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ABSTRACT

Driving is a complex task and several factors influence drivers’ decisions and
performance including traffic conditions, attributes of vehicles, network and
environmental characteristics, and last but not least characteristics of the drivers
themselves. in an effort to better explain and represent driving behaviour, several
driving behaviour models have been suggested over the years. In the existing
literature, there are two main streams of driving behaviour models that can be found.
The first is approaching driving behaviour from a human factors and cognitive
perspective while the second is engineering-based. Driving behaviour models of the
latter category are mathematical representations of drivers’ behaviour at the individual
level, mostly focussing on acceleration/deceleration, lane-change and gap-acceptance
decisions. Many of these factors are captured by existing driving behaviour models
used in microscopic simulation tools. However, while the vast majority of existing
models is approximating driving behaviour, primarily focusing on the effects of traffic

conditions, little attention has been given to the impact of drivers’ characteristics.

The aim of the current thesis is to investigate the effects of stress on driving behaviour
and quantify its impact using an econometric modelling framework. This main
research question emerged as a result of a widely acknowledged research gap in
existing engineering-based driving behaviour models related to the incorporation of
human factors and drivers’ characteristics within the model specification. The
research was based on data collected using the University of Leeds Driving Simulator.
Two main scenarios were presented to participants, while they were also deliberately
subjected to stress induced by time pressure and various scenarios. At the same time,
stress levels were measured via physiological indicators. Sociodemographic and trait
data was also collected in the form of surveys.

The data has been initially analysed for each main scenario and several statistics are
extracted. The results show a clear effect of time pressure in favour of speeding,
however relations related to physiological responses are not always clear. Moreover,
two driving behaviour models are developed, a gap-acceptance and a car-following
model. In the former model, increase in physiological responses is related to higher
probability of accepting a gap and time pressure has a positive effect of gap-
acceptance probability as well. In the car-following model, stress is associated with
increased acceleration and potentially a more aggressive driving style.
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The aforementioned analysis is based on data collected in a driving simulator. Given
the potential differences in driving behaviour between real and simulated driving, the
transferability of a model based on the latter data to field traffic setting is also
investigated. Results indicate significant differences in parameters estimated from a
video and the simulator dataset, however these differences can be significantly
reduced after applying parameter updating techniques.

The findings in this thesis show that stress and drivers’ characteristics can influence
driving behaviour and thus should be considered in the driving behaviour models for
microscopic simulation applications. However, for real life applications, it is
suggested that the extent of these effects should be treated with caution and ideally
rescaled based on real traffic observations.
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CHAPTER 1: INTRODUCTION

1.1 Background

Driving behaviour models refer to the representation of drivers’ tactical manoeuvring
decisions in different traffic conditions, based on mathematical approaches. These
models mostly include acceleration-deceleration, lane-change and gap-acceptance
decisions of each driver as a response to the surrounding traffic. Acceleration and
lane-changing are related to the longitudinal and lateral interactions on the road,
respectively. Gap-acceptance is related to intersection crossing but it is also a part of
the lane-change process. These driving behaviour models are a core component of
traffic microsimulation tools and are extensively used to investigate phenomena such
as traffic breakdown, hysteresis, stop-and-go traffic etc. through explicit
representation of drivers’ behaviour at the individual level. Driving behaviour models
can be also used to test network performance under situations of different geometric
designs, traffic controls and a variety of traffic management measures (Venter et al.,
2001). Thus, the accuracy of driving behaviour models in these applications is of
substantial importance in order to accurately represent driving behaviour and its
effects.

Over time, several driving behaviour models have been proposed and calibrated. Most
of these models approach the issue of driving behaviour as a function of variables
related to the surrounding traffic e.g. speed, relative speed, headway available gaps
etc. A main drawback of these approaches is the limited incorporation of
heterogeneity in behaviour across drivers (e.g. via desired speed) and absence of
within driver heterogeneity. However, driving is a complex task and research from
other fields as traffic psychology has shown that driving behaviour is influenced by
factors such as drivers’ individual characteristics, vehicle attributes, network
characteristics, and environmental characteristics. Among the limitations of existing
driving behaviour models, the impact of drivers’ characteristics has already been
reported in the existing literature (e.g. Saifuzzaman and Zheng, 2014; Zheng, 2014).
Lancaster and Ward (2002) listed a series of factors that affect driving behaviour:
gender, age, education, nationality, personality, aggression, driving confidence,
thoroughness in decision-making, attitudes, risk perception, social deviance, previous
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Chapter 1: Introduction

accident experience, live events, stress, fatigue and physiology. These factors indicate
that apart from the heterogeneity across drivers (e.g. sociodemographic
characteristics), differences in driving behaviour may occur also within the same
individual (e.g. stress, fatigue etc.). Drivers’ imperfect behaviour can also arise as a
result of their misjudgement in their own performance. For instance, Rolim and
Baptista (2018) observed drivers for a given period of time and concluded that they
failed to evaluate their observed behaviour, in terms of aggressiveness.

From all the above, it emerges that there is an imperative need for further research
regarding the effect of individual characteristics within a driving behaviour modelling
context. Thorough investigation of driving behaviour would require extended data
collection approaches, the ability to capture driving behaviour in a variety of situations
while at the same time, detailed information about drivers themselves is being
collected. This is not easily possible in field traffic settings. The answer to this
challenge may have been provided already in the field of safety research and the use
of driving simulators. Amongst their advantages, driving simulators offer a
controllable and repeatable environment where subjects can be tested under the same
traffic conditions and scenarios in a safe manner. Also, data is collected with high
accuracy such that any deficiencies of real traffic observations with respect to
measurement errors are eliminated in a driving simulator environment. Moreover, it
is easy to collect a plethora of information regarding drivers, such as
sociodemographic characteristics, psychological and physiological indicators,
amongst others. To the aforementioned benefits, it should be also added the longer
observation period compared to the very short periods typically covered by field
traffic data (Toledo, 2007). These benefits do not come without a price however since
the behavioural validity of driving simulators has been, in some cases, criticised while
other unexpected inconveniences such as simulator-related sickness have been
reported.

A potential solution to the problems reported in the previous paragraph could be
merging driving simulator with video data. This combination could result in model
estimations that would have all the benefits from simulator data (e.g. identifying and
quantifying the effects of sociodemographic characteristics, stress etc.) while at the
same time acknowledging and capturing any potential realism-related deviation in
observed behaviour by rescaling with real traffic data. An approximation of driving
behaviour models similar to the suggested one could potentially lead to new directions
in driving behaviour modelling and more behaviourally representative models. Thus,
the scope of the current PhD study has been to investigate some of the aforementioned
aspects, with a particular focus on: (a) The effects of drivers’ stress levels and
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1.2 Driving behaviour models

attributes on driving behaviour, (b) The estimation of driving behaviour models with
specifications that incorporate drivers’ characteristics , and (C) testing approaches to
close the gap (if any) between models estimated with driving simulator and real traffic
data.

The current chapter has been organised to present the existing driving behaviour
models and highlight their limitations. Moreover, findings from the literature are
reported, in order to underline the importance of drivers’ characteristics that are
usually omitted from these models. Finally, the research questions, and how they have
been addressed via the undertaken research, are presented.

1.2 Driving behaviour models

1.2.1 Acceleration models

Acceleration models, refer to the longitudinal component of driving behaviour. They
are divided in car-following and free-flow models. The former category is the most
common among all types of driving behaviour models. Car-following (CF) behaviour
has been extensively investigated and several approaches have been proposed. Car-
following models focus on the investigation of longitudinal interactions of vehicles
on the road, when moving at close headways. This concept has been initially
introduced by Pipes and Reuschel (Pipes, 1953; Reuschel, 1950). Pipes assumed that
the follower aims in maintaining a safe time headway of 1.02s from the leader. This
value was derived from a recommendation in the California Vehicle Code. Using
Laplace transformations, he developed theoretical expressions for the subject’s

acceleration given a mathematical function that describes the leader’s behaviour.
The GM model and its extensions

The concept of CF behaviour was further elaborated and the GM Research
Laboratories contextualised it into the stimulus-response framework (Chandler et al.
1958, Gazis et al. 1961). This approach considered CF behaviour as a set of reactions
to the stimuli presented to the drivers. The response (acceleration) to a specific
stimulus was lagged to capture the effect of reaction time as shown in Equation 1.1.

responsen (t) = sensitivityn (t) X stimulusy (t - tn) (1.2)
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where, t corresponds to the time of a specific acceleration observation of driver n, and
T IS the reaction time. In this concept, reaction time includes both perception reaction
time and foot movement time. The GM model specification had several stages of
development but the most common (Gazis et al, 1961), is given by the Equation 1.2:

Va(®”
Y A\/n(t - Tn) (12)

an(t) B aAXn( t- Tn)

where o, 3, y are parameters to be estimated, Vi is the current speed of driver n, AV
is the relative speed with the lead vehicle and AXn is the space headway. In this
specification, the stimulus was represented by relative speed while sensitivity was a
function of speed and space headway. The model was validated using real observed
traffic data. In this form of the GM model, the sensitivity term is formed by the speed
of the follower and the spacing between the follower and the leader. Some of the most
acknowledged limitations of this specification (Saifuzzaman and Zheng, 2014)
include identical reaction for all drivers, the ability of drivers to perceive very small
changes in driving conditions and generic parameters that did not capture differences
in between acceleration and deceleration regimes.

The GM model was further revisited and several alternative specifications were
suggested. For instance, Lee (1966) introduced a memory function in the model
specification to capture the reactions of drivers to the relative stimulus over a period
rather than an instantaneous moment. However, one of the most significant
contributions has been by Ahmed (1999). In his research, Ahmed suggested a general
acceleration framework consisted of two main parts, (a) the car-following component
and (b) the free-flow component. The former, was based on the GM model
considering however different sets of parameters to capture acceleration-deceleration
asymmetry and also accounted for the effects of traffic density. Another main
contribution was the treatment of reaction time as a random variable that follows a
specific distribution, rather than having an identical and fixed value for all drivers.
The concept of a general acceleration model was also discussed some years earlier by
Subramanian (1996). The general acceleration model of Ahmed can be summarised,
as shown in Equations 1.3 and 1.4:

Vo(t-eo )"

AX (t - é’f )Yg kn(t - a’[n)pg Avn(t - a’[n)kg (13)

a"E (1) = af



1.2 Driving behaviour models

aflf,g (t) = xff [V: (t - Tn) - \/n(t - Tn)]
(1.4)

where, V, is subject speed, V. is the desired speed, AV, is relative speed, 1, is the
reaction time, AX,, is the space headway, k,, is the density of the traffic ahead, § is a
parameter that indicates the update of drivers’ perception during the driving process,
and o8, B, v&, p&, A%, AT are parameters to be estimated. The model was later extended
by Toledo (2003) in an integrated framework to combine acceleration and lane-change
decisions.

One of the main drawbacks in the CF component of Ahmed’s specification is the
assumption that drivers accelerate when the relative speed is positive and decelerate
when negative. In order to address this limitation, Koutsopoulos and Farah (2012)
suggested a new model specification where the desire to accelerate, decelerate or do-
nothing was treated as a latent variable based on utility functions. The model
component however that was capturing the probability of the acceleration
observations was based on Ahmed’s specification. Another variation of this model
has been used to model CF behaviour on roads with weak lane discipline (Choudhury
and Islam, 2016).

Alternative car-following model specifications

A further inspection of the GM model shows that if two vehicles move at the same
speed, any spacing between the follower-leader pair is accepted. This assumption is
not realistic however, since at short headways this is not likely to be the case. Thus,
alternative CF specifications have been suggested across time. One of the most well-
known approaches is the introduction of desired measures. For instance, Helly (1959)
proposed the concept of desired following distance; a driver attempts to minimise both
relative speed and the difference between the actual and desired space headway.
Another example of a desired measures CF model is the Intelligent Driver Model
(IDM) proposed by Treiber et al. (2000) where desired speed and space headway were
considered.

Another category of CF models is the safety-distance models where the main
assumption is that drivers consider spacing distance and not relative speed as stimulus.
One of the first safety-distance models was Newell’s (1961) but the most popular
specification was suggested by Gipps (1981). Another also commonly known type of
CF models is the Optimal Velocity (OV) models. The first OV model was proposed
by Bando et al. (1995) and assumes that each vehicle has an optimal speed which
depends on the distance from the preceding vehicle. The model was later updated by
Bando et al. (1998) suggesting a specification that accounted for the effects of reaction
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time. The OV model was extended to other forms as the Full Velocity Difference
(FVD) model (Jiang et al., 2001), that also accounted for the effect of relative speed
or the Asymmetric Full Velocity Difference (AFVD) model (Gong et al., 2008) that
also incorporated acceleration-deceleration asymmetry. The OV model and its
variants have received considerable attention in the physics community. Several
models have been developed to investigate hypothetical cases on simulated data.
Although this approach has been widely applied in this field, owing to its feasibility
in theory analysis, only few studies established their findings based on observed data
(Zheng et al., 2012).

Some less common CF modelling approaches include cellular automata models (e.g.
Nagel and Schreckenberg, 1992) and fuzzy-logic models (McDonalnd et al., 1997).
However, the latter approach involves the definition of fuzzy sets, to capture
perceptual uncertainties of drivers, which is a challenging process that makes difficult
the estimation and validation process (Saifuzzaman and Zheng, 2014)

Despite any differences in specification, the models presented in the previous
paragraphs share in common a specific characteristic; in all cases acceleration is
approximated as a function of variables related only to traffic conditions while the
major focus has been in examining the adequacy of these models to represent real
traffic phenomena as oscillations capacit