controllability aspects of emergency ADAS.
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The second study considered controllability of emergency steering systems from the
perspective of other traffic participants. With this approach, clear limitations for the func-
tional design of emergency steering systems due to the accident-avoiding capabilities of
opposing drivers could be found. If those limitations are observed, drivers can perform
countermeasures to avoid a collision when emergency steering interventions in oncoming
vehicles are not appropriate to the driving situation. This result shows that other traffic
participants can make a contribution to controllability of ADAS. A second result of this
study focuses on the driving situation in controllability investigations. Indications were
found that the complexity of urban driving situations could affect the drivers’ capabilities.
This finding confirms the increasing use of driving simulators in controllability research,
as test track studies do not allow for such complex scenarios without considerable effort.
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27Consideration of the Available Evading Space
for the Evaluation of the Driver Reaction
to Emergency Steering Interventions

Andreas Pütz

27.1 Introduction andMotivation

The urban driving environment differs considerably from the application focus of Ad-
vanced Driver Assistance Systems (ADAS) in production such as highways and interurban
roads. While urban arterial roads are comparable to interurban roads regarding lane width
and lane number there are also smaller roads which impose much narrower boundaries
for the driver in the fulfilment of the driving task. In addition, the fast changing driving
context and a high amount of information to be perceived and processed increase the traf-
fic complexity that the driver has to deal with. On the other hand, these conditions might
also activate the driver in comparison to more monotone driving environments and might
therefore result in faster reactions to unexpected events.

Supporting the driver under these driving conditions by intervening in the lateral ve-
hicle dynamics in situations when an accident is inevitable by braking (e. g. a pedestrian
entering the driving path from a sight obstruction) could reduce the number of severe ac-
cidents. At the same time these interventions could pose a threat on other road users due
to unexpected and inadequate driver reactions. Thus, it should be tested how drivers react
to those system interventions.

Due to longer durations of the related steering intervention it should also be considered
whether possibilities to retract the intervention may increase the controllability. During
false positive activations a retraction might help the driver to reduce the consequences
of the intervention. On the other hand, a retraction in case of normal system use (true
positive) might reduce the effectiveness of the intervention. Therefore, the differentiation
between driver reaction to normal system use and to false positive activations can provide
benefit to the overall controllability and effectiveness of these systems.
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The following chapter will derive research questions and hypotheses concerning the
driver reaction to system initiated evasive manoeuvers (Sect. 27.3) after summarizing ex-
isting knowledge on the influence of the driving context on the driver reaction (Sect. 27.2).
Afterwards, the experimental design that has been used to analyse the research questions
will be presented (Sect. 27.4). Results of the experiment are broken down into the descrip-
tion of observed reaction patterns (Sect. 27.5), the influence of the available evading space
(Sect. 27.6) and the influence of the possibility to retract the intervention (Sect. 27.7). Fi-
nally, the insights of the conducted experiment are used to show a possibility to distinguish
between situations of false and true positive interventions (Sect. 27.8).

27.2 Existing Knowledge on the Influence of the Driving Context
in the Controllability Assessment

How driving context influences the driver reaction to system initiated steering interven-
tions has been investigated in the past with different focuses. One key finding of these
studies with regards to this chapter is that drivers damp steering interventions in case of
narrowed driving lanes or occupied adjacent lanes (see [1–3]). In the simulator study con-
ducted in [1] no uncontrollable driver behaviour or more collisions with spatial barriers
erased from haptic evasion guidance in case spatial barriers by oncoming vehicles. Fur-
thermore, it was shown in [2] that drivers damp steering interventions in narrowed driving
lanes to suppress lane exceedance. These results could be confirmed by a study in the sub-
project KON conducted with the “Vehicle in the Loop” investigating the controllability
from the prospective of oncoming traffic [3], see also Chap. 26.

In addition, the driving context was discussed in several studies concerning an appropri-
ate choice of a suitable test scenario for controllability evaluation of steering interventions
(e. g. [4–6]). Even though these studies do not directly address the driver reaction to sys-
tem initiated evasive steering manoeuvres, they give insights to the reasons why the driver
reaction varies in different driving contexts: It could be shown that the perceptibility of
additional steering torque depends on the current steering activity of the driver. In [4] the
authors stated that “additional steering torque can be neglected during stronger steering
activities” (based on the subjective driver rating) and suggest “to use only a straight driv-
ing context with narrowing of the road for the assessment of consequences of additional
steering torques”. These findings were supported by additional work in [5] and [6] leading
to a quasi-standard of the straight driving context with narrowing for the evaluation of the
controllability of steering interventions.
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27.3 Deduction of Related Research Questions and Hypothesis
for the Experiment

The main research question that arises from the previously discussed shift in the appli-
cation focus of ADAS in the direction of urban driving assistance is how spatial barriers
affect the natural driving behaviour on the one hand. On the other hand changes in the
natural driving behaviour will most certainly also affect the driver reaction to system initi-
ated evasive steering interventions. Therefore, this research question is broken down into
two hypotheses addressing these two aspects. To assess changes in natural driving be-
haviour the first hypothesis assumes that in case of narrow spatial barriers an increased
compensatory control activity regarding the steering wheel operation can be found. This
assumption is based on findings in [7, 8] and [9] which describe the human steering wheel
operation as combination of anticipatory and compensatory control activities. Combin-
ing this knowledge with the previously mentioned dependency between controllability of
steering interventions and the current steering activity of the driver (see [4–6] in Sect. 27.2)
it may be assumed that this dependency will also affect the controllability of evasive
steering interventions if investigated in different driving contexts (with different natural
steering activity of the driver). Hence, the second hypothesis assumes that in case of nar-
row spatial barriers comparable false positive steering interventions will result in lower
effects on yaw rate and lateral displacement. Research question 1 and the related hypothe-
ses are summarized as:

How do spatial barriers affect the natural driving steering behaviour and therefore the
driver reaction to system initiated steering interventions?

H1.1: In case of narrow spatial barriers an increased compensatory control activity re-
garding the steering wheel operation can be noticed.

H1.2: In case of narrow spatial barriers comparable false positive steering interventions
show lower effects on yaw rate and lateral displacement compared to cases without
narrow barriers.

Due to the fact that steering interventions in this experiment have a longer duration
compared to previously analysed steering interventions (e. g. for lane keeping) the possi-
bility to for a retraction and its dependency on the driving context should be considered.
Therefore, the second research question addresses the influence of a retraction on the
driver reaction and is again broken down in two hypotheses. In general, it is assumed that
the consideration of a retraction possibility is able to reduce the failure effect with regard
to the maximum yaw rate in case of false positive intervention. Going into more detail the
design of the retraction is supposed to be influencing for the maximum yaw rate in the way
that a continuous reduction of the additional steering torque has advantages compared to
an instant retraction. Here, the occurring reaction patterns are of high importance as it will
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be shown in Sect. 27.7 and build the link to the influence of the available evading space.
The second research question including its hypotheses is therefore:

How does the consideration of a retraction possibility affect the driver reaction in case
of system initiated steering interventions?

H2.1: Retraction possibilities are suited to reduce the maximum yaw rate in case of false
positive steering interventions.

H2.2: A continuous reduction of the additional steering torque results in lower maximum
yaw rates than an instant retraction.

27.4 Experimental Design for the Evaluation of the Influence
of the Available Evading Space

The situational influence of driving context on driver reaction to system initiated evasive
steering manoeuvres was analysed in a real-vehicle study on the controlled test field in
Aachen. 26 naïve test subjects were confronted with steering interventions for an eva-
sive manoeuvre in belief that they were participating in a study to assess the influence of
monotone repeating driving situations on driver fatigue.

Fig. 27.1 depicts the driving course that test subjects were asked to follow, consisting
of three different driving scenarios: Drivers entered the course in the first section which
is a 100m straight road segment with lane markings for two lanes (width = 3.5m, in the
following referred to as “Lane markings”). Following the course, the lane markings make
a smooth bend leading into the second section. Section 2 is an intersection on the vehicle
dynamic area of the test track where a foam obstacle entered the driving lane from a sight
obstruction requiring an evasive manoeuvre. To generate the necessity for the driver to
come back to the initial driving lane after the evasive manoeuvre oncoming and surround-
ing traffic was simulated with vehicle dummies. Coming back to section 1 of the course
the drivers had to pass a 2.5m wide and 100m long pylon alley which required precise
lateral control due to the narrow spatial barriers in combination with the vehicle width of
1.85m.

Drivers were asked to maintain a speed between 45 and 50 km/h where possible to rep-
resent a common urban driving situation. As mentioned in Sect. 27.2 all sections of system
interventions were chosen to be in a straight driving contexts to allow comparison with ex-
isting literature. Each driver drove the course 21 times experiencing steering interventions
in different use cases in pseudo-randomized order. The first three rounds were used to
assess the natural lateral control behaviour of the test subjects. Afterwards, steering inter-
ventions in the lane markings and in the pylon alley were presented to the driver as false
positive interventions, while true positive interventions could only be investigated in the
intersection. To minimize training effects false positive interventions were also initiated
in the intersection.
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Fig. 27.1 Experimental Setup

Twelve female and fourteen male test subjects participated in the experiment and were
assigned to three age groups (under 25, 25 to 45 and over 45 years, see Table 27.1). The
average age was 32.4 years. Test subjects had driving experience varying from less than
10,000 km up to over 800,000 kmwith an average overall mileage of 166,000km and were
monetary rewarded for their participation.

A steering intervention was presented to the test subjects that was based on a de-
sired steering wheel angle signal of a satellite based collision avoidance system which
was developed in another research project [10]. The steering wheel angle trajectory (see
Fig. 27.2) was triggered by a high precision positioning system to realise a high repro-
ducibility regarding the driving context and considered the driver set steering wheel angle
prior to the system activation in case of true positive interventions. In case of no driver
interaction it produced a lateral offset of 0.9m and guided the driver back to the initial

Table 27.1 Descriptive statistics of the driver sample

Female Male

Under 25 years 5 (23/56,000)a 4 (20/55,000)
25 to 45 years 5 (30/170,000) 6 (31/181,000)
Over 45 years 2 (49/152,000) 4 (55/462,000)
Overall 12 (30/120,000) 14 (35/209,000)

a(avg. age/avg. mileage in km)
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Fig. 27.2 System steering wheel torque and angle

driving lane after the evading manoeuvre. To achieve the desired steering wheel trajec-
tory an additional steering torque of 8Nm with a gradient of 250Nm/s (measured at the
steering wheel) could be applied.

Due to the intervention duration of about two seconds the possibility to retract the
evasive manoeuvre was investigated with regards to its interdependency to the driving
context. The retraction could be initiated by the driver by applying a steering wheel torque
of more than 4Nm for more than 300ms in the opposite direction to the system. The first
200ms were excluded from this possibility because of the initial reaction triggered by the
motion of the steering wheel, see [11]. Therefore, the earliest point in time for the onset
of the retraction was 500ms after the beginning of the intervention.

Two different retraction versions of the additional steering torque were analysed: While
in the first case the currently applied additional steering torque was retracted instantly,
a continuous reduction over 500ms was realised in the second case. Both versions were
compared to intervention without the possibility to retract the intervention where drivers
experienced the complete intervention. For each system intervention it was predefined
which version was presented to the driver.

27.5 Reaction Patterns to System Initiated Emergency
Steering Interventions

The results of the previously described experiment start with a description of the observed
driver steering behaviour. First, the reaction patterns in case of false positive interventions
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are described with special focus on those interventions that can be retracted (Sect. 27.5.1).
In the second part, different reaction types to true positive interventions are investigated
(Sect. 27.5.2) which are of high relevance for a suitable design of an override criterion
serving as a trigger for a possible intervention retraction (see Sect. 27.8).

27.5.1 Driver Reactions to False Positive Interventions

To understand what the differences in the driver reaction between different driving con-
texts are, one should take a look at typical reaction pattern first. Assuming that the driver is
willing to override a false positive steering intervention, three different phases in the driver
reaction can be found: After the onset of the additional steering torque an increase of the
steering wheel angle can be observed until the driver prevents a further increase. This
phase is called failure phase because it is dominated by the failure characteristic and ends
with a first peak in the steering wheel angle that is also called maximum failure induced
steering wheel angle (compare [11]). The driver answers the increase of the steering wheel
angle with a haptically triggered countersteering. The failure induced steering wheel angle
is reduced and often inverted by applying a steering wheel torque that is higher than the
additional steering torque of the system. When this initial countersteering motion ends in
the second peak of the steering wheel angle, the compensation starts and leads over to the
normal driving condition.

Fig. 27.3 shows two different reaction patterns to a steering intervention that could be
retracted with a continuous reduction of the additional steering torque. On the left side the
driver shows a commonly fast reaction to the onset of the steering intervention. Due to the
fact that the initial countersteering is finished when the continuous reduction starts, the
driver is already in the compensation phase and experiences the change in the additional
steering torque as a further error. In the following, this reaction pattern is referred to by
“no interference” (of countersteering and additional steering torque reduction).

Fig. 27.3 Reaction patterns to false positive interventions (b without interference, a with interfer-
ence)
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Table 27.2 Occurrence frequency of reactions patterns to false positive interventions

No interference Interference

Lane markings 59% (103/174) 41% (71/174)
Intersection 67% (68/102) 33% (34/102)
Pylon alley 76% (132/173) 24% (41/173)

The reaction pattern on the right side to the contrary shows a delayed driver reaction
to the onset of the steering intervention, noticeable by the higher failure induced steering
wheel angle at a later point in time. Due to the delayed reaction, the initial countersteering
overlaps with the reduction of the additional steering torque (at t = 0.5 sec) which results in
significantly higher amplitudes of the steering wheel angle. The prolonged countersteering
is followed by the compensation phase and results in a longer overall failure compensation
with noticeable higher vehicle dynamics. Similar reactions are called “interference” (of
countersteering and additional steering torque reduction) in the following.

Taking a look at the occurrence frequency of these two reaction patterns during the
experiment reveals the first evidence for the influence of available evading space on the
driver reaction (Table 27.2): In the pylon alley with its narrow spatial barriers the lowest
percentage of interference reactions was observed, the section with lane markings and no
physical barriers revealed the highest number. For the intersection which had some spatial
barriers, but not as narrow as the pylon alley, the percentage lays in between the lane
markings and the pylon alley.

Two important aspects can be derived from this result: First, it can be concluded that
for the analysed steering intervention the existence of narrow spatial barriers decreases
the number of delayed reactions to the steering intervention onset (and therefore the oc-
currence of reactions with interference between initial countersteering and the reduction
of the additional steering torque). A second way of interpreting these results suggests that
drivers adapt their behaviour to the current driving environment. In situations when there
is only little available space for compensating steering disturbances drivers act faster and
allow less lateral deviation. This interpretation is in line with the findings on behavioural
adaptations due to changes in the demand by the driving task which has been shown by
e. g. [12–14].

27.5.2 Driver Reactions to True Positive Interventions

When analyzing the driver reactions to system initiated steering interventions during nor-
mal system use – i. e. in an emergency evasive manoeuvre – one can categorize three types
of drivers: The first two types show an obvious tendency to solve the critical situation
by steering. Least often drivers show active steering support of the steering intervention.
Characteristic for this type of reaction is a drop in the steering torque applied by the driver
which can be seen after roughly 350 to 450ms (see Fig. 27.4). At that point in time the
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Fig. 27.4 Reaction patterns to true positive interventions

initial reflex-like fixation is changed into an active support by turning the steering wheel
actively into the same direction as intended by the system. As a consequence, this type of
reaction shows the highest yaw rates during the execution of the evasive manoeuvre.

The second type of reaction that allows assuming an evading intention of the driver is
damping. A taking up of the system steering input by the driver cannot be found for this
type, but the yaw rate shows a typical evasive behaviour of the vehicle with a damped
amplitude in comparison to the system planed yaw motion. This means that the driver
allows the vehicle to evade, but with reduced vehicle dynamics. At this point, it has to
be mentioned that not the full dynamic of the planed steering intervention was necessary
to avoid the foam obstacle due to the desired safety margins in the experimental design.
Hence, it cannot be finally determined whether the damping behaviour is caused by the
wish of the driver not to exceed certain vehicle dynamics (possibly to avoid a subjectively
perceived loss of control) or a planned, situation adequate reduction of the dynamics.

The reaction pattern of the third type does not differ from damping and can be seen as
a maximum damping, called fixation in the following. Compared to the previous reaction
types (active steering support and damping) drivers showing this reaction type allow al-
most no vehicle dynamics. Especially an evading trajectory cannot be recognised based on
the yaw rate signal. The recorded vehicle dynamics result from the differences between the
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additional steering torque and the compensating torque by the driver. This type of reaction
is most comparable to reactions when driver try to suppress any steering wheel motion
and vehicle dynamics as good as possible (e. g. during false positive interventions).

Differences between those reaction types are important to consider for the system based
evaluation of the driver intention (Chap. 28), e. g. in the design of an override criterion
(see Sect. 27.8). Especially the distinction between fixation and damping seems to be
challenging. However, this distinction it needed due to the assumed differences in driver
intention which is only reflected in small parameter-differences and leads to very similar
reaction patterns.

27.6 Influence of the Available Evading Space on the Driver Reaction

As it has already been shown in the description of reaction patterns to false positive in-
terventions the experiment revealed an influence of the driving context which was also
described in the literature (see Sect. 27.2). To further investigate this influence with fo-
cus on its influence in the context of the controllability assessment, changes in the natural
steering behaviour (meaning without influence of steering interventions) due to the driv-
ing context are analysed (Sect. 27.6.1) and used in the following to explain differences in
the driver reaction to system initiated steering interventions (Sect. 27.5).

27.6.1 Differences in the Natural Steering Behaviour

Sect. 27.3 described behavioural adaptations due to changes in the demand by the pri-
mary driving task that have been documented by [12–14]. Enhancing the deployment of
ADAS in urban areas as intended by the UR:BAN project has to consider these possible
behavioural adaptations by the driver. Focus of interest in the context of this chapter is
the change in the steering control activity by the driver. For the evaluation of the driver
reaction to the steering interventions to be investigated it has to be analysed whether dif-
ferences between driver reactions originate e. g. from inter-individual variability or have
a systematic background based on to the driving context and the related steering activity.

In [15] several parameters for the evaluation of the driver’s steering control activity
are discussed. One is the frequency spectrum of the driver steering torque input. Previous
work on the human steering wheel operation [7–9] showed that certain frequency bands
are associated with different control strategies of the driver: Frequencies between 0 and
0.1Hz are due to the road curvature. Above that frequency one can distinguish between
anticipatory (also called feed forward) and compensatory (also called feedback) control
activity. Anticipatory control activities lie in the range between 0.1 and 0.3Hz and repre-
sent steering input that drivers set for the planed course with a certain time horizon. Since
drivers also have to fulfil other tasks while driving (e. g. observation of the surrounding
traffic) they do not maintain a continuous control of the lateral vehicle position. Therefore,
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Fig. 27.5 Frequencies of natural driving behaviour

they correct possible deviations from the planed course intermittently. Those corrections
are executed with control activities in the frequency band above 0.3Hz.

To compare changes in the natural steering control behaviour data from the first three
passages through the lane markings and the pylon alley were analysed. The data for each
driver was recorded prior to the first system intervention to avoid possible influences from
expectations of further interventions. Fig. 27.5 shows on the left side the averaged fre-
quency spectrum of the driver input normalized by the signal energy. In the frequency band
of anticipatory control activities a distinct peak for the lane markings can be recognised.
The steering input for the pylon alley is noticeably lower in this frequency band. Right at
the transition between anticipatory and compensatory frequencies the ratio between lane
markings and the pylon alley changes. To quantize this observation Fig. 27.5 shows on
the right side the distribution of the ratio between compensatory and anticipatory frequen-
cies for all drivers. While the ratio is below one for the lane markings (i. e.: higher input
of anticipatory frequencies compared to compensatory frequencies), there is a significant
difference to the ratio for the pylon alley which is above one (t(25) =�10.09, p< 0.001).
Hypothesis 1.1 (see Sect. 27.3) is therefore confirmed: In case of narrow spatial barriers
an increased compensatory control activity regarding the steering wheel operation can be
noticed.

27.6.2 Differences in the Driver Reaction in Case
of False Positive Interventions

The different versions of the steering intervention were investigated within the experiment
in different order per test subject, a uniform distribution in the two analysed sections was
required leaving 15 participants for the following evaluation of the driver performance.
More details about the influence of the intervention characteristics on the driver perfor-
mance are described in [16].
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Two objective measures were chosen to quantify the effects of the noted behavioural
adaptations in cases of system steering interventions: The maximum yaw rate as well as
the lateral displacement is commonly used to evaluate the controllability of lateral acting
ADAS. In Fig. 27.6 distributions of both measures for false positive steering interventions
can be seen. For both parameter the maximum was assessed from the onset of the steer-
ing intervention until they driver restored normal driving conditions (determined by the
yaw motion of the vehicle). Significantly higher values of yaw rate and lateral displace-
ment were measured in the section without narrow spatial barriers (yaw rate: t(14) = 5.16,
p < 0.001; lateral displacement: t(14) = 4.41, p< 0.001). Hence, also hypothesis 1.2 is con-
firmed: In case of narrow spatial barriers comparable false positive steering interventions
show lower effects on yaw rate and lateral displacement compared to cases without nar-
row barriers.

Beside lower amplitudes of these parameters also a lower variance was documented for
the pylon alley. Lower variance is also found in the time of the failure induced steering
wheel angle which is often interpreted as reaction time in the context of steering interven-
tions (compare Fig. 27.7). Like yaw rate and lateral displacement also the reaction time
shows a significant effect of the driving context (t(14) = 4.41, p <0.001). Even though, the
effect size is not very big, one can assume that the lower yaw rate and less lateral dis-
placement result from a faster reaction by the driver due to overall higher steering activity
in the pylon alley. In summary, it can be assumed, that drivers show a situation-adequate
reaction to the false positive interventions: In situations when a fast reaction is required to
avoid collision with spatial barriers drivers do react fast. Whether this effect is attributable
to the lane width or to the existence of spatial barriers cannot be finally determined based
on the present data set since both parameters were varied at the same time in the chosen
experimental set up.

Fig. 27.6 Yaw rate and lateral displacement during false positive interventions



27 Consideration of the Available Evading Space 473

Fig. 27.7 Time of failure in-
duced steering wheel angle
maximum during false positive
interventions

27.7 Influence of a Retraction Possibility on the Driver Reaction

In Sect. 27.5.1 it was shown that the driver reaction pattern to false positive steering in-
terventions depends on the driving context. Beside this situational influence it is obvious
that the reaction and its consequences regarding the vehicle dynamics are also depending
on the intervention characteristics. Due to the prolonged duration of the discussed steer-
ing interventions two different retraction possibilities have been tested in the experiment.
They aim on reducing the consequences of interventions that do not meet the intention
of the driver, e. g. during false positive interventions. To this end, two aspects are of im-
portance: First, an override criterion has to be developed that is able to detect the driver
intention (prior or during the intervention). Insights on the differences between driver re-
actions to different use cases as shown in Sect. 27.5.1 and 27.5.2 can be beneficial for the
development of a suitable override criterion (see Sect. 27.8). The second aspect addresses
the design of the retraction procedure in case an override intention is detected. In the fol-
lowing the data of the experiment are used to evaluate two approaches with regard to their
suitability to reduce the consequences of situations with diverging intentions of system
and driver (e. g. during false positive interventions).

In Sect. 27.3 the research question was formulated how the consideration of a retrac-
tion possibility affects the driver reaction in case of system initiated steering interventions.
Here, the focus is set on a possible reduction of consequences in cases diverging intentions
of system and driver and not on the detection accuracy of the rudimentary override crite-
rion (see Sect. 27.4). The basis for the evaluation is the maximum yaw rate. As previously
described it is assumed that considering a retraction possibility is (in general) able to re-
duce the maximum yaw rate in case of false positive interventions (see H2.1 in Sect. 27.3).
To that end Fig. 27.8 shows the maximum yaw rates for the two different retraction ver-
sions that were implemented in the experiment. Maximum yaw rates from driver reaction
to system interventions that could not be retracted by the driver serve as a reference. All
three conditions are split into driver reactions with and without interference of the reduc-
tion of the additional steering torque. For the reference condition the interference with the
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Fig. 27.8 Maximum yaw rate depended on retraction possibility

countersteering motion of the steering angle trajectory was determined. Both retraction
approaches reduce the maximum yaw rate significantly for driver reaction with as well as
without interference meaning that H2.1 is confirmed: Retraction possibilities are suited to
reduce the maximum yaw rate in case of false positive steering interventions.

Taking a more detailed look at the differences between the two retraction approaches
for H2.2 reveals a dependency of the reaction type: While there is a significant difference
in the direct comparison between the maximum yaw rates for the continuous reduction
and the instant retraction, the effect size is lower and not significant for reaction without
interference. This means that the retraction design has only influence for the conducted
experiment in cases where the driver shows a delayed reaction to the onset of the steering
intervention. However, the data shows no advantage for the continuous reduction com-
pared to the instant retraction as it was assumed by H2.2 which is therefore rejected:
A continuous reduction of the additional steering torque results in lower maximum yaw
rates than an instant retraction.
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27.8 Design of an Exemplary Override Criterion

In Sect. 27.7 it was shown that the consideration of a retraction possibility is able to reduce
the consequences regarding the vehicle dynamics for situations with diverging intentions
of system and driver. As it was pointed out one elementary step is the design of an over-
ride criterion that is suitable to distinguish between different reaction patterns and their
related driver intention. Reactions patterns have been described in Sect. 27.5 and form the
basis of the intention evaluation. The goal of this distinction is to retract the additional
steering torque if an override intention is detected or to continue the steering support if
the drivers’ steering behaviour complies with the steering intervention. The goal of the
design of a retraction possibility is to take the decision to retract the additional steering
torque in case an override intention (reaction pattern: fixation) or to continue the steering
support when an evading intention is detected (reaction patterns: active steering support
and damping).

The data of the conducted experiment has been used to evaluate different approaches
for a suitable override criterion. The different approaches were tested offline on the data.
Most promising was an approach based on the comparison of the desired steering wheel
angle velocity and the one implemented by the driver (Eq. 27.1). The underlying idea is
that the driver steers different than the system intends operationalised to “the system tries
to increase the steering wheel angle whereas the driver tries to decrease it (or is steering
in the other direction)”

sign. P'System/ ¤ sign. P'Driver/ (27.1)

To avoid erroneous classifications due to short time effects a trend analysis can be
considered for the override criterion: The override criterion is then only fulfilled if the
condition described in Eq. 27.1 is continuously present for a specific time (tTrend). The
described approach has been tested on data sets from the previously described experiment
and one additional experiment in the driving simulator of the WIVW GmbH. In both
data sets only those steering interventions which included no retraction possibility were
analysed to avoid influences from intervention characteristics.

The results from the offline classification are depicted in Table 27.3. They show in how
many cases and after which time the criterion would be fulfilled for true positive and false
positive interventions. The time indicates when the steering torque would be retracted.
Evaluating the data including the videos from interior observation showed that especially
for true positive intervention not all drivers have an evading intention, but try to override
the intervention. Possible explanations for this behaviour may be a general fear of loss
of control over the vehicle dynamics or the chosen wide safety margins in the design
of the evading situation (see Sect. 27.4). But also in false positive cases some drivers
allowed high amplitudes of lateral deviation when enough evading space was available.
These phenomena make it difficult to assign a general reference for the evaluation of
the accuracy of the developed criteria: While for false positive interventions the goal of
100% criterion fulfilment would be beneficial for the controllability, the intuitive goal of
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Table 27.3 Classification results for most promising override criterion

True positive cases False positive cases

Criterion fulfilled Time [s] Criterion fulfilled Time [s]

tTrend = 0ms 39% 0.17 83% 0.16
tTrend = 10ms 33% 0.175 83% 0.17
tTrend = 20ms 27% 0.18 69% 0.18

Criterion fulfilled Time [s] Criterion fulfilled Time [s]

tTrend = 0ms 52.4% 0.22 53.3% 0.14
tTrend = 100ms 11.9% 0.42 Insufficient consideration of

damping

0% criterion fulfilment in true positive cases seems unrealistic and based on the observed
behaviour also not correct. Nevertheless, three aspects can be seen from Table 27.3:

1. For the chosen approach a compromise has to be found: Increasing the time frame
for the trend analysis decreases the percentage of situations in which the criterion is
fulfilled for both, true and false positive cases. While this may be positive for the true
positive cases (assuming that the ground truth is below the shown values for that use
case), the decrease for false positive cases is rather negative. The parameter tTrend may
therefore serve as a design parameter to choose a more liberal or conservative system
design.

2. The time window for the detection of an override intention starts roughly 200ms after
the start of the measurable driver reaction for the chosen approach. Naturally, increas-
ing the trend analysis time postpones the detection time of the override intention, but
provides more reliability that the observed behaviour is due to the driver’s override
intention and not just a short variation in the driver set steering wheel angle.

3. The classification accuracy has its limitations in the variety of the individual driver
behaviour. One example can be seen in the condition with tTrend = 100ms of the second
data set: In false positive cases some drivers showed initially damping behaviour, but
started a steering motion afterwards and were therefore insufficiently considered.

27.9 Conclusions

Two research questions regarding the effect of spatial barriers on the driver behaviour
and the influence of a retraction possibility have been formulated and investigated in this
chapter. The main results are be used in the following to answer these questions.
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How do spatial barriers affect the natural driving/steering behaviour and therefore the
driver reaction to system initiated steering interventions?

It was shown that the natural driver behaviour is influenced by narrow spatial barri-
ers. Drivers adapted their lateral control behaviour to a significantly higher compensatory
control activity. This behavioural adaptation led to faster reactions and lower maximum
yaw rates in case of false positive steering interventions. In addition, some of the observed
reaction patterns to false positive interventions occurred more often in a specific driving
context than others. Overall, one can say that drivers adapt their behaviour to the driving
context: In case of narrow spatial barriers drivers react faster and allow less lateral devia-
tion. If enough evading space is available drivers also allow higher lateral deviations. This
knowledge should be considered in the experiment design of the controllability evaluation
methods.

How does the consideration of a retraction possibility affect the driver reaction in case
of system initiated steering interventions?

Retraction possibilities could help to reduce effects of false positive steering inter-
ventions with regard to the maximum yaw rate. In the present study, the implemented
continuous reduction of the additional steering torque showed no clear improvement com-
pared to an instant retraction/reduction. On the contrary, for delayed driver reactions –
meaning higher maximum failure induced steering wheel angles – the instant retraction
revealed slightly lower maximum yaw rates.

For the design of an override criterion a comparison between the system intended and
driver implemented sign of the steering wheel angle velocity seems to be a good indica-
tor. Especially, in combination with a trend analysis for the criterion the approach is able
to distinguish between drivers with and without override intention with a good accuracy.
Evaluating the detection accuracy of the override criterion involves the problem of a clear
reference (ground truth): Also during true positive interventions some drivers override the
system intervention. In addition, not all drivers override a system intervention in false
positive cases but only damp the additional steering torque allowing noticeable lateral de-
viation if the space is available. Therefore, a reference like “true positive = 0% override
criterion fulfilment and false positive = 100% override criterion fulfilment” is not realis-
tic. However, to increase the reference accuracy the test situation should be defined so
that during the false positive intervention overriding is required to avoid a collision with
other obstacles. Also the situation of the normal system use should impose a high reaction
urge to avoid the obstacle enabling a sharp distinction between overriding and acceptance
intention.
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28Designing Emergency Steering and Evasion
Assist to Enhance Safety in Use
and Controllability

Norbert Schneider, Guy Berg, Svenja Paradies, Peter Zahn, Alexander
Huesmann, and Alexandra Neukum

28.1 Introduction

To date most driver assistance systems associated with steering focus on increasing driv-
ing comfort by supporting the driver during manual driving. This includes primarily lane
keeping, lane centring and parking assistance. However, up to now no assistance system
has been introduced to the market featuring an emergency steering and evasion assistant.
Although research activities have increased in the last years, several challenging issues
still remain to be solved. This includes the design of steering and evasion assistants that
effectively help to avoid collisions and can be controlled in case of a false positive activa-
tion.

To effectively avoid collisions in time-critical scenarios, the intervention of a steering
and evasion assistant has to be highly dynamic. However, to be controllable in case of
a false positive activation, the intervention of a steering and evasion assistant has to be
limited. This goal conflict between the effectiveness in a true positive scenario and the
controllability in case of a false positive activation cannot be easily solved. Moreover,
research suggests that drivers reduce the effectiveness of steering and evasion assistants
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based on steer torque actuators by holding the steering wheel firmly at the beginning
of an intervention. This reaction of the drivers reduces the collision avoidance potential
of steering and evasion assistants. Several strategies were developed to overcome these
problems, like using different steering actuators, decoupling of the driver input from the
actual steering (cf. steer-by-wire functionality), using override detection or implement-
ing warnings prior to an intervention. However, it is difficult to assess which measures
are most promising to influence effectiveness and controllability of a steering and evasion
assistant. To date most publications solely focus on technical aspects of different system
designs leaving the interaction of the system design with the driver out of scope. Nonethe-
less, for the assessment of the influence of different system designs it is important to have
detailed knowledge about the interaction of the system design with the driver. This chapter
describes different designs of an emergency steering and evasion assistant and discusses
advantages as well as disadvantages of these designs with a focus on the interaction of the
system with the driver. Additionally, current research activities focusing on the interaction
with the driver are summarized.

At the beginning of this chapter we will discuss different intervention concepts
(Sect. 28.2), followed by actuators which can be used to implement these interven-
tion concepts (Sect. 28.3). The chapter concludes with the summary of current research
activities which are discussed regarding their implications for the collision avoidance
potential and controllability of different system designs (Sect. 28.4).

28.2 Intervention Concepts

There are several concepts of steering and evasion assistants, which differ in the level of
automation and support they provide. The shown categorization is based on the work of
Dang, Desens, Franke, Gavrila, Schäfers and Ziegler [1] and was slightly adapted to focus
on the required interaction of the different concepts with a/the driver:

� directional steering recommendations,
� driver initiated evasion assistance,
� automatic evasion assistance.

28.2.1 Directional Steering Recommendations

Directional steering recommendations support the driver by making a recommendation
regarding the required steering direction to avoid a collision with an obstacle (e. g. [2, 3]).
Besides visual and acoustic recommendations directional steering torques [1, 4], steering
wheel vibrations [5, 6], or unilateral braking [4, 7] can be used. Although visual and
acoustic recommendations are more likely to be associated with warnings and do not
influence the vehicle trajectory directly, directional steering torques can slightly alter the
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vehicle’s trajectory. However, the decision to start an evasive manoeuvre is still up to the
driver and the driver is thought to have full control of the vehicle. Nonetheless, the driver
could be startled by directional steering torques, or rely on the recommendation which
could have a negative impact on safety in use. Research has shown that the impact on
the vehicle’s trajectory and the driver’s reaction is influenced by the configuration of the
directional steering torque’s amplitude and gradient [8–12].

28.2.2 Driver Initiated Evasion Assistance

A driver-initiated evasion assistance (e. g. [13]). requires the driver to initiate the evasive
measures. Typically, the system detects a steering reaction made by the driver who wants
to avoid a collision with an obstacle. If the driver’s steering direction corresponds with
the planned trajectory, the system supports the driver by optimizing the trajectory to avoid
a collision with the obstacle. Beside the driver’s steering reaction brake reactions have also
been discussed to be used to initiate the evasion assistance [14]. Compared to automatic
evasion assistance, a possible benefit is the reduced risk for false positive activations.

28.2.3 Automatic Evasion Assistance

An automatic evasion assistant predicts a collision with an obstacle within a critical time
span and automatically starts an evasive manoeuvre by steering the vehicle along a planned
trajectory around the obstacle (e. g. [4, 7, 15, 16]). A possible benefit of this concept is
that it does not rely on the driver’s reaction to avoid a collision. However, safety issues in
case of a false positive activation have to be considered when designing such systems and
according to current legal rules and regulations the driver should be able to override the
assistance [17]. Additionally, it is still unclear how the takeover process has to be designed
to minimize risks when the driver regains the control during or after an intervention.

28.3 Actuators

Besides the described evasion concepts, several steering actuators or technological con-
cepts exist which can be used to influence the lateral movement of the vehicle [18].
Depending on the technical solution that is used to implement the emergency steering and
evasion assist, the driver gets direct feedback from the steering wheel or indirect feedback
from the vehicle and vehicle dynamics. Additionally, the same driver reactions can lead
to different results depending on the used actuator. In the following section four different
actuators are described which have been subject to participant studies, and advantages as
well as disadvantages are named.
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28.3.1 Steer Torque Actuator

The steering torque actuator uses a directional steering torque overlay to change the steer-
ing direction (for further information see [1, 19]). Interventions by the steering torque
actuator give a direct and intuitive feedback to the driver at the steering wheel by influ-
encing steering torque and steering wheel angle. The driver is capable of influencing or
suppressing the intervention by counter steering, as long as the applied steering torques are
not too strong. Research indicates that sudden steering torque changes, which are needed
to implement an emergency steering and evasion assistance might irritate the driver or trig-
ger driver reactions which lead to a reduction of the collision avoidance potential. Steering
torque actuators and reaction patterns to additional steering torques have been subject to
many studies (e. g. [8–12, 20, 21]), and a large section of the available research has fo-
cused its studies about emergency steering and evasion assist or steering assist in general
on steering torque actuators (e. g. [1, 3–5, 7, 13, 15, 22–26, 26, 27]).

28.3.2 Steer Angle Actuator

The steer angle actuator uses an angle overlay. The desired steer angle is added to the
steer angle applied by the driver at the steering wheel (for further information see [1, 28]).
To reach full collision avoidance potential with the steer angle actuator the driver has
to hold a short reaction torque at the steering wheel at the beginning of the intervention
[1]. This behaviour could lead to an initial counter steering reaction by the driver which
might have a negative impact on collision avoidance potential or controllability in case of
a false positive activation. The overall feedback of the steer angle actuator is thought to
be not as direct and intuitive for the driver as the steer torque actuator. Additionally, the
steer angle actuator influences the steer ratio. This could result in an offset of the steering
wheel during the intervention, which might irritate the driver as the correlation between
steering wheel angle and the lateral movement of the vehicle is changed. A combination
of the steer angle and steer torque actuator might help to improve the consistency of the
feedback for the driver.

28.3.3 Unilateral Braking

A yaw rate can be created by braking only the left or the right wheels of the vehicle. In this
case, no direct feedback is given to the driver via the steering wheel. All information about
the intervention has to be obtained from vehicle dynamics or from additional warnings.
The driver can influence the desired trajectory by counter steering. However, unilateral
braking is thought to be suitable only for rare and short interventions [1] and the driver’s
steering behaviour might interfere or overlap with the system intervention. A combination
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of unilateral braking and steering torque actuators could help to overcome these limitations
and increase the collision avoidance potential of steering torque actuators (e. g. [4, 7]).

28.3.4 Steer byWire

Contrary to the other actuators, steer-by-wire does not necessarily have a mechanical con-
nection between the steering wheel and an actor who changes the angle of the wheels (for
further information see [29]). The steering command is transmitted electrically from the
control unit to the actor. This allows a wide variety of different system designs resembling
the characteristics of steering torque and steer angle actuators as well as unilateral braking
or combinations of the aforementioned. Additionally, a total or temporary decoupling of
the driver could be implemented which could help to increase the effectiveness of steering
and evasion assistance systems (e. g. [15, 27]). However, safety issues in case of a false
positive activation have to be considered when designing such a system as current legal
rules and regulations require the possibility for the driver to override the assistance at all
times.

28.4 Design Implications Based on Experimental Studies

In the following, we report the results of current research activities which focus on the in-
fluence of different designs on the collision avoidance potential, safety in use and controll-
ability of an emergency steering and evasion assistance. Therefore, results are summarized
and discussed according to the following key aspects:

� reaction pattern,
� steering recommendations vs. automatic evasion assistance,
� potential of warnings,
� potential of override detection,
� decoupling of the driver.

28.4.1 Reaction Pattern

Almost all studies featuring steering interventions of an automatic or driver initiated steer-
ing and evasion assist with a steer torque actuator report an undesired damping of the
steering intervention by the driver in collision avoidance scenarios. This reduces the col-
lision avoidance potential in true positive scenarios and the lateral offset in case of a false
positive activation (e. g. [3, 4, 7, 15, 24, 27]). The characteristics of this damping reaction
have not been reported in detail so far, although they could play an important role for
the design of a steering and evasion assist. This effect could also be observed in several
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studies within the UR:BAN KON project (Chap. 27). A detailed analysis of the driver’s
reaction pattern at the steering wheel revealed two reaction phases (Fig. 28.1):

The first phase is dominated by the damping reaction of the driver which starts ap-
proximately 200–300ms after the beginning of the steering intervention. This reaction
is assumed to be triggered by the sudden change in steering torque (see also [8, 9, 30])
and could be observed in true positive as well as false positive scenarios. Additionally,
it could be shown that this timeframe is influenced by the characteristics of the steering
intervention. A lower steering torque gradient delays the damping reaction slightly [3,
31].

The second phase is dominated by the driver’s intention to suppress or pick up the
steering intervention and follows directly after the first phase, starting approximately 400–
800ms after the beginning of the steering intervention. Prior to this, it is difficult to dis-
tinguish between drivers who want to suppress, damp or pick up the intervention based on
the driver behaviour.

This reaction pattern could play an important role in the design of an emergency steer-
ing and evasion assistant based on a steer torque actuator. Although further confirmation
is needed, the observed time frames indicate how long it takes for the driver to react to the
steering intervention. Research suggests that similar reaction patterns can be observed for
unilateral braking [32] or steer angle actuators [33, 34]. This could be used to estimate the
consequences of a false positive activation or the timespan needed to detect the driver’s
intention of an override detection algorithm. Additionally, it could be used as an objective
measure to compare different system designs. System designs leading to a faster reaction

Fig. 28.1 Observed reaction pattern of a driver based on steering wheel angle (black line) and
steering wheel angle velocity (dotted red line). Phase I indicates the damping reaction of the driver
at the beginning of the intervention. Phase II indicates the intention of the driver to follow the
steering intervention
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of the driver could be beneficial for controllability as well as the effectiveness of an auto-
matic steering evasion assistant. However, to date most studies did not focus on analysing
differences in the reaction pattern as a consequence of system or scenario design.

28.4.2 Steering Recommendations vs. Automatic Evasion Assistance

Within the project UR:BAN KON we compared directional steering torques to a steering
intervention which applied a steering wheel angle following a sinusoidal curve producing
a defined lateral offset in a dynamic driving simulator.

Although directional steering recommendations showed a similar collision avoidance
potential in true positive scenarios, some drivers produced extreme steering wheel angles.
This resulted in large lateral offset which could have endangered surrounding traffic. The
tested steering intervention helped to prevent the occurrence of extreme steering wheel
angles by actively limiting the applied steering wheel angle. However, if the driver is only
assisted during the start of the evasive manoeuvre, the risk for the occurrence of a great
lateral offset is still increased compared to an intervention which helps to realign the
vehicle.

Therefore, it can be concluded that steering and evasion assistants which limit the ap-
plied steering wheel angle and assist the driver in realigning the vehicle help to maximize
safety in use.

28.4.3 Potential ofWarnings

Several authors suggested the implementation of visual, acoustic and haptic warnings in
collision avoidance scenarios in order to assist the driver in his decision to start an evasive
manoeuvre [2, 5, 35] or to prepare the driver for the intervention of a steering and evasion
assist [7, 15, 27]. The following sections summarize the research regarding different warn-
ing designs, as well as their influence on collision avoidance potential (true positive) and
controllability in case of a false positive activation of a steering intervention. Addition-
ally, two studies will be reported in more detail, which were conducted within the project
UR:BAN KON and focused on the influence of warnings.

Visual Warnings
According to Weber [35] visual warnings depicting the trajectory of the evasive manoeu-
vre on street level lead to a significant increase of drivers successfully avoiding a collision
by evasive measures. However, to our knowledge no study has reported the effect of visual
warnings on effectiveness, safety in use or controllability of steering interventions to date.
Additionally, it should be considered that visual warnings or warnings in general could
also be distracting and too complex to be perceived and understood within the available
timeframe [36].
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Acoustic Warnings
Acoustic warnings prior to the intervention increased the effectiveness of an automatic
steering and evasion assist in true positive scenarios. Similar effects of the acoustic warn-
ing in true positive scenarios case have been reported by Sieber et al. [7]. However, the
acoustic warning in Hesse et al. [15] lead to higher lateral offsets in case of a false posi-
tive activation, which could affect controllability. Although the acoustic warning in Sieber
et al. [7] seemed to have positive effects in the use case, the increased lateral offset re-
ported by Hesse et al. [15] could also lead to problems with surrounding traffic.

Directional Steering Torques
Directional steering torques (in the direction of the steering and evasion assist’s ma-
noeuvre) used as a haptic warning prior to the steering intervention seem to increase
effectiveness (in terms of successful collision avoidance and observed lateral offset in
the use case) and controllability (in terms of lateral offset in case of a false activation of
a steering intervention) of the steering and evasion assist compared to a system without any
warning prior to the intervention according to Hesse et al. [15] and Schieben et al. [30].
Although directional steering torques seem to elicit steering behaviour (see Sect. 28.4.3
Empirical Studies), studies indicate that the timing could be crucial. A directional steering
torque at a TTC of 1.6 s (400ms prior to the steering intervention) increased the collision
avoidance potential of a steering and evasion assist. However, a directional steering torque
at a TTC of 1.4 s (200ms prior to the steering intervention) did not. The reason for this
could be the reaction pattern of the driver following steering torque overlays (Sect. 28.4.1).

28.4.3.1 Empirical Studies
Although the aforementioned studies indicate that warnings might help to increase the ef-
fectiveness in the use case and the controllability of false positive activations, additional
confirmation is needed to understand how warnings prior to an intervention of a steering
and evasion assist have to be designed to achieve this effect. Within UR:BAN KON, two
studies were conducted which compared different warnings and their effect on the col-
lision avoidance potential, safety in use and controllability. In the following sections the
design and observed results of the conducted studies will be summarized.

Description of Study I
The first study was conducted on a test track with a prototype vehicle. Two different
warnings prior to a steering intervention of an automatic steering and evasion assist were
compared to an intervention with no prior warning in a between-subjects design with
N =60 participants. Participants experienced true positive and a false positive activation
of an automatic steering and evasion assist, either with or without a prior warning. As
warnings a directional steering torque (amplitude of 5Nm in the direction of the evasive
manoeuvre of the assistant) and a short brake pulse (maximum deceleration 1.5m/s2) prior
to a steering intervention were implemented. Both warnings were triggered at a time-to-
collision (TTC) of 1.9 s and were presented for 0.2 s.
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Results of Study I
In the true positive scenario the directional steering torque prior to the steering interven-
tion influenced drivers’ steering behaviour, leading to more steering reactions, whereas
the brake pulse influenced the drivers’ braking behaviour, leading to more brake reactions.
As there were no collisions observed in the study, no differences in collision avoidance
potential were found. However, in case of a false activation of the steering intervention
warnings increased the observed lateral offset which indicates that warnings could have
a negative impact on controllability.

Description of Study II
The second study was conducted in a dynamic driving simulator. In total, five different
warning designs were compared to a steering intervention with no prior warning in a be-
tween subjects design with N =60 participants. Directional steering torques, a brake pulse,
a combination of a directional steering torque or a tone and a visual display were used as
warnings. All drivers experienced a true positive scenario and a false positive activation
of the steering intervention.

� The directional steering torques were implemented with an amplitude of 4Nm which
was presented for 300ms. They were triggered either at a TTC of 1.4 s or at a TTC of
1.6 s. Additionally, a combination of the directional steering torque at a TTC of 1.6 s
and a visual warning was implemented.

� The visual warning displayed the steering intervention’s trajectory on street level with
a simulated head-up-display. Additionally, a small warning triangle was presented at
a fixed position.

� The visual-acoustic warning used the same visual warning but was accompanied by
a sinusoidal tone with a frequency of 1200Hz which was presented for 500ms.

� The brake pulse was implemented as a short deceleration of 1.5m/s2 for 300ms which
was triggered at a TTC of 1.6 s.

Results of Study II
In the true positive scenario almost all warnings increased the collision avoidance poten-
tial of the steering and evasion assist compared to an intervention without a prior warning,
except for the directional steering torque at a TTC of 1.4 s. Best collision avoidance poten-
tial was observed for the directional steering torque at a TTC of 1.6 s and the combination
of the directional steering torque and the visual warning. In case of a false activation of
the steering intervention all warnings increased the observed lateral offset except for the
directional steering torque at a TTC of 1.4 s. However, most drivers were able to reduce
lateral offset compared to the target value of 1.75m (Fig. 28.2).

Conclusion
The literature and the results of the reported studies further support the notion that de-
sign, modality and timing of the warning might influence driver behaviour even with the
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Fig. 28.2 Maximum lateral offset as a consequence of a false activation of the steering intervention

limited timespan. Directional steering torques seem to elicit steering behaviour whereas
brake pulses seem to elicit braking behaviour. Additional visual warnings could help to
strengthen these effects if they are designed accordingly.

In general, it seems to be difficult to design a warning which increases both the colli-
sion avoidance potential of steering and evasion assistants and the controllability of a false
activation. Therefore, no recommendation can be given whether a warning prior to a steer-
ing intervention should be implemented when designing a steering and evasion assist.
Additionally, it should be considered that warnings could have a stronger impact when
drivers are distracted (Chap. 29). However, most of the reported studies focused on atten-
tive drivers, which makes it even more difficult to give a recommendation regarding the
implementation of warnings in an emergency steering and evasion assistant.

28.4.4 Potential of Override Detection

In order to increase the controllability of false positive system activations of an automatic
emergency steering and evasion assistant the implementation of an override detection
mechanism has been discussed (e. g. [6, 15, 27]). The override detection mechanism ob-
serves the driver’s steering reactions and tries to detect whether the driver is acting against
the steering evasion assistant or not. If the system detects that the driver is acting against
the steering intervention, the intervention gets retracted and the control is handed back
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to the driver. A simple override mechanism has been reported by Hesse et al. [15] and
Schieben et al. [27] for a steer-by-wire emergency steering and evasion assistant, which
uses a steering wheel threshold. However, the results indicate that it did not help to in-
crease the controllability (in terms of reducing the lateral offset) of a false positive system
activation. Additionally it seems difficult to reliably detect an override intention prior to
0.7 s after the beginning of a steering intervention [6, 15]. In general the development of
a fast and reliable override detection based on the drivers steering behaviour seems to be
challenging. Although counter steering can be observed very early (see also Chap. 27),
the tendency of drivers to dampen or counter steer even in true positive scenarios (see
Sect. 28.4) require an elaborate design of an online override detection mechanism, which
has no negative impact on the effectiveness in true positive scenarios.

28.4.4.1 Empirical Study
In the following section an additional study is reported which was conducted within the
project UR:BAN KON. The study focused on the development and test of an online over-
ride detection mechanism and analyses whether the override detection and subsequent
retraction of the system initiated steering intervention has an impact on the collision avoid-
ance potential and controllability of an emergency steering assistant.

Study Description
The study was conducted with a prototype vehicle on a test track. The influence of an
oversteering classifier was analysed with N = 63 participants in a between-subjects design.
N =32 participants experienced a true positive and false positive system activation of an
automatic emergency steering assistant with an online oversteering classifier and N = 31
without. The online oversteering classifier was developed based on the data of prior study
which was conducted with N = 60 participants. It uses the steering wheel angle and addi-
tional situation parameters (lateral deviation and time reserve) to detect whether the driver
shows the intention to act against the system initiated emergency steering manoeuvre. To
consider different types of occurring driver reactions, the oversteering detection is ready
to respond 400ms after the emergency steering manoeuvre has been started and is active
until the obstacle has been passed. In the true positive scenario (cf. Fig. 28.3a) a pedes-
trian dummy was moved into the lane before the steering intervention was started. In case
of the false positive activation the manoeuvring space was restricted by marking posts
(cf. Fig. 28.3b). In order to avoid a collision with the marking posts participants had to
oversteer the steering intervention of the emergency steering assistant.

Results
In the true positive scenario (cf. Fig. 28.3a) all participants successfully avoided a colli-
sion with the pedestrian dummy. Oversteering reactions were only detected in rare cases,
shortly (200ms) before the obstacle was reached, when participants fell below the emer-
gency steering assistant’s intended safety distance to the obstacle, which was parameter-
ized rather conservatively in this study. However, at this point in time this has almost
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Fig. 28.3 True positive scenario with the pedestrian dummy (a) and false positive scenario with the
marking posts limiting the available manoeuvre space (b)

no consequence for the passing trajectory and did not influence the collision avoidance
potential.

In the false positive scenario (Fig. 28.3b) all participants were able to avoid a collision
with the marking posts in the direction of the evasive manoeuvre and showed oversteering
behaviour, leading to a retraction of the system intervention. Typically, the oversteering
could be detected after a time span of 550 to 750ms. Although the detection performance
of the oversteering classifier was 100% under the experimental conditions, no significant
effects of the oversteering classifier could be observed based on the objecting driving data
(e. g. reduced lateral offset). This indicates that beginning with their intentional reaction
drivers were able to suppress and compensate the applied steering wheel torque of up to
8Nm without apparent difficulties and adapt the vehicle’s trajectory to avoid a collision
with the marking posts. Although no differences were found regarding objective driving
data, subjective measures indicate that participants rated the system intervention as more
“natural” and “reliable” with an oversteering classifier compared to those who performed
the test without an oversteering classifier. Additionally, more participants were convinced
that the system was adapted to them if they experienced the interventions with an over-
steering classifier.

In general, the tested oversteering classifier proved to be an appropriate approach to
detect oversteering intentions of the driver as soon as possible and to distinguish it from
spontaneous steering reaction patterns as they can be observed within the first phase of the
reaction (Sect. 28.4).

Conclusion
Although participants seem to be able to handle false positive activations of an emer-
gency steering and evasion assistant based on a steer torque actuator, an appropriately
designed online override detection can provide a reliable approach for detecting a driver’s
oversteering intent. Based on the results, it can be concluded that the implementation of
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an oversteering classifier is not necessarily needed to guarantee or improve the controll-
ability of evasive manoeuvres triggered by an emergency steering assistant. Nevertheless,
the possibility for an early withdrawal of the system intervention and the resulting steer-
ing wheel moments could be appreciated by the drivers. Regarding the effectiveness of
true positive interventions no drawbacks were observed. However, as the reported effects
are strongly linked to the experimental conditions and the specific implementation of the
system, it remains to be tested if other system designs (e. g. steer-by-wire based concepts)
can benefit more strongly from the implementation of an oversteering classifier.

28.4.5 Potential of Driver Decoupling

To overcome the negative effect of the damping reaction of the driver (Sect. 28.4.1) some
authors suggested to decouple the driver for a limited amount of time (e. g. [15, 27]).
by using a steer-by-wire concept. The decoupling of steering wheel and steer angle for
the first 800ms of an intervention increased the collision avoidance potential of an auto-
matic steering and evasion assist in true positive scenarios according to Hesse et al. [15]
and Schieben et al. [27]. However, the lateral offset in case of a false positive activa-
tion was also increased compared to an intervention with a coupled steering and evasion
assist. An additional implementation of a rudimentary override detection, allowing the
driver to recouple, did not help to decrease the observed lateral offset in false positive
scenarios which was used as indicator for controllability. Although 100% of the drivers
were able to initiate the recoupling, the authors reported that the driver recoupled after
an average of 670 up to 710 ms [15] which was too late to effectively reduce the lat-
eral offset in the false positive scenario. Another approach [7] used unilateral braking
which can also result in a steer angle without changing the steering wheel angle (which
can be seen as a partial decoupling of the driver). The results indicate that unilateral
braking did not increase lateral offset compared to a fully coupled steering and evasion
assist.

Moreover, an explorative study conducted in a dynamic driving simulator within the
UR:BAN KON project indicated that the driver’s reaction to false positive activation of
a steering intervention might be delayed (approximately 200ms) compared to an interven-
tion based on a steer torque actuator. The reason for the delayed reaction is still unclear,
although the missing haptic and proprioceptive feedback on the steering wheel could play
an important role. However, further confirmation based on a real vehicle study is needed
to rule out an effect of the used research environment.

Taken together, a decoupling of the driver likely increases the collision avoidance po-
tential of an emergency steering and evasion assistant in true positive scenarios. However,
several challenging problems have yet to be faced including the development of an effi-
cient override detection and a safe recoupling strategy. Without these measures it seems
difficult to design a decoupled emergency steering and evasion assistant which is able to
meet current controllability requirements.
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29Integrating Different Kinds of Driver Distraction
in Controllability Validations

Rico Auerswald, Alexander Frey, and Norbert Schneider

29.1 Introduction

The RESPONSE 3 Code of Practice [1] defined driver distraction as “the process of divert-
ing the attention of the driver from the driving-task to something else” (p. 5). Regan and
Strayer [2] have assigned driver distraction into a taxonomy categorizing different causes
for driver inattention. This taxonomy is not limited to driver distraction only, but covering
also inattention-causes such as driver neglected or cursory attention. However, as another
category Regan and Strayer define driver diverted attention equivalently to driver distrac-
tion. Moreover they subdivide this category into driving-related and non-driving-related
tasks. In this chapter we refer to diverted attention through non-driving-related tasks when
focusing on driver distraction due to secondary tasks.

Due to the increased usage of mobile or handheld devices while driving, driver dis-
traction is still responsible for a huge amount of accidents with serious injuries. NHTSA
[3] reported that about 10% of all serious crashes were related to distracted drivers with
a total of 3331 killed road users in 2011. Additionally, naturalistic driving studies (NDS)
revealed an increased risk to get into safety critical situations. Olson et al. (e. g. [4]) found,
that 71% of all crashes and 60% of all safety critical events in their data set were related to
distracted drivers. Due to the fact that driver distraction decreases the driving performance
[5] it may also affect the controllability of intervening driving functions. For example,
driving distraction can cause increased reaction times or decreased lane keeping perfor-
mance. In addition, Huemer & Vollrath [6] pointed out that drivers turn their attention to
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secondary tasks for a significant amount of the travelling time. In their study, 80% of the
participants reported to have done at least one secondary task within the last 30min of
driving.

Therefore, it can be assumed that drivers are often engaged with secondary tasks while
driving and are more likely to get into safety critical situations. This increases the likeli-
hood for distracted drivers to be confronted with an emergency assistant like emergency
braking or emergency steering. Although it is the aim of these systems to assist the driver
in these critical situations, it shows that it is important to consider driver distraction when
analysing the driver behaviour, especially when interacting with emergency assistants.

To date research has neglected the effect of driver distraction on controllability of
intervening driving functions. Therefore, we try to answer the question whether driver
distraction has to be addressed in controllability research and give methodological recom-
mendations for the implementation of driver distraction. Additionally, we conducted two
experimental studies to demonstrate the influence of driver distraction on controllability.

29.2 Methodological Implications & Recommendations

29.2.1 Prevalence of Executing Secondary Tasks While Driving

For methodological implications and recommendations it is necessary to have a basic
knowledge about drivers’ real world behaviour executing secondary tasks while driving.
The prevalence of these tasks was often measured by means of observations or inter-
views, as reported by Huemer and Vollrath [6]. They assigned secondary tasks into nine
categories, e. g. eating and drinking, using (portable or vehicle-related) devices or self-
initiated actions like mind wandering. Based upon those categories, the authors conducted
a survey on frequency and duration of different kinds of secondary tasks within the last
30min. The most frequent activities were associated with vehicle-related devices (58% of
the sample). However, drivers where engaged with those tasks only for short time inter-
vals. Focusing on the time drivers spent to secondary tasks conversations with passengers
(37.4%) or the usage of portable devices (33.9%) certainly required longer time intervals.
While conversations with passengers occurred with high frequency, portable devices were
used rarely. Kubitzki [7] revealed similar results concerning the prevalence of secondary
tasks: The interaction with (portable and vehicle-related) devices and passengers as well
as distracting elements in the environment seem to be the most relevant reasons for driver
distraction which should be taken into account when analysing the influence of driver
distraction in controllability research.

29.2.2 Impact of Secondary Task on Drivers’ Performance

Young, Regan and Hammer [8] categorised the requirements of secondary tasks for the
driver into visual, auditory, biomechanical and cognitive components. They revealed dif-



29 IntegratingDifferent Kinds of Driver Distraction in Controllability Validations 497

ferent amounts of interference with the driving task depending on which components the
secondary tasks primarily required, which has also be stated by Wickens [9] based on
his multiple resource theory. In a simulator study, Muhrer and Vollrath [10] compared
the effects of visual and cognitive demanding tasks in car-following scenarios. The visual
distraction task relocated human’s perception away from driving-relevant objects, there-
fore negatively affecting the driver’s capability to respond to unpredictable, sudden events.
However, cognitive distraction led to negative impacts on the predictability of future ac-
tions of surrounding road users. Therefore, it can be concluded that both distraction types
lead to constraints regarding the driving performance, whereas they affect the situation
awareness in different ways. Endsley [11] structured the situation awareness into the per-
ception of surrounding elements in spatial and temporal manner, the comprehension as
well as the interpretation of their meaning and the projection of the elements’ characteris-
tics in the (nearby) future. Following this taxonomy, visual distracting tasks would disturb
mostly the perception step, while cognitive distraction would disturb the comprehension
and interpretation due to the sharing of cognitive resources between the driving and sec-
ondary tasks [12]. This reduction of perceptual capacities could lead to a general reduction
in secondary task and driving performance, whereas a lack of cognitive capacities in the
working memory could probably lead to a missing link between surrounding elements on
the road and the knowledge stored in the working memory [13].

As shown in the preceding section, tasks like the interaction with devices or conver-
sations with passengers have a high prevalence in real traffic (see Sect. 29.2.1) and it is
very likely that secondary tasks will be executed prior to an event which requires the in-
tervention of an emergency steering and evasion assistant. According to the findings in
this section, visual and cognitive secondary tasks should be considered when analysing
the influence of driver distraction.

29.2.3 Impact of Secondary Tasks on the Controllability
of Intervening Driving Functions

Driver distraction might not only affect the interaction of the driver with emergency steer-
ing assistants in a use case where the intervention is justified but also when there is no
apparent reason for an intervention (false activation).

In this chapter, we discuss how driver distraction could influence the controllability
of false activations. As stated, false activations can appear without an apparent reason.
However, in order to be able to regain the control over the vehicle and to minimize the
consequences e. g. on the lateral movement, drivers have to react quickly by selecting the
correct response with an appropriate intensity. In order to select the correct response the
driver needs a reflection of the environment (situation awareness). However, based on the
results we reported it can be assumed that driver distraction has a negative influence on
the driver’s situation awareness. Therefore, we assume that their ability to control false
activations is significantly reduced. As both visual and cognitive distracting tasks affect
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the situation awareness (although in quite different ways), they should both affect the
controllability of false activations. However, biomechanical distraction (e. g. using hand-
held devices) could also reduce the driver’s ability to handle a false activation, because the
driver might be physically limited in the quality of his response.

Empiric knowledge regarding the influence of driver distraction on the controllability
of false activation of a steering intervention is still missing. However, it is important to
know if driver distraction should be taken into account when assessing the controllability
of these false activations. Therefore, we want to demonstrate how driver distraction can
be realised when assessing the controllability of false activations of a steering intervention
and how it affects controllability. Based on the results, we want to provide recommenda-
tions whether driver distraction has to be considered and which standardised secondary
tasks can be used in the assessment.

29.2.4 Recommendations of Secondary Task Characteristics

As described in the previous chapters, the primary modality of the secondary tasks should
be visual, biomechanical, cognitive or any combination to have the highest likelihood af-
fecting the controllability of false activations in the case of driver distraction. Regarding
the interruptability especially visual and biomechanical tasks should be designed in a way
allowing the driver to pause the secondary task within short intervals. This is necessary
to ensure the continuous execution of the (primary) driving task and to comply with the
guidelines of NHTSA [14] in which only secondary tasks requiring single gaze-contri-
butions of less than 2 s are recommended. Cognitive tasks without a visual component
(e. g. phone calls) however do not need to follow this guideline. However, it is much more
challenging to measure the drivers’ task involvement when no visual or biomechanical
distraction appears. One option could be the application of the Detection Response Task
(DRT; ISO/DIS 17488, [15]) but its temporal resolution may be not sufficient. Another
opportunity is a driver-instruction to respond verbally.

It is worth noting that all tasks contain a varying, cognitive proportion. So it is neces-
sary to check which modalities are affected in which proportion by the used secondary task
(see [9]). Moreover, the implemented secondary task should require a continuous interac-
tion between the driver and the task to ensure the measurement of the distraction-degree
with a high temporal resolution. Such a resolution is required to ensure that the driver is
distracted previously as well as immediately when the false activation appears. The first
case would mainly decrease the situation awareness while the second forces the driver
to relocate his attention from the secondary task towards the driving task. Furthermore,
we recommend to avoid extremely difficult or very easy tasks. Standardised secondary
tasks can be useful to control the difficulty towards a desired level. Concerning primar-
ily visual-motor tasks, the Surrogate Reference Task (SuRT; ISO/TS 14198, [16]) and the
Critical Tracking Task (CTT; ISO/TS 14198, [16]) are shortlisted. Because of the insuf-
ficient possibility to interrupt a tracking task, we would prefer the SuRT over the CTT
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for the application as a secondary task executed while driving. However, for primarily
cognitive tasks there are no standardised secondary tasks available. Frequent examples
in empirical studies are n-back, audio book or counting backwards tasks. In the ISO/DIS
17488 [15] they recommended the n-back task for the Detection Response Task which
could also be sufficient for controllability validations.

While under realistic driving conditions drivers could initiate the execution of sec-
ondary tasks on their own, in the context of a high empirical reliability it could be more
appropriate letting the driver execute secondary tasks with a test-paced timing. This en-
sures that the driver is distracted when the experimental procedure requires this condition.
In addition, as described above, self-regulated behaviour triggered by self-paced execu-
tion of secondary tasks (see [17]) may not have an effect on the controllability of false
activations and can be neglected.

29.3 Case Studies

Unfortunately, an extended amount of scientific investigations and literature on how sec-
ondary tasks affect the controllability of false activations of steering torque overlays was
missing. Therefore, we assumed that all mentioned modalities would have an influence on
controllability. A gradation between them was not feasible. To gather more information on
how different kinds of driver distraction might influence the drivers’ ability to control false
activations, we accomplished a comparison between different modalities of distraction in
an event of a false activation of steering torque (s. Sect. 29.3.1). In a second study we
increased the complexity of intervention by implementing a false activation of a complete
steering intervention (Sect. 29.3.2).

29.3.1 Case Study I

Based on the theoretical background and the assumptions in Sect. 29.2, the following
research hypotheses were constructed:

� There should be more critical subjective ratings related to the controllability in case
of false activations of an emergency steering function under distraction than without
distraction.

� Driver’s subjective workload should be increased under distracting conditions.
� Distracted drivers should show a weaker lane keeping quality compared to attentive

drivers – regardless if there is a false activation or not.
� Distracted drivers should show a lower oversteering behaviour compared to attentive

drivers in an event of a false activation. In this study, the oversteering behaviour refers
to the maximum of driver’s allowed lateral deviation.
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29.3.1.1 Methods

Participants
The sample consisted of 48 participants (20 female, 28 male) which were all employees
of the Federal Highway Research Institute (BASt). Their mean age was about 41 years
(SD=14 years) with an annual driving performance of M = 16,200km (SD= 9700km)
and a mean driving experience of 23 years (SD= 14 years).

Instruments
An experimental vehicle from BASt was used to reproduce the lateral disturbance by
steering torques as realistically as possible. The vehicle consisted of two separate cabins:
Participant’s (driver’s) cabin in the front of the vehicle and instructor’s cabin in the back.
The vehicle contained a computer to control and initiate the steering interventions and
to collect the data. Furthermore, a touch screen (tablet-pc, 1000screen diagonal) was inte-
grated next to the driver in line with the in-vehicle infotainment system (Fig. 29.1). The
participants were instructed to execute a secondary task on this touch screen.

The test vehicle was able to overlay the driver’s steering torque through an additional
steering motor. In the experiment we exclusively simulated a false activation, initiated
by the experimenter. As we only considered influences of driver distraction in the initial
phase of a false activation, no complete trajectory was necessary. Furthermore, to reduce
the possibility that the physiological limitation of the driver while one-handed driving
could mask influences of distraction, a moderate steering torque of 3Nm over 2 s was

Fig. 29.1 Experimental setup of the driver’s cabin including an additional touch screen for executing
secondary tasks
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Fig. 29.2 Test site of BASt

chosen. After the intervention a counter steering followed for 0.5 s aiming to neutralize
any deflection of the steering wheel.

Without any intervention of the driver (open loop) the test vehicle turned with a max-
imum yaw rate of 16.5 °/s and a maximum lateral acceleration of 3.3m/s2 after a false
activation was initiated while driving 30–40km/h. The complete false activation turned
the test vehicle about 25 degrees.

The test site of BASt was chosen for the experiment. Fig. 29.2 illustrates the test track
(length about 350m). The potential evasion space was limited by traffic cones with a lane
width of 3.5m. To ensure the driver’s safety, a false activation only occurred in the target
area with a length of 70m.

Independent Variable
As an independent variable (IV), we systematically varied the secondary tasks between
the three conditions none, visual-motor (visual) and cognitive-auditory (cognitive) task.
Referring to a standardised method often used in IVIS-validation (see Sect. 29.2.4), the
Surrogate Reference Task (SuRT) was implemented as a visual-motor secondary task in
this study. In the selected application, the participants saw 50 randomized circles (diam-
eter: 35 arc minutes visual angle) on a touch screen (distance between driver’s eye and
display: about 70 cm) and a target circle with bigger size (diameter: 44 arc minutes visual
angle). The participants were instructed to detect this target circle (visual component) and
mark it by touching the screen at that particular position (motor component). In the cog-
nitive-auditory secondary task, the participants were told to count backwards in steps of
seven from a three-digit number. Beforehand, a selection of ten numbers was determined
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and presented by the instructor in a randomized order. To check the counting and to ensure
permanent cognitive load, all results had to be spoken out loudly.

The second independent variable was the false activation described in the instruments
section. There were two conditions: Either the presence of a false activation in a test lap
(FA) or its absence (:FA). As a baseline, the latter condition allowed us to collect data
about the driving behaviour of the participants in combination with secondary tasks and
to isolate the effect of the false activation under the FA condition.

Dependent Variables
Subjective as well as objective variables were measured in this study. Regarding partici-
pant’s subjective ratings, the well-known and often validated “NASA-Task Load Index”
(NASA-TLX) was used to record participant’s workload while executing the driving task
and (depending on the condition) a secondary task [18]. It was also possible to compare
the relative difficulty between the visual-motor and the cognitive-auditory secondary task
indicated by the measured workload. Besides that, the assessment scale for the criticality
of driving- and traffic situations (here called “SBS”; based on [19]) was used to collect
information about participant’s subjective perception of the criticality of the situation.

For the purpose of evaluating the effect of driver distraction on the driver’s steering
behaviour, the test vehicle was equipped with sensors measuring mainly lateral accelera-
tions ( Ry) and yaw rates ( P ). Both recorded data with a frequency of 100Hz. We assumed
that two phases could be relevant: First, the effects of distraction appearing on the driving
behaviour prior to a false activation and second, the steering behaviour the driver shows
as a reaction to the false activation.

For the first phase we integrated P in test tracks without any false activation to ob-
tain the yaw angle ( ) and added up its absolute value as an indicator for the overall
steering behaviour of the driver with or without induced distraction. In the second phase
we referred to classical parameters in controllability validations, especially the maximum
lateral acceleration ( Rymax) and the maximum yaw rate ( P max). Like Neukum, Paulig, Fröm-
mig, and Henze [20] we focused on the extreme values of both parameters, caused by the
false activation (first reaction) and by compensation of the intervention (compensating
reaction).

Design
False activations should occur only in rare events. The expectation of the participants for
such system failures should be more or less non-existent. Therefore, we focussed on the
first contact of participants with a false activation resulting in a between-subjects design
with three groups of ni D 16 participants. The groups were assigned to the factor steps
of the independent variable “secondary tasks”. As a baseline, group 1 did not receive any
secondary tasks while driving whereas group 2 received the visual task and group 3 the
cognitive task. All participants experienced a false activation.

After the first contact with a false activation we switched to a within-subjects design. In
the subsequent 15 laps every participant experienced the conditions no, visual or cognitive
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task in combination either with the FA or the :FA condition. In every condition of the IV
“secondary task” the participants drove four times without a false activation and once with
in randomized order.

Procedure
At the beginning, participants were asked to give some demographics (their age, sex, hand-
edness, driver-license acquisition and driving experience). The participants were told to
drive between the markings and traffic cones on the test track and to use only their left hand
on the steering wheel. It was hereby possible to ensure the same hand position in every
trial over every condition of the independent variables. The participants were instructed to
drive with an appropriate lane keeping performance and with a speed in between of 30 and
40 km/h. They were uninformed towards the possibility of a false activation. Before the
experiment started, the participants drove the course several times to get familiar with
it as well as with the test vehicle. After finishing an experimental lap, participants were
asked to assess their experience of the situation using the SBS. Following this, the partic-
ipants continued driving overall 16 test laps. Afterwards, the participants were asked to
report their workload combining the drive with the particular secondary task (none, visual,
cognitive) using the NASA-TLX.

29.3.1.2 Results

Subjective Variables
Fig. 29.3 shows the overall workload (over every subscale of the NASA-TLX) using box-
plots for the particular distraction type. The box contains the upper and lower quartile, the

Fig. 29.3 Overall workload of
NASA-TLX for the particular
distraction
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whiskers show the minimum and maximum rating of workload. Outliers and extreme val-
ues are marked if values differ from a distance between the 1.5-fold and 3-fold (outliers)
respectively more than the 3-fold (extreme values) of the interquartile range.

According to the hypothesis, a Friedman-Test pointed out that there was a statistical
significant effect of the IV “secondary task” on the overall workload (�2(2, 48) = 63.19,
p < 0.001). Post-hoc-comparisons using a Bonferroni-corrected alpha error of 0.017
showed that the overall workload of “no secondary task” differed statistically signifi-
cant from “visual secondary task” (p< 0.001) as well as from “cognitive secondary task”
(p< 0.001). The statistical comparison between visual and cognitive secondary task failed
the significance level (p= 0.06). Thus, it indicates a quite low overall workload for the
condition “no secondary task” and a much higher overall workload for the visual and
cognitive condition with no statistically significant difference.

Fig. 29.4 illustrates the boxplot of the subjective critical assessment depending on the
particular distraction for the first lap (participant’s first contact with the false activation).

In the statistical analysis a Kruskal-Wallis-Test showed a statistically significant effect
of the between-group IV “secondary task” on participants’ subjective critical assessment
in the first lap (�2(2, 48) = 9.31, p < 0.01). Post-hoc-comparisons using a Bonferroni-
corrected alpha error of 0.017 showed that the first lap driving without distraction was as-
sessed statistically significant less critical in contrast to the distraction by the visual-motor
secondary task (p< 0.01). In tendency, the first contact with the false activation without
distraction was perceived less critical than being distracted by the cognitive-auditory sec-
ondary task (p= 0.03). In summary, the situations with visual and cognitive secondary
tasks were perceived “uncomfortable” on average. Subjectively perceived differences be-

Fig. 29.4 Subjective critical
assessment depending on the
particular distraction for the
first lap
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tween visual-motor and cognitive-auditory secondary task did not differ in the first contact
with a false activation (p= 0.18).

Fig. 29.5 shows the boxplot of the subjective critical assessment depending on the
particular distraction for all following laps, with or without false activation.

A Wilcoxon-test indicated a significant effect of the IV “false activation” under ev-
ery distraction condition. So laps with false activation were assessed more critically in
contrast to laps without a false activation, regardless whether the participant conducted
a secondary task or not. For no secondary task: z=�5.93, p< 0.001, for the visual-mo-
tor secondary task: z=�5.57, p < 0.001, and for the cognitive-auditory secondary task:
z=�5.44, p< 0.001. Thus, indicating a successful experimental manipulation of the IV
“false activation”.

Regarding only following laps with no false activation, a Friedman-test indicated an
effect of the IV “secondary task” (�2(2, 48) = 71.29, p < 0.001). Post-hoc-comparisons
using a Bonferroni-corrected alpha error of 0.017 showed that participants evaluate laps
with visual-motor distraction statistically significant more critical than laps with cognitive-
auditory secondary task (p< 0.001) and with no secondary task (p< 0.001), again in laps
with cognitive-auditory distraction, there were statistically significant more critical assess-
ments in contrast to laps with no secondary task (p< 0.001). Regarding only following laps
with false activation, a Friedman-test also indicated an effect of the IV “secondary task”
(�2(2, 48) = 27.49, p < 0.001). Post-hoc-comparisons using a Bonferroni-corrected alpha
error of 0.017 showed – analogous to the results of laps with no false activation – that
participants gave more critical assessments in laps with visual-motor (p <0.001) and with
cognitive-auditory distraction (p <0.01) in contrast to laps with no secondary task. The
statistical comparison between visual and cognitive secondary task failed the significance
level (p= 0.02). Descriptively, the critical assessments of laps with no secondary task and

Fig. 29.5 Subjective critical
assessment depending on the
particular distraction for laps 2
to 16
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a false activation as well as laps with visual secondary task and no false activation are
approximately at the same level (p= 0.12).

Objective Variables
The test track was limited at the road boundaries with traffic cones to force participants to
stay on course. As another purpose, we used the traffic cones as an instrument measuring
possible lane departures. First of all, no participant hit a traffic cone, thus no lane departure
revealed out of false activations or while driving under distraction.

Focusing on the direct driver reaction to the false activation, we investigated the max-
imum lateral acceleration in situations participants experienced the intervention for the
first time. The mean maximum lateral acceleration caused by the first reaction was Rymax D
0:74m=s2 (SD D 0:74m=s2), which equals 30% of the maximum possible of 3.3m/s2.
Whereas, Rymax caused by compensation of the intervention was Rymax D 0:64m=s2 (SD D
0:25m=s2). In subsequent situations with false activations the test vehicle reached on aver-
age Rymax D 0:73m=s2 (SD D 0:29m=s2) through the false activation and Rymax D 0:59m=s2

(SD D 0:24m=s2) through the drivers’ compensatory reaction. A one-way ANOVA with
an alpha error of 5% revealed no significant difference between the conditions of the IV
“secondary tasks” for the first reaction (F.2; 45/ D 0:68; p D 0:51; 2 D 0:03) as well as
for the compensating reaction (F.2; 45/ D 0:33; p D 0:72; 2 D 0:01). Also, we could
not reveal any significant difference between the different conditions in terms of secondary
tasks for following contacts with false activations (first reaction: F.2; 94/ D 1:95; p D
0:15; 2 D 0:02; compensating reaction:F.2; 94/ D 0:89; p D 0:41; 2 D 0:01).

Fig. 29.6 Comparison of
both types of maximum
yaw rate (intervening and
compensatory) in situations
participants experienced the
false activations for the first
time
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We found similar results with regard to the maximum yaw rate. Fig. 29.6 shows only
slight differences in the median between the first and the compensating reaction when
participants experienced the false activation for the first time. However, it revealed no
significant differences between the two reaction types (t.47/ D 1:32; p D 0:19). This
means that the drivers executed both reaction types comparably. Inappropriate behaviour
in general (e. g. overcompensation) has not been observed.

As illustrated in Fig. 29.7, in the mean all maximum yaw rates for the different con-
ditions of the secondary tasks in situations with a first contact were below the criteria of
4 °/s from Neukum, Ufer, Paulig, and Krüger [21]. The highest value of P max the partici-
pants tolerated was P max D 3:3 ı=s (SD D 2:0 ı=s) when they had been visually distracted
(intervening type of P max). However, no significant differences were detectable between
the conditions no, visual and cognitive secondary task for the first reaction (F.2; 45/ D
1:98; p D :15; 2 D :08) as well as for the compensating reaction (F.2; 45/ D 0:4; p D
:67; 2 D :02).

However, the summed yaw angles imply an effect of the induced distraction on the
drivers’ steering quality, as shown in Fig. 29.8 although those results were not linked to
a false activation. Every participant had to drive through the 25°-curve of the test track
explaining the general offset in the conditions. A one-way repeated measures ANOVA
revealed significant differences between the conditions of the IV “secondary task” for
the summed yaw angle (F.2; 94/ D 49:75; p < :001; 2 D :51). A post-hoc paired
comparison resulted in a significant higher for the visual secondary task compared to no

Fig. 29.7 Influence of secondary tasks to both intervening (a) and compensatory (b) types when
participants experiencing false activations for the first time
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Fig. 29.8 Summed yaw an-
gle over the whole test laps
without any false activation
depended on the condition of
the secondary task

secondary task (p < :001). Comparing the conditions cognitive to no secondary task, we
found a significant higher  for the cognitive task (p D :010). Contrary to the subjective
evaluations of the overall workload, there was also a significant higher  for the visual
secondary task compared to the cognitive task (p < :001).

29.3.1.3 Discussion
In this study we aimed on finding evidence whether driver distraction has to be consid-
ered in controllability validations. Based on the methodological implications in Sect. 29.2
we demonstrated a possible application of standardised secondary tasks to answer this
research question.

The drivers’ workload assessment while doing secondary tasks showed, according to
the hypothesis, higher ratings in the overall workload instead of driving without distrac-
tion. Therefore, we could confirm our experimental manipulation. Interestingly, the visual-
motor and cognitive-auditory task did not differ significantly in this case. Hence, we con-
clude a comparable task difficulty between both secondary tasks, because they stressed
the driver comparably. However, we have to point out that the assessed workload is based
on the participants’ subjective experience. In contrast, the participants’ steering perfor-
mance revealed a significant difference between both distraction types. While executing
the visual-motor task our participants showed a poorer steering behaviour compared to
the cognitive-auditory task. This could be a hint that despite similar perceived workload
of both tasks, the visual-motor secondary task has a higher negative impact on the steering
performance than mainly cognitive tasks.
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A similar effect was revealed in the participants’ subjective critical assessment. In the
first contact with the false activation the criticality rating varied depending on whether
drivers were engaged in a secondary task or not. Regarding the visual-motor secondary
task in comparison to no additional distraction, there was a significantly higher subjec-
tive criticality assessment. In tendency, the cognitive-auditory task also caused a higher
assessment. An analysis of the following contacts showed, according to the first contact,
marginal lower criticality ratings compared to the first contact, but in the same direction.
Additionally, participants’ ratings of driving situations containing visual-motor distraction
were more critical than the others. Interestingly, driving without any distraction but with
a false activation is assessed on the same criticality level as driving exclusively distracted
by a visual-motor secondary task – of course this finding is based on driving situations
investigated in this study only. Referring to Sect. 29.2.2, a distraction mostly interfering
with the driving task itself should also have the greatest impact on controllability. This
indicates a very critical interference of secondary task with a visual and motor component
on controllability’s assessment. Based on these findings and effects in the drivers’ steering
performance, we suggest to consider mainly secondary tasks containing visual and mo-
tor components when an evaluation of the influence of driver distraction in controllability
validations seems to be necessary. Further research is required to investigate the influence
of combined secondary tasks, such as visual-motor tasks with higher cognitive demands.

In terms of the objectively measured steering behaviour we identified two possible sce-
narios in which driver distraction could be considered for controllability aspects: The time
immediately prior to a false activation, describing the initial situation in which a false
activation could occur as well as the event of a false activation per se. For the first sce-
nario (the initial situation) our results of the yaw angle indicated a significant decrease in
driver’s steering performance when they were distracted by a visual-motor or a cognitive-
auditory task. This confirmed our hypothesis and revealed a possibly disadvantageous ini-
tial situation prior to a false activation. Additionally, it corresponded with the results of
the workload assessment. Regarding a possible influence of driver distraction on the max-
imum lateral acceleration in the second scenario (the phase within a false activation), we
distinguished between the consequences of the false activation and compensational re-
action of the driver, causing two maxima in the lateral acceleration. The results did not
indicate statistically significant differences between attentive and distracted drivers. This
outcome was also confirmed by the results of maximum yaw rate. Additionally, all yaw
rates did not exceed the yaw rate criteria defined by Neukum, Ufer, Paulig, and Krüger
[21]. Following this, we were able to assume a consistent oversteering behaviour of the
participants. We could not find any impact of driver distraction on the ability to control
the false activation, at least for the underlying system design of the false activation. In
general, we did not find much support for a connection between subjective and objective
data at all. Although the secondary task did not lead to a significant decrease in objective
driving performance, higher criticality ratings were observed which indicates that drivers
perceived the situation to be more critical.
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In controllability research it is quite difficult to decide whether a false-positive event
should be presented to participants more than once a time. Maintaining the unpredictabil-
ity of false activations may cause an inefficiency of experimental designs. Because effect
sizes are often unknown, the sample size needed for a between design rapidly increases.
This study was able to distinguish between the first and following contacts with false
activations. In subjective as well as in objective data, there was no valid hint of habit-
uation to the occurrence of a steering torque which was, on average, in every fourth lap.
However, we suppose that other factors, e. g. the credibility of the cover story, explicit par-
ticipants’ instructions and of course the whole experimental setting with its system design
and a comparable secondary task difficulty could have an impact on drivers’ perception
and their expectation. Nonetheless, the standardised secondary tasks we used turned out
to be able to ensure comparability in task difficulty.

Additionally, it has to be considered that all results relied on the specific system design
of the false activation and cannot be generalized for other system designs. E. g. we used
an additional steering torque, according to Sect. 29.3.1.1. Furthermore, the results are
only valid for driver’s perception and reaction to a false-positive event. Therefore, it is
necessary to examine the controllability and safety in use in a use-case while considering
driver distraction. Finally it should be mentioned that this study contained controllability
questions in a manual driving task. Controllability research of automated driving functions
in case of driver’s unavailability is another important field of research in the near future.

29.3.2 Case Study II

The results of the first study did not indicate an effect of driver distraction on controll-
ability in case of false activations of steering torque overlays with an amplitude of 3Nm.
However, the question still remains how driver distraction affects the driver’s behaviour in
case of false activations of steering interventions of a potential collision avoidance system.
To date most studies which featured unjustified steering interventions focused on attentive
drivers (e. g. [22–27]) and thereby might overestimate the driver’s ability to handle a false
activation. Additionally, the influence of additional warnings prior to a steering interven-
tion is still unclear. Warnings prior to a steering intervention might not just improve the
driver reaction to justified steering interventions as indicated by [28–30] but also the driver
reaction to false activations (see also Chap. 27). Especially distracted drivers might benefit
from additional warnings as the warning could help to reduce the driver reaction time to
false activations. However, using additional stimuli could also have detrimental effects by
increasing the driver’s workload or attracting too much of the driver’s attention.

29.3.2.1 Study Design
To analyse the influence of driver distraction and warnings prior to a false activation a be-
tween-subjects study design with two experimental factors was chosen. The study was
conducted in the dynamic driving simulator of the WIVW GmbH (Wuerzburg Institute
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Table 29.1 Overview of the experimental groups

Group Audio-visual warning Distraction

No warning (att) No No
No warning (dist) No Yes
Audio-visual (att) Yes No
Audio-visual (dist) Yes Yes

for Traffic Sciences). Driver distraction (attentive drivers vs. distracted drivers) and the
occurrence of an audio-visual warning prior to the false activation were varied resulting
in four experimental groups (see Table 29.1).

To distract the drivers they were repeatedly confronted with a rapid serial visual presen-
tation (RSVP) as a secondary task. Each task lasted for approximately 20 s and was only
started at straight sections of the test track approximately 10 s prior to the intervention.
This was done to ensure the drivers were distracted at the onset of the unjustified steer-
ing intervention. The drivers were instructed to press a button with the right hand if an
arbitrary number appeared on the display. Letters were used as distractors (Fig. 29.9). As
a consequence of performing the secondary task, drivers had only one hand on the steering

Fig. 29.9 Illustration of the rapid serial visual presentation (RSVP) task used to distract the drivers
in our study. Letters were used as distractors whereas numbers were used as targets. Drivers were
instructed to press a button with the right hand if a number appeared on the display
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Fig. 29.10 Illustration of the visual warning used in the study

wheel at the beginning of the intervention, whereas drivers who were not distracted had
both hands on the steering wheel.

The visual-acoustic warning was a combination of a simulated Head Up Display and
a sine wave with a frequency of 1200Hz which was applied for 500ms. The visual warn-
ing was shown until the end of the steering intervention. It projected the aspired steering
trajectory of the steering intervention on the street. Additionally, a small warning triangle
was displayed at a fixed position (Fig. 29.10). The warning was presented at a TTC of
1.6 s and 400ms prior to the steering intervention which started at a TTC of 1.2 s.

The false activation was implemented as a predefined sinusoidal course of the steering
wheel angle, which was applied to the steering wheel with a maximum torque of 6Nm.
The maximum steering wheel angle was 75°. This resulted in a lateral offset of approxi-
mately 1.75m (without interference of the driver).

29.3.2.2 Results
The results focus on the driver’s steering behaviour and the resulting vehicle movement.
The analysis of the driver’s steering behaviour is based on the steering wheel angle,
whereas the analysis of the vehicle movement is based on the lateral offset of the vehicle.
The failure induced yaw rate was neglected for the analysis as it cannot be compared to
the yaw rates reported in the first study (s. Sect. 29.3.1.2). The assessment of the controll-
ability is primarily based on the resulting lateral offset as it offers an intuitive measure in
terms of a possible lane departure. However, research indicates that the observed lateral
offset depends on the design of the test scenario and the available space (Chap. 27).

Steering Behaviour
Distracted drivers who did not receive a warning showed greater maximum steering
wheel angles compared to drivers who were not distracted (mno warning (att) = 34.11°;
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Fig. 29.11 Boxplot of the
maximum steering wheel angle
dependent on the experimental
group

mno warning (dist) = 56.34°; s. Fig. 29.11). For drivers who received a warning prior to the
unjustified intervention, no significant difference was observed (maudio-visual (att) = 61.15°;
maudio visual (dist) = 51.90°). Contrary to the expected benefit of an additional warning, higher
steering wheel angles were observed for drivers who received a warning prior to the false
activation.

A classification based on the steering behaviour to identify drivers who suppressed the
false activation reflected these results (Fig. 29.12). In the condition without a warning 88%
of the undistracted drivers were classified as suppressing false activation, whereas only
31% of the distracted drivers were classified accordingly. For drivers in the experimental
groups, which received a warning, almost no difference was observed. In the undistracted
group 40% of the drivers and 31% in the distracted group were classified as suppressing
the intervention.

The time of the first maximum steering wheel angle did not differ significantly between
the experimental groups (mno warning (att) = 0.51 s; mno warning (dist) = 0.60 s; maudio-visual (att) =

Fig. 29.12 Frequencies of
drivers who were classified as
suppressing the intervention
(dark grey) or not (light grey)
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Fig. 29.13 Boxplot of the time
the first maximum steering
wheel angle occurred after the
onset of the false activation of
the steering intervention (t = 0)

0.59 s; maudio visual (dist) = 0.52 s) indicating that all drivers, whether being distracted or
not as well as being warned or not, needed the same time to react to the false activation
(s. Fig. 29.13).

Lateral Offset
Descriptive measures show slight differences (s Fig. 29.14). However, no statistical sig-
nificant differences were observed (mno warning (att) = 0.51m and mno warning (dist) = 0.70m;
maudio-visual (att) = 0.67m and maudio visual (dist) = 0.76m). Almost all drivers were able to re-
duce the maximum lateral offset compared to the target offset (1.75m) of the intervention.

However, a classification based on whether the drivers left their own driving lane (lane
width 3.5m), as a consequence of the false activation, showed slightly higher frequencies

Fig. 29.14 Boxplot of the
maximum lateral offset as
a consequence of the false
activation. The red line depicts
the target offset of the false
activation (1.75m)
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Fig. 29.15 Frequency of
drivers who were classified
as leaving their own driving
lane as a consequence of the
false activation

for distracted drivers (19%–25%) compared to drivers who were not distracted (10%–13%
s. Fig. 29.15).

29.3.2.3 Discussion
At first sight the results seem to suggest that distracted drivers perform worse than undis-
tracted drivers when being confronted with a false activation of a steering intervention.
However, this is only the case for drivers who did not receive a warning prior to false
activation. When drivers received a warning prior to a false activation, almost no dif-
ferences were found. Contrary to the expected benefit of the warning, the audio-visual
warning prior to the false activation leads to higher maximum steering wheel angles and
fewer drivers were classified as suppressing the intervention compared to drivers who did
not receive a warning. For attentive drivers warnings not seem to improve controllability.
However, the observed steering behaviour indicates that distracted drivers might slightly
benefit from the warning although this interpretation is based only on descriptive tenden-
cies making a meaningful recommendation impossible.

The observed differences between the distracted and undistracted drivers who did not
receive a warning might not be the result of the visual distraction of the secondary task but
of the hand positioning on the steering wheel. Distracted drivers had only one hand on the
steering wheel whereas attentive drivers had both hands on the steering wheel. Although
researchers assessing the controllability of false activations of steering torques instructed
drivers to use only one hand on the steering wheel [26], no systematic comparison of the
effects of one and two handed driving has been reported to date. However, this systematic
comparison is needed to distinguish the influence of the driver distraction from the influ-
ence of the hand positioning on the steering wheel and to give a recommendation whether
driver distraction should be considered in the controllability assessment of emergency
steering and evasion assistants.



516 R. Auerswald et al.

29.4 Conclusion

The aim of the present case studies was to find indications whether future controllability
validations should take driver distraction into account as an additional requirement. In
case of a false activation typical behavioural patterns can be observed. It is possible to dis-
tinguish between two temporal phases describing the drivers’ reaction (see also Chap. 27
and Chap. 28): The first phase is a compensatory reaction of the driver triggered by the
haptic feedback on the steering wheel. In the second phase the reaction pattern is dom-
inated by the driver’s intention (which might be a continuation of the compensation as
well as a compliant reaction with the intervention or something in between). After the first
compensatory reaction of the driver it is very likely that the driver has already regained
the control over the vehicle’s lateral guidance. Therefore, we focused on investigating the
influence of driver distraction on the first phase. In case study I (s. Sect. 29.3.1.2) we could
not find significant influences of distraction on maximum yaw rate or lateral acceleration.
Also, the intensity between the first reaction of the drivers and their following compen-
sation did not differ significantly between the different distraction’s conditions. Besides
a possible effect of distraction to intensity of the drivers’ reaction in the first phase, we
investigated the reaction times in case study II (s. Sect. 29.3.2.2). Especially due to the de-
creased situation awareness and the additional workload, a distraction of the drivers could
lead to longer reaction times in case of false activation of an emergency steering and eva-
sion assistant. In the second case study – in contrast to the first case study – participants
show higher maximum steering wheel angles under distraction in comparison to attentive
drivers (without a warning). However, the measured point of time for maximum steering
wheel angle did not differ between attentive and distracted drivers. It is very likely that
this effect was not caused by distraction but rather by the different hand positioning be-
tween the experimental groups in the second case study (one handed against two handed
driving), because driver distraction had no effect on the drivers’ reaction in the first case
study. Therefore, we suggest to investigate the role of hand positioning in further studies.
Additionally, we propose to focus on one handed driving when evaluating the controll-
ability of false activations of steering interventions based on a steer torque actuator like
electronic power steering (EPS).

Although we did not find significant evidence for an effect of driver distraction on
objective driving performance, participants assessed the criticality of the situation in case
of a false activation significantly higher when being distracted. This finding underlines the
importance of assessing both objective driving data and subjective perception of drivers.

Besides the consequences of a false activation it has to be considered that the initial
situation prior to a false alarm could be influenced by driver distraction. The first case
study shows that steering quality can be decreased by driver distraction (higher amplitudes
of steering) and could therefore indirectly increase the criticality of a subsequent false
activation (e. g. by driving near the road boundaries or other obstacles). These findings
correspond with studies in both the simulator environment (e. g. [31] or [32]) and also in
field tests (e. g. [33]).



29 IntegratingDifferent Kinds of Driver Distraction in Controllability Validations 517

Using standardised secondary tasks in controllability research has many advantages,
e. g. high methodological controllability and adaptable task difficulty which could be
shown in both case studies. Especially the possibility to create similar task difficulties
should be considered when a comparison of different tasks’ modalities is required. How-
ever, we did not find evidence for an effect of driver distraction on the controllability
of false activations of a steering intervention. Nonetheless, driver distraction might gain
greater value especially in the use case when drivers have to decide what they should
do after their initial motor triggered compensation reaction. Especially visually distracted
drivers might take longer to assess the situation in a use case and adapt their behaviour
accordingly. This could be important for the design of an override detection mechanism,
as it could increase the failure rate when drivers are distracted and show a delayed re-
action. Additionally further studies should verify whether visual-motor tasks really have
a stronger effect on the drivers’ steering task compared to cognitive-auditory tasks [32].
Nonetheless, in order to receive reliable and comparable results, we recommend to im-
plement standardised secondary tasks, with a focus on visual motor tasks when trying
to further analyse the influence of driver distraction on controllability in the context of
emergency steering functions.
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