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Abstract

Slowly but surely, automated driving systems (ADS) will become prevalent on public
roads. With the integration of automated vehicles into the public realm as a new road
user, the conventional form of traffic interactions experiences a considerable change.
ADS will need to deal with various road user types and the established communication
methods to execute safe and efficient driving manoeuvres. In the current stage of ad-
vancement in automated technologies, automated systems face challenges in interaction
with pedestrians —as one of the most vulnerable user groups with specific decision-
making systems. For instance, in complex urban scenarios (e.g., uncontrolled crossing
settings, shared spaces), ADS are not yet able to dynamically interact with pedestrians
and adequately react to their traffic behaviour.

Although there are various technological solutions to compensate for the loss of human
drivers in fully ADS and maintain pedestrian safety in uncertain traffic situations, a
proper interaction concept has not been formulated. By reviewing the results of several
studies, it is concluded that pedestrians and ADS need to comprehend and predict the
actions of one another for a safe and efficacious interaction process. An overview of the
literature on topics of traditional traffic interactions, pedestrian decision-making process,
and future of traffic interactions and user behaviour in the presence of ADS, provides the
basis for the following study that explicitly focuses on the modelling of pedestrian-ADS
interactions in uncontrolled traffic environments.

In this dissertation, a game-theoretic approach is employed to model pedestrian inter-
actions with ADS and predict the conflict resolution strategies taken by users to avoid
a conflict on the road. A comprehensive literature review is performed to identify the
most influential decision factors for pedestrian road crossing and provide the basis for the
model framework. The interaction game developed within this dissertation incorporates
a broad aspect of user behaviour to reflect their decision-making process better. The
proposed interaction game is formulated in three layers: (1) the safety layer to evaluate
the safety level of user decisions, (2) the travel layer to cover the energy loss imposed
on users by performing different evasive manoeuvres, and (3) the social layer to include
the impact of traffic environment on user decisions.

The proposed modelling framework can facilitate pedestrian-ADS interactions and
assist ADS in making more informed decisions during traffic interactions. This Disser-
tation provides a suitable framework for modelling pedestrian-ADS interactions, and
recommendations for further development, besides adding to the present knowledge and
general discussion on the literature related to the ADS interactions with pedestrians.






Zusammenfassung

Langsam aber sicher werden sich automatisierte Fahrsysteme (ADS) im o6ffentlichen
Straflenverkehr durchsetzen. Mit der Integration automatisierter Fahrzeuge in den
Offentlichen Raum als neue Verkehrsteilnehmer erfihrt die herkémmliche Form der
Verkehrsinteraktion eine erhebliche Verianderung. ADS werden mit verschiedenen
Verkehrsteilnehmern und den etablierten Kommunikationsmethoden umgehen miissen,
um sichere und effiziente Fahrmandver durchzufithren. In der gegenwartigen Phase des
Fortschritts bei automatisierten Technologien stehen automatisierte Systeme vor Heraus-
forderungen bei der Interaktion mit Fulgangern —als eine der am meisten gefahrdeten
Nutzergruppen mit spezifischen Entscheidungssystemen. In komplexen stadtischen
Szenarien (z. B. unkontrollierte Kreuzungen, gemeinsam genutzte Fliachen) sind ADS
beispielsweise noch nicht in der Lage, dynamisch mit Fulgingern zu interagieren und
angemessen auf deren Verkehrsverhalten zu reagieren.

Obwohl es verschiedene technologische Losungen gibt, um den Verlust menschlicher
Fahrer in ADS zu kompensieren und die Sicherheit von Fufigéngern in unsicheren
Verkehrs-situationen aufrechtzuerhalten, wurde bisher kein geeignetes Interaktion-
skonzept formuliert. Die Ergebnisse mehrerer Studien lassen den Schluss zu, dass
Fulgiinger und ADS die Handlungen des jeweils anderen verstehen und vorher-
sagen miissen, um einen sicheren und effizienten Interaktionsprozess zu gewahrleisten.
Ein Uberblick iiber die Literatur zu den Themen traditionelle Verkehrsinteraktionen,
Entscheidungsprozesse von Fulgéngern und die Zukunft von Verkehrsinteraktionen und
Nutzerverhalten in Anwesenheit von ADS bildet die Grundlage fiir die folgende Studie,
die sich explizit mit der Modellierung von Fuigénger-ADS-Interaktionen in unkontrol-
lierten Verkehrsumgebungen beschéaftigt.

In dieser Dissertation wird ein spieltheoretischer Ansatz verwendet, um die Inter-
aktion von Fufligdngern mit ADS zu modellieren und die Konfliktlosungsstrategien
vorherzusagen, die von den Nutzern angewandt werden, um einen Konflikt auf der
Strafle zu vermeiden. Eine umfassende Literaturrecherche wurde durchgefiihrt, um die
einflussreichsten Entscheidungsfaktoren fiir FuBgénger beim Uberqueren von Strafien zu
ermitteln und die Grundlage fiir den Modellrahmen zu schaffen. Das in dieser Disser-
tation entwickelte Interaktionsspiel bezieht einen breiten Aspekt des Nutzerverhaltens
ein, um den Entscheidungsprozess der Nutzer besser widerzuspiegeln. Das vorgeschla-
gene Interaktionsspiel ist in drei Ebenen formuliert: (1) die Sicherheitsebene, um das
Sicherheitsniveau der Nutzerentscheidungen zu bewerten, (2) die Reiseebene, um den En-
ergieverlust zu erfassen, der den Nutzern durch verschiedene Ausweichmandver entsteht,
und (3) die soziale Ebene, um die Auswirkungen der Verkehrsumgebung auf die Nutzer-
entscheidungen zu beriicksichtigen.

vii



Zusammenfassung

Der vorgeschlagene Modellierungsrahmen kann die Interaktion zwischen Fufigdngern
und ADS erleichtern und ADS dabei unterstiitzen, fundiertere Entscheidungen wéahrend
der Interaktion mit dem Verkehr zu treffen. Diese Dissertation bietet einen geeigneten
Rahmen fiir die Modellierung von Fufiginger-ADS-Interaktionen und Empfehlungen
fiir die weitere Entwicklung, neben der Ergénzung des derzeitigen Wissens und der
allgemeinen Diskussion iiber die Literatur in Bezug auf die ADS-Interaktionen mit
Fufigdngern.
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1 Introduction

1.1 Motivation

Tra ¢ safety has become a paramount global issue for decades because of its signi cant
impact on nations' economies and victims' welfare. Every year approximately 1.3 million
people lose their lives as a result of road tra c crashes, and between 20-50 million people
su er non-fatal injuries [7]. Among all, vulnerable road users (VRUS), such as pedestri-
ans, motorcyclists, and cyclists, account for more than half of all road tra c fatalities [7].
As one of the most VRU groups, pedestrians have no protection of an outer shield, safety
belts, or helmets to safeguard them when a tra ¢ collision occurs. Hence, these road
users are exposed to an increased risk of severe injuries and fatalities in car-dominant
road space. Statistically, the majority of tra ¢ crashes involving pedestrians occur in
urban areas and while pedestrians cross the roadway either at pedestrian crossing facil-
ities or outside of designated crosswalks [8]. Uncontrolled tra ¢ settings |as a form of
pedestrian crossing facilities| can create increased tra ¢ hazards for pedestrians, due
to the intricate nature of such environments. At uncontrolled tra ¢ settings, there are

no tra c management and control systems to conduct the movements of road users,
regulate the tra c, and determine the road space priority. Therefore, tra ¢ movements

in such environments majorly rely on priority negotiation and interactions among road
users. Pedestrians need to frequently negotiate priority with motorised vehicles and as-
sess the tra c situation for a safe road crossing. On the other hand, vehicle drivers need
to monitor the road ahead and adjust their driving behaviour according to the trac
situation in the crossing area. As a result, a more frequent and complex interaction
process is required to ensure tra ¢ safety and e ciency in uncontrolled tra ¢ settings.

A trac conict or collision will occur if road users fail to form successful trac
interactions. Tra c collisions and con icts result in adverse impacts |[sometimes ir-
revocable consequences| on tra c safety and e ciency, besides the negative e ect on
the user's travel experience. While the outcomes of tra ¢ collisions and con icts are
well understood [9, 10, 11], the knowledge and understanding of users' decision-making
process during tra c interactions is still relatively obscure. Despite the substantial num-
ber of studies in this eld, there are many uncertainties regarding in uential factors in
users' decisions, possible interconnections among these factors, how and to which ex-
tent these factors impact the tra ¢ decisions of road users, and whether these factors
can alter crossing/driving manoeuvres performed by road users in a con ict scenario.
For instance, in a pedestrian-vehicle interaction scenario, a pedestrian deviates from
its forward trajectory to cross in front of a vehicle |and the driver yields instead of
continuing its path. In this hypothetical interaction scenario, we need to know which
dynamic, environmental-, or individual-associated factors in uenced users' tra ¢ deci-
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sions, and whether tra ¢ communication cues were utilised to facilitate the interaction.
Such knowledge of the user decision-making process is essential for developing suitable
behavioural models and designing collision avoidance systems to prevent a tra c collision
or mitigate its severity.

In the user behaviour and tra c interaction domain, research has been mainly focusing
on a limited number of factors in uencing pedestrian-driver interactions, without taking
into account the decision-making process of road users collectively and investigating the
factors that may in uence the process [12]. Besides, most collision prediction models
assume that the trajectory and speed of users would remain unchanged and evaluate
the tra c safety accordingly [5]. The latter assumption ignores the variability of evasive
manoeuvres that users can execute during a tra ¢ conict and thus, limits the model
capability to evaluate the safety level of various tra ¢ outcomes [5].

In the future of mobility and with the advent of automated driving systems (ADS),
the conventional role of drivers will gradually be replaced with a broad range of tech-
nologies taking control of the driving tasks. In the absence of a human driver |for the
case of fully automated vehicles| and partial engagement of drivers |for the case of
partially automated vehicles| the traditional form of tra ¢ interaction is subject to
a signi cant change. Tra c interaction may become even more challenging during the
transition phase, when ADS are integrated to the current tra ¢ patterns and the road
infrastructure is not fully ready for serving such vehicles as a new road user. In such
tra c systems, ADS have to understand the behaviour of their interaction users, predict
their movement intentions, and perform suitable driving manoeuvres [12, 13]. However,
similar to conventional tra ¢ interactions, understanding and predicting user behaviour
is complicated.

The emergence of automated vehicles, as new road users, into the public road can
impact the behaviour of other tra c participants. For example, pedestrians may expect
ADS to drive perfectly safely and always yield to other participants, leading to risk-taking
behaviours that jeopardise tra ¢ safety and e ciency. Besides, the existing automated
driving technologies have di culties managing complex tra ¢ situations, due to the
incomplete understanding of user behaviour and decision-making process. Therefore,
there are several ongoing questions with respect to the pedestrian-ADS interactions;
which decision factors in uence pedestrian behaviour in interaction with ADS, how to
incorporate these factors in behavioural models and the manoeuvres' planning module
of ADS, and how ADS can e ciently collect and prioritise relevant information while
interacting with a pedestrian.

The investigation of pedestrian-ADS interactions in general, and user behaviour in
particular, is one of the most challenging topics in ADS-related research. Although sev-
eral data collection methods are used to unfold di erent aspects of tra c interactions in
the presence of ADS, users' behaviour changes with the widespread deployment of auto-
mated vehicles in the future |or possibly over prolonged use| are undisclosed. More
research is required to focus on the most relevant in uential decision factors that provide
insights into user behaviour and take into account the expectations and requirements of
users interacting with ADS. These are necessary inputs for developing a suitable interac-
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tion method that can ensure the safety of pedestrians interacting with ADS and ensure
the e ciency of these systems on the road.

1.2 Problem De nition and Dissertation Objectives

In order to improve the safety and e ciency of ADS in interaction with pedestrians, ADS
need to play the role of an active road user by predicting the intentions of other parties
on the road and performing suitable driving manoeuvres [13, 14]. In this direction, one
of the main issues identi ed within this research concerning the modelling of pedestrian-
ADS interactions is the rather restrictive framework (in terms of, for instance, de ned
conict resolution strategies of users, methods used, and decision factors included in
the modelling approaches) in which relevant research revolves. Researchers, in most
cases, focus on either collision avoidance-based factors or limited/selective number of
environmental and/or user-associated factors to model pedestrian-ADS interactions, and
thus, partially re ect users' decision-making process to avoid a conict on the road.
Although these e orts aim at developing a simpli ed pedestrian-ADS interaction concept
and their limitations can be attributed to the challenges that the absence of large-
scale eets of automated vehicles and complexity of user behaviour impose, this could
negatively impact the e ciency of ADS on the road and lead to confusion and frustration
among pedestrians interacting with ADS [14, 15].

In this context, this dissertation focuses on developing a modelling framework for the
interaction of ADS with pedestrians by employing the most relevant factors in users'
decision-making process. The proposed modelling framework is built upon user-speci c
goals/utilities on the road and aims to predict di erent con ict resolution strategies of
users during tra c interactions. The main research question is:

How to develop a modelling framework for the interaction of ADS with
pedestrians that (i) re ects the user's decision-making process and
behaviour during tra c interactions in uncontrolled environments and (ii)
accommodates a safe and e cient interaction process?

The principal research question evokes a set of objectives that guide the required work:

Investigate the conventional tra ¢ interactions among road users and the future
of interactions when ADS operate on the road.

Identify and review pertinent research on user behaviour and decision-making dur-
ing tra c interactions.

Derive the most in uential factors in user behaviour and tra c decision, and spec-
ify requirements and speci cations for a safe and e cient tra c interaction process.

Design a modelling framework to predict con ict resolution strategies of users in
interaction.

Evaluate and validate the performance of the proposed model, and discuss its
applicability.
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1.3

Dissertation Contributions

This doctoral dissertation compounds, summarises, and documents the author's stud-
ies, [16, 12, 5, 6] in particular, and developments towards understanding and modelling
the interaction of pedestrians with di erent vehicle types in uncontrolled tra ¢ envi-
ronments. Thus, this doctoral research makes the following contributions in theoretical,
methodological and practical levels:

1.4

Synthesis on Tra c Interactions Research (Ezzati Amini et al. [16]):

A thorough investigation on VRUSs, particularly pedestrians, interactions with
manual-driven vehicles, factors in uencing their behaviour, and the utilised com-
munication methods.

Advance the Understanding of Pedestrian-ADS Interactions (Ezzati

Amini et al. [12]): A comprehensive literature review and discussion to explore
pedestrian interactions with ADS, the challenges that ADS face concerning tra c
interactions, the complexity of understanding and predicting pedestrian behaviour,
and the transformation of the tra ¢ interactions and communication methods in
the near future.

Evaluation of Pedestrian Behaviour (Ezzati Amini et al. [16] & Ezzati

Amini et al. [12]):  Exploring and evaluating factors in uencing the decision-
making process of pedestrians in interaction with di erent user types, i.e., manual-
driven vehicles and ADS, how pedestrian behaviour, requirements, and expecta-
tions would change when ADS join the transport systems.

Tra c Interaction Data Analysis Approach (Ezzati Amini et al. [5]

& Ezzati Amini et al. [6]): The use of simpli ed data analysis technique to
evaluate the behaviour of interacting users and determine their con ict resolution
strategies.

Development of a Conict Risk Evaluation Model (Ezzati Amini et al.

[5]): A model to assess pedestrian safety in interaction with other road users. The
model evaluates the conict risk of di erent evasive manoeuvres |available for
di erent user types| and their combinations.

Development of a Game-theory-based Model (Ezzati Amini et al. [6]):
Developing a game-theoretic approach to predict con ict resolution strategies of
users performed to avoid a con ict on the road.

Dissertation Structure

With regards to the objectives mentioned above, this dissertation contains four studies
that cover various aspects of road users interactions and the details of the proposed
methodology to model user behaviour in uncontrolled tra ¢ environments.
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" Ezzati Amini et al. [16] (see Appendix A).
" Ezzati Amini et al. [12] (see Appendix B).
" Ezzati Amini et al. [5] (see Appendix C).

" Ezzati Amini et al. [6] (see Appendix D).
This remainder of this dissertation is structure as follows (Fig. 1.1):

Chapter 2. Background:  This chapter overviews the research background, provides
general information about the research topic, establishes the research con-
text, and explains why this topic is signi cant to understanding the principal
aspects of the research.

Chapter 3. Traditional Tra c Interactions of Pedestrians with Vehicles: This
chapter presents an overview of the related work, including a description of the
conventional pedestrian-vehicle interaction concepts, data collection methods,
and the exploration of the tra ¢ communication methods. Particular focus
is given to the factors in uencing users' decision-making process during an
interactive process, where the literature review is performed, followed by a
targeted presentation of topics pertinent to this dissertation.

Chapter 4. Interaction of Pedestrians with Automated Driving Systems:
This chapter includes a comprehensive literature review and discussion of
the aspects to be considered for a safe and e cient interaction process among
pedestrians with ADS. Di erent aspects of automated driving are investigated
with respect to the current advancement of the technologies as well as the fu-
ture of the interaction concepts when automated vehicles operate on public
roads. Furthermore, the modelling approaches to predict user behaviour in
interaction with ADS and the most signi cant factors in their decision-making
process are evaluated. Besides, this chapter overviews the new forms of com-
munication developed to assist tra c interactions in the presence of ADS.

Chapter 5. Modelling Framework - Conict Risk Evaluation: A model to as-
sess the safety level of users in interaction is proposed in this chapter. The
developed con ict risk evaluation model relies on surrogate safety measures
to evaluate the crash risk and severity of a conict event, and separate the
potential con ict/crash from the normal/safe tra ¢ situations. Besides, the
chapter entails the extensive detail of data analysis, con ict detection proce-
dure, and determination of con ict resolution strategies.

Chapter 6. Modelling Framework - Game of Interaction: This chapter focuses
on developing a game-theoretic approach for predicting the con ict resolution
strategies of users in con ict. Further, the framework of the interaction game,
model application, estimation, validation, and performance are studied.
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Chapter 7. Discussion, Limitations & Directions for Future Research: This
chapter provides an overview of the modelling approach developed within this
dissertation. Potential future research directions and limitations are outlined
in general and for speci c parts of applied model, for which the implementa-
tion raised additional questions.

Chapter 8. Conclusions: The last chapter of this dissertation elaborates on the
conclusions of this dissertation.
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Figure 1.1: Dissertation Structure






2 Background

2.1 Tra c Interactions

Participating in tra ¢ demands a constant interaction among road users [17]. During
the transport time, tra ¢ participants deal with a signi cant amount of information that
requires users to process it and react to it e ciently [17, 18]. Thus, it is indispensable for
road users to manage their movements while taking account of other tra ¢ participants'
presence on the road [17]. Furthermore, the tra c interaction process involves unremit-
ting monitoring and communicating of users' positioning regarding one another, along
with appropriate reactions to the features associated with the surrounding tra c and
environmental context [19, 20, 21]. As a result, tra c safety in urban settings majorly
depends on successful interactions among road users [13]. Figure 2.1 depicts an example
of a tra c interactions among a passenger car and pedestrians, where the right of way
in the shared road space is negotiated.

It must be noted that in the context of this research, tra c interactions are referred
to a bilateral process among involved road users, when road users are capable of com-
municating their movements/intentions with the interacting party. Therefore, behaviour
of road users with impaired performance, such as distraction engagement, and alcohol
impairment are out of this research interest.

2.1.1 Trac Conicts

Tra ¢ Con ict refers to a tra ¢ event involving the interaction of road users and in which
an evasive manoeuvre must be taken by at least one of the interacting users to avoid a

Figure 2.1: An example of tra ¢ interaction and priority negotiation between pedestrians and
vehicles in a shared space area. Extracted from: [1]
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collision [22]. During the tra c conict, interacting road users intend to dominate the
road space they are moving towards by executing various crossing/evasive manoeuvres.
A collision will occur if evasive manoeuvres performed by users, for instance, swerving or
changes of speed, fail to prevent physical contact with the interacting users. Nevertheless,
tra c collisions are relatively rare events, and the majority of critical situations usually
lead to tra c conicts [23]. Madigan et al. [11] argued that the majority of road users
interact with no serious con ict or collision and are not of interest from the tra c safety
standpoint, but yet crucial in terms of road user experience and tra c e ciency.

In uncontrolled tra c environments, a higher level of tra c interaction is required to
guarantee the safety of road users. In the absence of strict enforcement (e.g., tra c signal
or stop signs), drivers may disregard the VRUSs' right of way [24]. In a similar manner, in
the absence of crossing facilities, pedestrians may adapt jaywalking to avoid detour and
shorten the travel time [24, 25]. Such unpredictable crossing behaviour of pedestrians
can potentially lead to critical con ict with approaching vehicles, as well as interrupting
the normal trac ow [26]. In addition, an appropriate understanding of the users'
intentions is essential for the safe movement of users in uncontrolled tra c settings,
since there is no standard agreement for users to indicate their movement decisions in
advance. Occurrence of the aforementioned scenarios signi es the necessity for utilising
some additional techniques by road users to communicate their movement intentions to
avoid con ict and solve ambiguity regarding the right of way in such tra c settings.

2.1.2 Trac Communication Methods

Road users utilise di erent communication means to negotiate their intended movements
and solve ambiguous tra ¢ situations [27, 28]. For an e cient tra ¢ communication,

the interacting users need to understand/predict the intentions of one another, as well
as the situation in which the communication occurs [29]. Although, anticipations and
expectations of behaviours of interacting users is challenging due to the stochastic nature
of human behaviour [30], i.e., tra ¢ participants may behave in contradiction of formal
and informal tra c rules. Besides, the brief process of tra c interactions limits the
communication opportunities, and oftentimes leads to misunderstanding and misinter-
pretations among users [31]. According to the pertinent literature, the communication
methods employed by road users to convey their movement intentions can be classi ed
as:

" Implicit Communication Methods: through using non-regulated cues to ne-
gotiate the user's intention, or to help with anticipating their future actions, e.g.,
deceleration to encourage the interacting user to cross [32, 33].

Explicit Communication Methods: through using de ned/regulated commu-
nication cues (e.g., light and sound signals) to transfer intentions directly to the
interacting users [33]. In tra ¢ context, nonverbal communication methods are
used to send explicit messages [34]. Driver's hand gestures to signal pedestrians
that they can cross in front of the car safely is examples of explicit cues in trac
interactions.

10



2.2 Crossing Behaviour of Tra c Participants

Pedestrians mainly communicate with other road users by employing nonverbal signals
(i.e., explicit communication methods). However, in some circumstances, the message
transferred via nonverbal cues is missed, ignored, or incorrectly interpreted by the inter-
acting users [35]. Further, tra c participants may behave di erently in various tra c
settings [36]. For instance, pedestrians are more likely to cross in controlled tra ¢ set-
tings without looking at the oncoming tra ¢ since they expect drivers to comply with
the tra c regulations. Whereas, in uncontrolled tra ¢ environments, pedestrians fre-
quently monitor the approaching tra ¢ to assess the environment and the other road
users' intentions [36, 37].

2.2 Crossing Behaviour of Tra ¢ Participants

Tra ¢ participants can display various behaviours on approaching a crossing site. Ve-
hicle drivers have di erent strategy choices in an interaction scene to decide whether or
not to give way to their interacting users. These strategy choices are subject to sev-
eral factors, such as the vehicle approaching speed and its gap distance to the con ict
zone with the interacting users [16]. Further, driver behaviour can be in uenced by
social environment factors that includes other tra ¢ participants, social norms, and for-
mal tra ¢ regulations [38]. Also, drivers commonly coordinate their intentions through
their movements, e.g., decelerating in advance of a pedestrian crossing to indicate their
intention to yield priority [39].

On the other hand, it is vital to understand factors in uencing the crossing-decision
strategies of pedestrians. Pedestrian crossing decisions can vary based on factors, such
as the speed of oncoming vehicles, pedestrian group size, demographics, available time
and distance gaps, and number of lanes. For instance, the gap distance available be-
tween the pedestrian and their interacting user can in uence pedestrian expectations
regarding the behaviour of other tra ¢ participants. Further, communication cues of-
tentimes accompany pedestrian crossing behaviour to indicate their crossing intentions
to the approaching vehicle, such as stepping into the road, leaning forward, and scru-
tinising the oncoming vehicle [16]. Figure 2.2 overviews signi cant decision factors and
communication methods identi ed in pedestrian-vehicle interactions research.

Concerning the pedestrians' strategy choices, some studies classied their crossing
behaviour into three phases: (I) approaching with no change of the walking speed, (Il)
appraising with deceleration based on the speed and distance of approaching vehicles,
and (I11) crossing with the acceleration of the walking speed [40]. However, pedestrians
with a high level of movement freedom are capable of sudden changes in their movement
direction and speed on the road and hence, can perform various crossing strategies
during a conict event, e.g., deviating from the forward trajectory to cross the road
behind or in front of the interacting vehicle. Figure 2.3 illustrates some of the con ict
resolution strategies of pedestrians in interaction with vehicles, where various trajectories
and crossing speed are employed. Besides the common con ict strategy choices, the agile
characteristics of pedestrians can lead to unexpected/irrational crossing behaviour on the
road. For example, a pedestrian can step backward or run to evade collision with vehicles
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2 Background

Figure 2.2: Overview of the decision factors and communication cues identi ed in studies on
pedestrian-vehicle interactions. Source: authors elaboration, based on the reviewed
references in this research.

12



2.2 Crossing Behaviour of Tra c Participants

Figure 2.3: Examples of the pedestrian con ict resolution strategies in interaction with vehicles,
where various trajectories and crossing speed are employed. Extracted from: [1] by
using Data From Sky.
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when the gap is not long enough to complete the crossing [41]. Yet, Sucha et al. [30]
discussed that most pedestrians wait until the vehicles come to a complete stop rather
than relying on their perception of whether it is safe to cross.

As such, investigating conventional tra ¢ interactions and user behaviour provides
more detailed insights into the user's decision-making process, and can assist with the
formulation of pedestrian-ADS interaction concept before ADS {either in the near or far
future{ be in vast operation.

2.3 Emergence of Automated Driving Systems

The continuing advancement of ADS aims to minimise driver intervention in controlling
the vehicle and handling the driving task. The tra c safety can be improved through
minimising the drive role, and thus, eliminating crashes caused by human error. Al-
though the integration of automated vehicles into the public realm, where a variety of
road user types interact, can still raise tra ¢ safety challenges [12]. Currently, various
aspects of driving can be performed automatically with the assistance of ADS and ad-
vanced technologies, such as radar, LIDAR (light detection and ranging) systems, and
ultrasonic and ultrasound sensors. The interaction of such systems with di erent algo-
rithms and tools can enable vehicles to monitor the driving environment, make informed
decisions, and navigate to their destinations. During the tra c interaction, ADS supply
additional solutions to enhance the safety of VRUs [42]. Collision avoidance systems
are an example of such driver-assistance systems, which aim to prevent collisions with
other road users in critical tra ¢ conditions [43]. Furthermore, in tra ¢ scenarios when

a collision is unavoidable, the pedestrian protection system (PPS) can apply automatic
brake or in ate pedestrian airbags to mitigate injury [44]. An additional communica-
tion channel is also provided via external human machine interfaces (eHMIs) to handle
information communication with human road users and compensate for the driver loss
(Fig. 2.4).

Figure 2.4: Examples of visual eHMI types proposed to accommodate the pedestrian-ADS in-
teraction process: crossing projection [2], light-strips [3], and text-based signal [4].
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2.3.1 Future of Tra c Interactions

Automated vehicles will be integrated into the existing transport system, and thus,
ADS will have to deal with the existing tra ¢ regulations and a variety of di erent
road user types (e.g., other automated vehicles, human-driven vehicles, pedestrians,
cyclists). In a transport system of this kind, the notable amount of interaction strategies
elaborated among tra c participants delivers a signi cant challenge for ADS. With
fully ADS, a human driver is not available for an active interaction and communication
with other road users. The absence of an active driver becomes crucial particularly in
uncontrolled environments, such as unmarked pedestrian crossings, and shared spaces,
where the right of way is not clearly predetermined by tra c regulations and users
require to negotiate priority [45]. Similar interaction challenges would arise when there
is no dedicated infrastructure to serve automated vehicles and ADS have to communicate
their movement intentions with other tra ¢ participants [46]. Previous studies revealed
that the vehicle's precise control of the driving tasks and its knowledge of the trac
environments are insu cient for performing safe automated driving manoeuvres in urban
settings [13]. Instead, an appropriate interaction concept is required to guarantee the
safety of road users interacting with ADS via coordinating with the tra c rules and
satisfying the expectations of engaged road users [13]. For a safe and e cient interaction,
ADS have to simulate the behaviour of human drivers and have a detailed analysis of the
pedestrian-driver interaction process. These are essential inputs for designing decision-
making systems of automated driving, as road users may not behave as ADS expect
them to [47].

2.3.2 ADS Challenges in Interaction with Pedestrians

While various automated technologies, such as collision avoidance systems, assist with
tra c interaction safety, it is still essential to apprehend the pedestrian decision-making
procedure for a smooth interaction process [12]. With the current advancement of auto-
mated technologies, the estimation of pedestrian intentions is a crucial task for the ADS
scenario understanding [47, 16]. This is due to the complexity of pedestrian behaviour
and their decision-making systems which the ADS must consider during interactions to
predict their behaviour and respond suitably [45]. Further, pedestrians, and VRUS in
general, need to have a particular comprehension visa-vis the ADS' intentions in tra c
situations, such as vehicle's intention to slow down or change movement direction [48, 49].
However, the existing knowledge of pedestrian-ADS interactions is insu cient, especially
from the pedestrian standpoint in real-world tra c environments [12]. The deployment

of fully automated vehicles on the public road as a new user type and the absence of
a human driver may cause stress and conservative crossing behaviour among pedestri-
ans [14]. Besides, the possible ADS errors/failure in unexpected tra ¢ circumstances
and transmitting insu cient information about their movement intentions may lead to
pedestrian concern during tra c interactions [12]. Although, ADS are programmed to
pursue the safest approach for interacting with users on the road. Nevertheless, it is not
always viable to determine the safest behaviour sequence due to the conditional essence
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of tra ¢ interactions [50]. Eccentric driving manoeuvres by ADS and sometimes their
incorrect prediction of road user behaviour may cause minor collisions, even though ADS
follow the tra ¢ regulations and are not at fault [50].

2.3.3 Pedestrians' Attitudes in Interactions with ADS

A signi cant aspect of the future of road user interactions |when automated vehicles
operate on the road| is the reaction of pedestrians to ADS in the absence of a human
driver [12]. An experimental study on pedestrian-ADS interactions showed that pedes-
trians managed to interact with ADS, besides the events when the car misbehaved by
not yielding to the pedestrians who had already initiated crossing [50]. Factors such as
pedestrian characteristics, risk-taking behaviour, a tendency to violate tra ¢ rules, and
trust in ADS may signi cantly a ect pedestrian crossing decisions [51]. An analysis of
naturalistic data collected from an automated pods trial demonstrated the occurrence
of one \near-miss" incident in every three hours of autonomous driving |where users
closely dodged a collision [11]. Besides, the observation showed that pedestrians pur
posely intercepted the vehicle path once every 4.8 hours. This may become problematic
since road users may constantly attempt to gain priority, assuming that the ADS safety
systems are programmed to stop in case of any obstacle in their path [52, 53]. This
situation, known as the \Freezing Robot Problem", can also lead to shorter and possibly
more unsafe time/distance gaps accepted by pedestrians crossing the road in front of
fully automated vehicles [14].

During the live demonstrations of automated pods in European cities, users who inter-
acted with the ADS underlined that a con rmation signal on their detection as necessary
information they would like to receive [54, 55]. This is a critical information input for
pedestrians as it lets them make sure that they are detected or/and that their crossing
intentions are identi ed by the ADS [12]. On the other hand, implementing implicit
signals in ADS is essential to notify pedestrians of the vehicle's intention and encourage
them to cross, or wait for the vehicle to pass rst [50, 55]. In conventional pedestrian-
driver interactions, drivers employ more anticipatory behaviour and brake notably earlier
when approaching the crosswalk at higher speeds [12]. Accordingly, ADS should have
the same timing response to a pedestrian intending to cross [13, 32]. Further, ADS
must have a similar understanding and interpretation of communication cues utilised by
tra c participants [56]. For example, understanding the meaning of pedestrian hand
gestures in di erent tra ¢ circumstances: whether the pedestrian requests the car to
yield, proceed or pull over. Consequently, eHMIs as an additional coordination channel
are designed to supplement conventional forms of communication with the purposes of:

" Providing advisory messages on the subsequent actions of interacting tra c par-
ticipants;

" Transmitting information to VRUs regarding the movement intentions of ADS on
approaching a crossing site;

" Informing VRUs about the vehicle functioning in automated mode;
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"~ Informing VRUs on their detection by ADS.

The design of eHMIs contains adding externally installed visual cues that can be either
positioned on the car's exterior or projected on the roadway. In addition, speaker systems
are included in some experiments to broadcast audible messages.

2.4 Modelling Approaches

In partially automated driving, advanced driver assistance systems (ADAS) in vehicle
use automated technologies to adapt, and enhance vehicle technology for safe driving
manoeuvres. Through ADAS, safety features are developed to avoid collisions by o er-
ing technologies that warn the driver in hazardous situations, implementing safeguards,
and gaining vehicle control if required. To prevent a tra c collision, real-time crash pre-
diction models are utilised to assess tra ¢ safety levels based on real-time tra ¢ data
and separate the potential con ict/crash from the normal/safe tra ¢ conditions [5]. If

a critical condition or collision is predicted, proactive tra c safety management systems
will trigger interventions to prevent collisions and change hazardous conditions to safe
ones. Such collision avoidance systems are designed to detect an imminent collision on a
vehicle's forward path and prevent a collision or lessen its severity in the few moments be-
fore it occurs. Hence, the user speed and future positioning are the essential components
of utilised models in such systems, and factors associated with the tra ¢ environment
and user behaviour are often neglected (for instance, in [57, 58]). Some researchers em-
bedded additional tra ¢ and user-associated variables in conjunction with the SSMs in
developing proactive safety systems. For example, Formosa et al. [59] developed a deep
learning approach to predict critical tra ¢ con icts using dis-aggregated tra ¢ data, in-
vehicle sensors data, tra ¢ variables and surrogate safety measures (SSMs). To evaluate
the collision risk with pedestrians, a Monte Carlo simulation method was employed by
relying on the scenario type and pedestrian behaviour [60]. Agarwal [61] applied time
to collision (TTC) measure to develop a pedestrian con ict model at controlled and un-
controlled intersections and roundabouts, incorporating variables, such as the number
of con icts, and the number of lanes that pedestrians are interacting with vehicles.

In fully automated driving and through the application of various methods, dynamic
objects (e.g., vehicles, pedestrians, cyclists) are tracked to predict their trajectories and
future positions. Then, the prediction system hypothesises multiple possible predictions
of the future movement of objects in motions, and ADS execute the safest automated
driving manoeuvre [12]. In the presence of fully automated vehicles on the road, a ro-
bust modelling approach is crucial to guarantee the safety of road users interacting with
such systems. For this reason, several models are proposed to simulate the interaction
of VRUs with ADS and deliver a more accurate prediction of the future behaviour of
interacting users [62, 63, 64]. Feng et al. [65] developed a Cellular Automaton model to
simulate pedestrian-ADS interactions at unsignalised mid-block crossings by considering
di erent factors, such as the existence of a vehicle approaching the crosswalk, the number
of lanes, the crossing's length and width, walking speed, vehicle speed, the pedestrian's
lane/direction, and the post-encroachment time (PET). Rehder et al. [66] proposed an
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Arti cial Neural Network approach for pedestrian intention recognition and planning-
based prediction. The proposed approach receives pedestrian destinations from images
and positions as inputs and applies trajectory planning towards these destinations. As
output, the network predicts possible destinations in the form of a probability distribu-
tion map, and the nal model prediction is obtained by using Markov Decision Processes
and the Forward{Backward algorithm. Jayaraman, et al. [67] proposed a hybrid system
model for long-term pedestrian trajectory prediction by using pedestrian gap acceptance
behaviour and user speeds describing the pedestrian's states as: approaching crosswalk,
waiting, crossing, and walking away. Parameters such as pedestrian distance to the
crosswalk and kerb, waiting time, vehicle distance to pedestrian, and gaze ratio were
considered in designing the model. Fox et al. [52] proposed a game-theoretic approach
for modelling the priority negotiation between an automated vehicle and another vehicle
at unsignalised intersections, or with a pedestrian (jaywalker) at an unsignalised crossing.
The model assumes that the agents' optimal behaviours include a non-zero probability
of collision occurrence. The model's assumption validates the intuition mentioned be-
fore that ADS will make little or no progress if users consider them completely safe and
always yield to the interacting users. In this model, the yielding probability gradually
increases as the distance gap decreases between users. The model then prompts their
yield or non-yield strategy from this probability.

Yet despite the signi cance of pedestrian-ADS interactions and various behavioural
models developed in this eld, the concept has not been adequately formulated in the
design of automated driving technology [12]. Therefore, it is essential to explore the
research and recommendations in this eld, inspect how such issues are examined while
fully automated vehicles are not yet on the road, and develop a model that handles the
complexity of tra ¢ interactions.
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3 Traditional Tra ¢ Interactions of
Pedestrians with Vehicles

R. Ezzati Amini, C. Katrakazas, and C. Antoniou. Negotiation and decision-making for
a pedestrian roadway crossing: A literature review. Sustainability, 11(23): 6713, 2019.

Summary

This study provides an overview of previous research on user negotiation and decision-
making in roadway crossing scenarios. One hundred ve studies were reviewed to identify
the prominent behaviours of drivers and pedestrians in such scenarios, investigate the
tra c interactions and synergies between such users, and the in uencing factors in their
decision-making process. The studies were evaluated using three questions:

What communication methods do users employ during a tra c interaction? Road
users utilise a broad range of implicit and explicit communication techniques to co-
ordinate their actions with interaction partners in ambiguous tra ¢ situations. The
communication signals are primarily transferred to acknowledge that interacting users
are seen, conrm their movement intentions, or in uence each other's yield/not-yield
decision strategies.

How does user communication a ect tra ¢ behaviour? According to previous studies,
tra c communications have a vital role in forming a smooth and e cient tra ¢ ow and
improving safety. However, most informal tra ¢ rules and communication methods are
developed based on other participants' behaviour expectations, primarily when formal
tra ¢ rules do not correspond with the road design or when expected user behaviour is
contravened.

Which factors in uence the decision-making process of road users in tra c interac-
tions? The reviewed literature revealed that road users adopt their crossing strategies
by considering a wide range of factors knowingly (e.g., estimation of time and distance
gap) or unknowingly (e.qg., the impact of age or gender), while they employ di erent com-
munication techniques to ease the interaction when needed. This shows the complexity
of the pedestrian-vehicle interactions, in which solely consideration of some factors or
communication methods may not provide a consummate understanding of the process.

To conclude, a holistic interaction approach is proposed for pedestrian-vehicle interac-
tion. The holistic interaction approach aims to streamline the complex decision-making
procedure of pedestrians by considering the most signi cant factors and communication
techniques in uencing the process.
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4 |Interaction of Pedestrians with
Automated Driving Systems

R. Ezzati Amini, C. Katrakazas, A. Riener, and C. Antoniou. Interaction of automated
driving systems with pedestrians: challenges, current solutions, and recommendations
for eHMIs. Transport Reviews, 41(6): 788{813, 2021.

Summary

This study reviews existing literature on the ADS interactions with pedestrians, cur-
rent challenges, various data collection and modelling approaches, the limitations and
drawbacks emerging from ADS implementation in the current tra ¢ patterns, and tech-
nological solutions to replicate pedestrian-driver communications.

In complex urban scenarios and with the current development of ADS, automated
technologies cannot support an active interaction and e cient priority negotiation with
pedestrians. Pedestrians' agility, unexpected behaviour, and reliance on nonverbal com-
munication cues deliver signi cant challenges to ADS capabilities in handling possible
conicts. Previous studies showed that a suitable interaction concept is necessary for
executing safe automated driving manoeuvres in urban settings besides the vehicle's
precise control of the driving tasks and its knowledge of the tra ¢ environments. Such
interaction concepts can be attained by ADS compliance with tra c regulations, as well
as ful lling the expectations of interacting road users. However, pedestrian behaviour
and expectations may change when large-scale eets of automated vehicles appear on the
road and infrastructure for ADS has been implemented. Hence, more research should be
performed to understand how the emerging automated technology will alter the require-
ments/expectations of users compared to conventional pedestrian-vehicle interactions.

The relevant research ndings reveal several di erent factors that may in uence pedes-
trian behaviour in interaction with ADS. Therefore, ADS must have an in-depth knowl-
edge of the pedestrian decision-making process, the most pertinent factors a ecting their
decisions, and their expectations regarding the movement intentions of ADS. This un-
derlines the complexity of pedestrian-ADS interactions, in which predicting pedestrian
intentions and strategies requires considering a combination of contributory factors.

Finally, the studies reviewed suggest that implicit and explicit communication methods
should be incorporated in ADS design to facilitate pedestrian-ADS communications.
ADS need to combine suitable external communication cues (eHMIs) with appropriate
driving manoeuvres deriving from an accurate interpretation of pedestrian behaviour
and requirements in the tra c scene for dynamic and safe interactions.
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5 Modelling Framework: Con ict Risk
Evaluation

R. Ezzati Amini, K. Yang, and C. Antoniou. Development of a con ict risk evaluation
model to assess pedestrian safety in interaction with vehicles. Accident Analysis &
Prevention, 175:106773, 2022.

Summary

This paper describes the development of conict risk evaluation models to assess the
safety level of pedestrian con ict with other road users and identify the hazardous tra c
conditions between them. The models allow the con ict risk evaluation of di erent users'
strategy combinations and can be implemented in the ADAS to improve pedestrian safety
in interaction with di erent vehicle types, particularly in uncontrolled tra c settings.

Methodology

As discussed in Section 2.1.1, trac conicts are de ned as events where interacting
users (or at least one of them) need to take an evasive manoeuvre to avoid a collision
[22]. However, the likelihood of turning a serious conict into a collision may depend
on di erent factors, such as time/space margin between interacting users, user types,
and type of users' evasive manoeuvres [23]. Based on this knowledge, the research
methodology is built in three steps for developing the con ict risk evaluation model:

Step 1. Model Formulation: A logit model is used to formulate the conict risk
evaluation model, in which the discrete choices of conict and non-conict are
examined. A set of SSMs are employed as predictor variables to suitably address
the outcome of performing di erent evasive manoeuvres and by considering the
possible reaction of the interacting user. The selected safety measures estimate
the users' time and distance proximity after performing various combinations of
evasive manoeuvres on the road |based on user types. The minimum relative
distance (MD) measure is proposed to replace the traditional theoretical collision
point and compensate for the collision point's absence while users deviate from
their forward trajectories. The time-based indicator of relative time to the mini-
mum distance (TMD) is used to estimate the arrival of the users at the collision
zone (i.e., the MD). Additionally, the speed-based indicator of con icting speed
(CS) is utilised to account for users' rolling over behaviour in pedestrian-vehicle
interactions.
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(a) Shared space area [1]

(b) Mid-block crossing area [68]

Figure 5.1: The street view from camera/-s (right), and the aerial view of the sites (left).

Step 2. Threshold selection methods: Four threshold determination methods (i.e.,
intersection point, p-tile, maximum between-class variance, and minimum cross-
entropy method) are selected in this study to identify the cut-o point beyond
which the outcome of the con ict prediction model would vary. The con ict risk
evaluation model provides the probability of the con ict occurrence and classi es
the tra c event as con ict (critical tra ¢ condition) or non-con ict (normal tra c
condition) based on the threshold.

Step 3. Threshold evaluation criteria: The F-score is frequently used in statistical
analysis of binary classi cation, re ecting the accuracy of a test and used in this

study to select the optimal threshold given by applied threshold determination
methods.

Data Collection and Analysis
The safety analysis in this study was performed by using two video graphic surveys:

" Shared Space Interactions:  This includes the interaction data for a 63-meter
shared space zone in the district of Bergedorf (Weidebaumsweg), Hamburg city,
Germany [1] (Fig. 5.1.a). The extracted data contains the trajectory, velocity, and
acceleration data of passenger cars, pedestrians, and cyclists; however, the cyclists
are out of this research interest and neglected in the analysis.
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