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Stellingen behorende bij het proefschrift
“Expecting the unexpected:
a study of interactive driving behaviour at intersections”
Maura Houtenbos, 8 januari 2008

De beschikbare tijdruimte voor het afwikkelen van een interactiesituatie
bepaalt voor een groot deel of men in staat is adequaat te reageren op een
onverwachte gebeurtenis.

Door het koppelen van rijsimulatoren wordt een nieuw onderzoeksveld
geopend dat ons in staat stelt de nuances van interactiegedrag beter te
begrijpen.

Gezien het hoge aantal ontmoetingen in het verkeer en het lage aantal
ongevallen waarin deze resulteert kan geconcludeerd worden dat de mens
goed is in het veilig interacteren.

De sleutel tot een succesvol ondersteunend systeem voor bestuurders van
een voertuig is het bepalen in welke situaties ondersteuning daadwerkelijk
nodig is en wanneer bestuurders het prima alleen afkunnen.

Men heeft vaak een onverwachte gebeurtenis nodig om zich bewust te
worden van de oorspronkelijke verwachting.

Het blootstellen van proefpersonen aan een ervaring waarvan men weet dat
de proefpersonen er onwel van kunnen worden neigt naar het onethische.

De sleutel tot controle is het vermogen belangrijke aspecten van de
omgeving te kunnen volgen of er zelfs op te kunnen anticiperen. Daarom is
elk brein, in essentie, een anticipatiemachine (Dennet, 1991).

Gebrek aan ervaring met de verschillen in optrekeigenschappen van een
diesel- en een benzineauto kan resulteren in onveilige situaties, met name
op kruispunten.

Bill Gates is verantwoordelijk voor meer vertraging bij de afronding van het
proefschrift dan het ontcijferen en verwerken van de commentaren van de
promotor.

Tijdens literatuuronderzoek zal menig promovendus kenmerken van
Roodkapje vertonen. Huppelend van het ene artikel naar het andere artikel,
merken promovendi zich opeens diep in het bos van literatuur te bevinden
en komen vervolgens later aan bij Oma dan gepland.

Deze stellingen worden opponeerbaar en verdedigbaar geacht en zijn als zodanig
goedgekeurd door de promotoren prof.dr. A.R. Hale en prof.dr.ir. P.A. Wieringa.
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Propositions pertaining to the dissertation
“Expecting the unexpected:
a study of interactive driving behaviour at intersections”
Maura Houtenbos, January 8, 2008

The available space-time to negotiate an interaction situation largely
determines whether one will be able to react adequately to an unexpected
event.

Using linked driving simulators opens up a whole new research field
allowing us to better understand the nuances of interaction behaviour.

Given the high number of encounters in traffic and the low number of
accidents in which these result, we can conclude that people are good at
interacting safely.

The key to a successful advanced driver assistance system is determining in
which situations drivers actually need assistance and in which drivers are
fine on their own.

It often needs an unexpected event to make one aware of one’s initial
expectation.

Knowingly exposing participants to an experience that could cause them to
feel sick is on the verge of the unethical.

The key to control is the ability to track or even anticipate the important
features of the environment, so all brains are, in essence, anticipation
machines (Dennet, 1991).

Lack of experience with the difference in acceleration qualities between
diesel- and petrol-driven cars can result in unsafe situations, particularly at
intersections.

Bill Gates is responsible for more delay in finalising the PhD thesis than
figuring out and processing the supervisor’s comments.

During literature research, many a PhD student will resemble Little Red
Riding Hood. Hopping from one article to the next, PhD students will
suddenly discover that they are deep in the forest of literature, and
therefore arrive at Grandma's house later than planned.

These propositions are considered to be opposable and defendable and as such
have been approved by the supervisors prof.dr. A.R. Hale en prof.dr.ir. P.A.
Wieringa.
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1. Introduction

1.1. Background

During the last century traffic has increased dramatically. Following this increase,
problems involved with traffic have changed accordingly. For example, as driving
speeds increased, consequences of traffic accidents became more severe. Traffic
safety has become an important and socially relevant topic, especially as the amount
of road users is still increasing.

However, it is remarkable that, with so many interactions in traffic, so few accidents
actually occur, considering the limited communication possibilities between road
users, particularly when they are in a car. Besides these communication limitations,
other aspects contribute to the complexity of interactions in traffic. As Chauvin and
Saad (2000) point out, the amount of experience of road users may differ, as may
their goals, knowledge and strategies. They mention a number of measures in
driving situations that support and organise interactions. First of all, the
infrastructure and formal rules play an important role in organising the way in
which interactions will develop. Also, means of communication such as the use of
indicator, headlights and horn are mentioned by Chauvin and Saad. We could also
add changes in approach-speed, gestures and eye contact to the list of means of
communication.

Accidents are frequently attributed to behaviour of the road users involved, which is
often seen as deviating from some normative behaviour (Brookhuis, de Waard, &
Janssen, 2001). From this point of view, it is often assumed that the accident could
only have been prevented by this same road user not exhibiting this behaviour. An
aspect which is often neglected is that the accident could also have been prevented
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by the other road users involved performing some kind of behaviour which
compensates for the behaviour of the first road user. As 'deviating behaviour' occurs
much more frequently than accidents, it could imply that this compensation
mechanism must be quite robust. One should ask oneself when a particular action
should actually be considered a 'deviating behaviour', as these are often compensated
for so smoothly that they are hard to recognise as deviating. Also, there is no easily
definable boundary of mormal' or 'correct' behaviour, especially if we take into
account that normative traffic rules are often open to interpretation and even require
interpretation in order to make them applicable to the diversity of situations met in
practice. So far, a detailed understanding of this compensatory mechanism has not
yet been achieved.

Most of the research on traffic behaviour has focused on the individual road user,
despite the fact that road users rarely encounter traffic situations in which they are
not confronted with other road users. Most models of the driving task represent the
driving task from the perspective of one individual road user. For example, the
models Michon (1985) discusses in an overview article on driver behaviour models
primarily take only one active road user into account. Up until now, models of
driving behaviour which focus on the interaction between road users and their
impact on each other are still not found.

Take, for example, an intersection with two road users approaching each other from
different directions. In this case, direct verbal communication with each other is not
possible. Despite this, situations like these rarely develop into an accident. Michon
(1985) points out that the interactions between road users are mediated by distinctive
and frequently subtle cues. In the past, attempts to describe the relations between
such cues and the road user's behaviour have been made, which have often taken the
form of ethological models (Bliersbach & Dellen, 1980; Shor, 1964; van der Molen,
1983). In these models an attempt is made to determine specific behaviour, which
elicits stimulus configurations. Unfortunately, as the focus is on the observable
interaction situation, these models have not been able to describe the information
processing of road users in interaction situations, which can be considered to drive
the overt behaviour (e.g., paying attention to stimuli, interpreting them and deciding
how to respond).

In interactions with other car drivers at an intersection, time is usually limited.
Therefore, car drivers need to anticipate the upcoming interaction situation by
developing adequate ideas about what is about to happen in the near future to be
able to cross the intersection in the most safe and efficient manner. The main
assumption on which this thesis research was based, states that these ideas, which
are essentially expectancies, play an important role in interaction situations in traffic.
Therefore, the concept of expectancy takes a central role in this thesis.
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1.2. Significance for Advanced Driver Assistance Systems (ADAS)

Development of ADA Systems has increased in recent years. Harbluk, Noy, and
Matthews (1999) mention three factors that have contributed to the increase in on-
board ADAS. First of all, technological advances have enabled the integration of
information and communication systems within cars. Second, the rapid increase in
traffic intensity has made the driving environment more demanding. Thirdly, they
mention the increased demand of traffic participants to maximise driving efficiency
and productivity of driving time through the use of in-vehicle technology.

Specific knowledge about the effects of these technological advances on driving
behaviour is still lacking. However, this knowledge is essential to address the safety
aspect of the new driving task (due to ADAS), which is often neglected. The HASTE
project, which focused on In Vehicle Information Systems, noticed that
methodologies to assess safety implications of these systems are still lacking (Carsten
& Brookhuis, 2005). Harbluk et al. (1999) remark that ADAS could result in
fundamental changes in the nature of driving with possible adverse effects. The
technology driven engineering approach (often employed in the development of
ADAS) can take the human out of the loop (Wieringa & Stassen, 1999), changing the
nature of the driving task towards a more supervisory level of control. Noy (1999)
also stresses the need to evaluate the impact of new technologies on transportation
safety prior to their implementation or commercialisation. According to Noy, an
important risk of ADAS is behavioural adaptation, which is defined as a change in
behaviour that occurs in response to a change in technology, but which was not
intended by the designer (OECD Scientific Expert Group, 1990).

Current ADAS concepts have mostly neglected the interaction aspect of the driving
task, which may lead to unexpected driver behaviour and to unforeseen and
dangerous responses by surrounding road users. Chauvin and Saad (2000) also stress
the importance of investigating the potential impact of new support systems being
developed in car driving. As these systems are expected to have a special impact on
driver behaviour in terms of for example, the speed driven and/or the safety margins
adopted in car-following situations, they will change drivers' behaviour and may
thus alter the way they usually interact with other road users. To be able to make any
predictions about the impact of ADAS on driving behaviour at intersections, a deeper
insight into interaction behaviour in traffic is needed to provide more extensive and
safer design and use criteria.

1.3. Research questions

The main objective of this thesis is to achieve an understanding of the interaction
process between road users. Expectancy seems to be a key concept in understanding
interaction behaviour and has therefore been the focus of the research carried out for
this thesis.
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To accomplish this objective, the following research questions will be studied
throughout this thesis:

% What is the role of expectancy in interaction behaviour at intersections?

% What is the influence of expectancy on traffic safety at intersections?

% What are the implications of human interaction behaviour for ADAS?

1.4. Restrictions

As the main objective of this thesis concerns a rather broad field of research, a
number of restrictions were applied. The research discussed in this thesis has been
limited to interactions between car drivers at urban intersections, due to practical
considerations. The focus has been on urban intersections as the amount of
encounters at urban intersections is assumed to be higher than at intersections in
rural areas. Also, the great variety of road users (e.g. pedestrians, cyclists, car drivers)
has been restricted to a subset of this large group, namely car drivers. This choice
was made with driving simulator experiments in mind. Behaviour of other road
users (e.g. pedestrians and cyclists) is not yet very well represented in these
simulators. This thesis will also discuss the potential impact of ADAS on the
interaction process. As ADAS will mostly affect the behaviour of this particular
subset of road users, this also justifies the restriction to car drivers.

1.5. Outline of the thesis

The general outline of this thesis is schematically represented in Figure 1.1. The first
part of the thesis, consisting of Chapters 1, 2 and 3 provides an introduction to the
rest of the thesis. In Chapter 2 a theoretical framework will be presented. The key
concept of this thesis, “expectancy”, will be introduced and research relevant to this
concept is discussed. Also, several categories of driving behaviour models found in
literature will be discussed in the context of interaction behaviour. In Chapter 3, the
various methods applied in this thesis research, ranging from an explorative to an
experimental approach, will be discussed in greater detail.

In the second part of the thesis, consisting of Chapters 4, 5 and 6, the research carried
out during this PhD project is presented and discussed. In Chapter 4 the research
conducted in the explorative phase is presented, whilst in Chapter 5 and 6 the
research conducted in the subsequent experimental phase using two linked driving-
simulators is discussed.

In the final part and chapter of this thesis the results will be discussed in line with the
abovementioned research questions. Chapter 7 provides an overview of the key
findings and discusses them within the theoretical framework presented in Chapter
2. Implications of the results will also be discussed.
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Figure 1.1: Schematic representation of thesis outline






2. Theoretical Framework!

2.1. Introduction

Many aspects of driving behaviour have been thoroughly researched and
consequently many researchers have created models that attempt to describe driving
behaviour. All these models vary in their applicability to specific situations and
aspects of the driving task. Also, they vary in their focus and intended use. As
introduced in the previous chapter, the main focus of the research in this thesis is on
the interaction aspect of the driving task. Therefore, this chapter will focus on finding
or developing a model that is applicable to interaction behaviour in driving.

Many researchers have agreed that there are two main goals that road users have
while participating in traffic (e.g., Cnossen, Meijman, & Rothengatter, 2004; Fuller,
1984; Hale, Stoop, & Hommels, 1990; Hoedemaeker, 1999; Hollnagel, Nabo, & Lau,
2003); first of all, getting from A to B in the least amount of time (i.e. efficiency) and
second, doing so in a safe manner (i.e. safety). Obviously, drivers might have other
goals as well (e.g., comfort, interest in the scenery along the way), but these are
considered less relevant than the two main goals agreed upon by the
abovementioned researchers. In order to interact with other road users in a safe but
also efficient manner, drivers will need to anticipate future events. A model that can
help to explain interaction behaviour in driving will thus need to incorporate the
process of anticipation.

Concerning the safety-goal in traffic, accidents are often attributed to deviating
behaviour of road users (Brookhuis, de Waard, & Janssen, 2001). In Chapter 1 it was

1 This chapter is based on the literature research conducted for several conference proceedings and a
journal article (Houtenbos, 2004, 2005; Houtenbos, Hagenzieker, Wieringa, & Hale, 2004; Houtenbos,
Jagtman, Hagenzieker, Wieringa, & Hale, 2005).
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pointed out that the compensatory mechanism that allows road users to compensate
for each others” deviating behaviour is not yet fully understood.

Furthermore, in interaction with other road users there is a need to negotiate with
them regarding the use of the available space. Traffic rules exist to facilitate these
negotiations. In the Netherlands, for example, the right hand right of way rule
applies to interaction situations at intersections with no designated priority. When
road users’ paths will cross at the intersection, the rule dictates that the road user
approaching the intersection from the right has priority over the road user
approaching the intersection from the left. However, it is not always apparent if this
rule should be applied. For example, when one road user perceives another road user
approaching the intersection from the right, it often depends on the latter’s distance
to the intersection and their speed whether the first road user should wait and give
way. It is also sometimes unclear whether an intersection has any designated priority
or not. Thus, drivers coming from the left could think themselves (wrongfully) on a
protected priority road. Both formal and informal (e.g., that incorporate the distance
and speed) rules in traffic are assumed to affect the negotiation process in interaction
with other road users by influencing the expectancy of the situation.

Taking this into account, a model of interaction behaviour in traffic should:

% indicate how and when expectancy is important in the interaction process
and incorporate anticipation behaviour of road users

% incorporate the effect of one road user’s behaviour on the others’ (i.e.,
incorporate the compensatory mechanism)

% indicate how expectancy can be influenced (e.g., by formal and informal
traffic rules or the availability of information) and thus influence the
interaction/negotiation process

Such a model will allow us to understand the interaction process better and help to
pinpoint aspects of the interaction task that could benefit from Advanced Driver
Assistance Systems (ADAS), which could eventually lead to increased traffic safety.

In this chapter, the concept of expectancy will be elaborated on and, subsequently,
several existing models of driving behaviour will be discussed. The focus will be on
the way expectancy is incorporated in these models and the extent to which these
models are applicable to the interaction process in driving. Finally, a concept model
of the interaction process is postulated, to which we will hark back in the final
chapter of this thesis.

2.2, Expectancy: a key concept in interaction behaviour

A main assumption that underlies this thesis is the central role of expectancy in
interaction behaviour in driving. Practically everyone can think of an instance where
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something almost went wrong in a traffic situation that involved interaction with
other road users. The odds are that one or more aspects of this situation seemed to be
unexpected. In normal situations where everything goes the way it should, things
usually happen the way we expect them to happen. However, what is still unclear, is
how exactly these expectations influence our behaviour or even how they are
formed.

In traffic, expectations of the outside world are especially important due to the time
constraints in such situations. In order to react adequately and fast enough to the
demands of many traffic situations so that traffic flow is not hindered, anticipation of
what is about to happen is required. To achieve a certain level of anticipation,
adequate expectations are essential. When we know what to expect, we know what
to anticipate and therefore what to prepare for.

The concept of expectancy has often been used in previous traffic research.
Lunenfeld & Alexander (1984), for example, believe that the information drivers
gather from the environment is compared to information which they have in storage
(similar to the use of mental models, which are discussed in Section 2.2.2). The
information in storage is somehow mediated by habit and expectancy. Their studies
focused on the concept of positive guidance which aims to facilitate the driving task
by arranging the road environment in such a way that it corresponds to road users’
expectations.

Like Lunenfeld and Alexander, many researchers have focused their expectancy
studies on the relation with the road environment rather than on the relation with the
behaviour of other road users. For example, in a discussion on expectancy and
positive guidance, Russel (1998) only mentions characteristics of the roadway
environment as influencing road users’ expectations. De Waard, Steyvers and
Brookhuis (2004) studied the effect of a visually ambiguous road configuration on
driving behaviour and found that unexpected road configurations confused drivers,
especially as age increased. In a study on fixation times Martens and Fox (2007)
concluded that fixation times for traffic signs and road markings decreased when
subjects expected them to be there.

Although the abovementioned research has focused mainly on a road user
interacting with the road environment (like most research concerning driver
expectancy), it is likely that the same mechanism applies to road users interacting
with other road users.

2.2.1. What happens when expectancies are not justified?

There are some studies that have focused on expectancy concerning the behaviour of
other road users, which have mainly dealt with situations in which the expectancies
did not turn out to be justified. Expectancies are considered to be “not justified”
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when the expectancy eventually does not match the actual outcome of a certain
situation. Thus, the label “unjustified” can only be linked to a certain expectancy
after the situation that was included in the expectancy has ended.

It has been proposed that images are formed in anticipation of perceiving objects and
events (Neisser, 1976, 1978). Whenever imagined and observed objects are similar,
object perception will be facilitated, whereas if the imagined and observed objects
differ, they will produce interference. In laboratory studies on the probability of a
stimulus appearing, subjects took longer to respond to a stimulus when the
probability of it appearing was lower (Naditanen & Summala, 1976). In a reaction
time study using stimuli that varied in expectancy, reaction times increased when
subjects were not previously warned about a stimulus appearing (Olson & Sivak,
1986). The hypothesis that expectations must play a role in driving behaviour is
supported by Russell (1998), who mentions that when a driver’s expectancy is
incorrect (i.e. unjustified), either the driver takes longer to respond properly or
he/she may respond poorly or wrongly. In accordance, Martens (2004) found that
information that did not correspond to one’s expectancies was either missed or
responded to slower as compared to the situations in which the information did
correspond to expectancies. These findings imply that when a driver encounters an
unexpected situation, this increases the time needed to respond and consequently,
accidents are more likely to occur.

In Finland, Rasanen and Summala (1998) conducted a variant on a black spot
analysis on a specific type of accident, namely bicycle-car accidents. They identified
two common mechanisms underlying the accidents. The first one concerned the
allocation of attention such that others were not detected and the second one
concerned unjustified expectations about the behaviour of others. Especially drivers
turning right hit cyclists because they looked left for cars during the critical phase. A
possible conclusion could be that the drivers did not look right, because they did not
‘expect” a cyclist to appear from a direction inconsistent with normal car traffic flow.
Rdsdanen and Summala (1998) also bring up that drivers’ learned routines may fail to
take account of a cyclist properly and cyclists” expectations may fail if they interpret
driver behaviour wrongly. For example a driver slowing down while approaching an
intersection could be interpreted by a cyclist as an indication of a turn that will be
made, but could also be interpreted as an indication to the cyclist that the driver has
noticed the cyclist, and intends to yield.

Summala, Pasanen, Radsdnen and Sievdnen (1996) provide an explanation for car-
bicycle-collisions in line with this ‘unjustified expectations’-mechanism: drivers
develop a visual scanning behaviour, which favours detecting motor vehicles, but
ignores cyclists. This seems to suggest that the drivers, whose routines fail to take
cyclists into account in time, are more focused on other drivers than on cyclists or
even pedestrians and are thus more likely to expect drivers and not to expect cyclists.
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Similarly, in a laboratory study on the detection of (headlights of) motorcycles,
subjects appeared to develop a perceptual set for responding on the basis of
headlights rather than on the presence of a motorcyclist (Hole & Tyrrell, 1995). Thus,
when no headlights were detected, subjects tended not to expect motorcyclists. In
their study focusing on so-called “looked-but-failed-to-see” errors in traffic,
Herslund and Jergensen (2003) suggest that road users who are expected to be
present, but not actually there, can cause road users who are actually in the field of
vision, but not expected, to be overlooked. As expectancy is developed through
experience with similar situations, it appears that experienced road users are more
likely to miss road users due to unjustified expectations (Herslund & Jergensen,
2003).

The abovementioned studies show that unjustified expectancies can lead to road
users not being perceived, which has obvious implications for traffic safety. In the
research on expectancy in traffic situations, the focus has been on situations in which
expectancies were not justified by the actual outcome (when accidents have
occurred), instead of how expectancies are used in successful situations. Success can
be the result of a justified expectancy, but also the result of an unjustified expectancy
if there still was enough time to correct it. Perhaps this is because trying to describe
the way expectancies work in successful situations is easier after describing the way
they seem to fail when things go wrong. Thus, a challenge lies in determining the
role of expectancies in successful traffic behaviour.

2.2.2, Mental models, schemata and scripts

Expectancy as a concept is related to the concepts of schemata, scripts and mental
models (Abelson, 1981). Carroll en Olson (1987) define a mental model (of a certain
system) 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. It can be conceived of
as knowledge about the system that is sufficient to permit the user to mentally try
out actions before choosing one to execute. Assuming road users use mental models
while participating in traffic, these models will (among other aspects) need to include
the formal and informal traffic rules that apply in a particular situation.

Similar to mental models, schemata are general cognitive structures that allow us to
organise perceptual information (e.g., see Martens, 2000; Schank & Abelson, 1977).
They are built up as experience is gained with situations that are similar in some way
and help to interpret information when another similar, but new, situation is
encountered. Scripts are essentially schemata that are focused on a particular event
and help us to determine what behaviour is appropriate in a certain kind of situation.
For example, a road user will have a schema for driving on a motorway and the
matching script will indicate the appropriate behaviour while driving on the
motorway.
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Mental models and schemata help road users to cope with the complex traffic
environment and help to focus on the elements that are relevant to the road user’s
goals; safety and efficiency. Van Elslande & Fauncher-Alberton (1996) mention
studies which state that time constraints imposed on the cognitive processes
implemented when driving require the acquisition of structured knowledge on
which to base the expectancies specific to each journey (Alexander & Lunenfeld,
1986; Saad, Delhomme, & van Elslande, 1990; Theeuwes, 1996, Theeuwes &
Hagenzieker, 1993). This seems very relevant for interactions in traffic, as time
constraints are definitely involved here. We could consider the structured knowledge
mentioned above to correspond to mental models. Several researchers have indicated
that road users use schemata to extract expectations about how the traffic situation
will develop (e.g., Martens, 2000; Theeuwes & Godthelp, 1995). In turn, expectations
determine which schema is activated and information is interpreted in the context of
that schema. Information that does not fit in the schema might not be perceived or
might activate a different schema. However, activating a new schema takes time and
might explain why response times increase when an unexpected event is
encountered. In conclusion, a concept like mental models or schemata seems relevant
to include in a model on interaction behaviour in traffic.

2.2.3. Expectancy and situation awareness

Situation awareness (SA), as originally proposed by Endsley (1995), was defined as
perceiving the elements of the current situation (SA level 1), comprehension of the
current situation (SA level 2) and finally, projection of the future actions of the
elements in the current situation (SA level 3). Endsley’s model also includes
preconceptions and expectations, which are assumed to influence both situation
awareness and the decisions to be made. As van der Hulst (1999) points out, situation
awareness in driving involves the continuous updating of knowledge about the
position and behaviour of other road users and confidence in the correctness and
actuality of this knowledge. Acquiring and maintaining situation awareness is
particularly relevant as the complexity of the task increases (Endsley, 1995). Thus,
especially when studying a complex driving skill such as interacting in traffic,
situation awareness seems a relevant concept to include in a model of information
processing in interaction processes.

Situation awareness is defined as a state of knowledge that can be achieved through
situation assessment (Endsley, 1995). Situation assessment consists of several
