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Executive Summary

In a large European project with more than 40 partners from different backgrounds, it is
necessary to define the overall goals of the work early in the project. In Hi-Drive, thisis partly
done by defining the research questions that describe, at various levels of detail, the
guestions and challenges for which results are expected as an outcome of the project.
Therefore, the overall goals need to be broken down to more detailed levels that can be
directly linked, for instance, to data needs or specific working groups, operations, or
experiments. As such, the research questions can guide and structure the work of the project.

The description of work served as a starting point to define the research questions for Hi-
Drive. Based on this dacument, a list of six high-level research areas was defineccovering the
widespread overall goals of the project, as well as of the different subprojects. For each
research area, research questions were derive@nd structured, starting from high -level
guestions related to separate research topicsto low-Ilevel questions that can be linked to
single studies or indicators. In this document, each research area is addressed in a dedicated
chapter in which a state-of-the-art review and a list of related medium- and high-level
research questionsare presented.

Three of the research areas relate to the field of user evaluation and address useirelated
topics that are relevant for making automated driving an acceptable and easy to use
technology. In detail, these use-related research areas address the topis of:

(@]

Acceptance and comfort of automated driving (Chapter 3)

(@]

Handling and use of automated driving systems (Chapter 4)

Design of automated driving systems to ensure smooth interaction with other road users
(Chapter5).

(@]

The other three research areas are linked to effects evaluation. Two areas deal with the
evaluation of the new technological solutions (enablers)to be developed in Hi-Drive. The
enablers aim at making automated driving a less fragmented and more robust technology .
The third areacovers the field of impact assessment. Here, the potential impact of automated
driving technologies after market introduction will be evaluated and, based on that, the
societal benefit will be assessed.In detail, the research areas in the field of effects evaluation
address the topics of:

o Effects of enablers on availability of automated driving (Chapter 6)
o Effects of automated driving and enablers on driving behaviour (Chapter 7)

o Impact of automated driving and enablers after market introduction (Chapter 8).

Deliverable D4.1 / 09.01.2023/ version 1.0 1
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In total, 12 high-level and 44 medium-level research questions have been defined for user
evaluation and 15 high-level and 34 medium-level questions for effects evaluation. The
research questionslay the groundwork for further work in subproject 4 Methodolo gy. They
will be used to define the data requirements and experimental design and to develop
detailed analysis plans for user evaluation and effects evaluation. Based on the
methodological requirements, data will be collected for effects evaluation mostly in on-road
tests on public roads or on test tracks, and dedicated user experiments and surveys will be
run to answer the research questions for user evaluation. In the end, HiDrive will have
addressed a wide range of challengesfor automated driving based on the research questions
and thus will pave the way for a successful development of automated driving.

Deliverable D4.1 / 09.01.2023/ version 1.0 2
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1 Introduction

1.1 The HiDrive project

Connected and Automated Driving (CAD) has become a megatrend in the digitalisation and
automation of society and the economy. CAD has the potential to drastically change
transportation and to create far -reaching impacts. SAE level 3 (L3[SAE, 2021)automated
driving functions (ADFs)were piloted in Europe by the L3Pilot project in 201782021
(www.[3pilot.eu).

Hi-Drive builds on the L3Pilot results and advances the European stateof-the-art from SAE
L3 6Conditional Automationd® further up towards 6
demonstrating in large -scale trials the robustness and reliability of CAD functions under

demanding and error-prone conditions with special focus on:

o Connected and Automated vehicles (AVS) travelling in challenging conditions covering
variable weather and traffic scenarios and complex infrastructure

6 Connected and secure automation providing vehicles/their operators with information
beyond the line of sight and on -board sensor capabilities

6 Complex interaction with other road users in normal traffic

6 Factors influencing user preferences and reactions including comfort and trust i and
eventually through a wide consumer acceptance ofautomated driving (AD) resulting in
purchase and use, enabling viable business models for AD.

The projectds ambition is to extend considerably
from the present situation, which frequently demands taking over control of the vehicle by a
human driver. As experienced in the EU flagship pilot project L3Pilot, on the way from A to B,
a prototype AV will encounter a number of ODD factors, leading to fragmented availability of
the ADF. Hi-Drive addresses these key challenges, which are currently hindering the progress
of vehicle automation. The concept builds on reaching a widespread and continuous ODD,
where automation can operate for longer periods, and the interoperability is assured across
borders and brands. Hi-Drive strives to extend the ODD and reduce the frequency of the
take-over requests (TOR) by selecting and implementing technology enablers leading to
highly capable CAD functions, operating in diverse driving scenarios including, but not

limited to, urban traffic and motorways. The removal of fragmentation in the ODD is

expected to give rise to a gradual transition from conditional operation towards higher levels
of AD. With growing automation, safety as well as experienced usaility and comfort are
expected to increase, which should result in increased acceptance by the user.

Deliverable D4.1 / 09.01.2023/ version 1.0 3
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Testing and evaluation in Hi-Drive will focus on three areas: 1) users; 2) AD availability and
performance; and 3) societal impacts (hamely,the effect of AD on safety, efficiency,
environment, mobility, transport system, and society). Furthermore, these assessmentwill
serve as input to determine whether the socioeconomic benefits outweigh the costs. The
project also engages in a broad dialogue with stakeholders and the general public to
promote Hi-Drive results. Dissemination and communication are boosted by a demonstration
campaign to show project achievements.

Overall, Hi-Drive strives to create a deployment ecosystem by providing a platform for
strategic collaboration. Accordingly, the work includes an EU-wide user education and driver
training campaign and series of Codes of Practice (CoP) for the development of ADFs and
Road-Testing Procedures, while also leading the outreach activities on standardsation,
business innovation, extended networking with interested stakeholders, and coordinating
parallel activities in Europe and overseas.

1.2 Overall implementation plan for Hi -Drive

The FESTA methodology was designed to be applied to field operational tests with market-

ready products (see Version 8 ofthe FESTA Handbook byFot-NetCartre and Arcade (2021).

Therefore, it does not fully apply to studies with prototypical ADFs. Thus, some adjustment of

the FESTA implementation plan, described agthe 0 FE SVTOA st ruct ur e, was neede
accommodate testing of AD.

Figure 1.1 presents the FESTA implementation plan adapted for HiDrive. The plan is divided
into three p hases: () prepare, (ll) operateand (lll) evaluate.At the beginning of the
preparation phase (I), ADFsand their technology enablers, as well as their use cases and
associated test scenarios across multiple test environments (test track, open road, simiation,
were described in detail. Then,in the draft version of this deliverable, an initial list of research
guestions was drawn up and organised as high-, medium-, and low-level questions. The date
of the art was summarised for topics covered by these research questions.In this final version
of the deliverable, the feasibility of each research questionwas checked with regard to data
availability, suitability of the experimental design and procedures, availability of research
tools, methods and external data sources, and availability of resources Based on this
feasibility check, a final list of research questionsfor implementat ion and testing in the
project has beencompiled.

Deliverable D4.1 / 09.01.2023/ version 1.0 4
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FESTA implementation plan adapted for

HiDrive

PREPARE (i) EVALUATE (iii)

Functions, Enablers & Use cases description Legal aspects &

Cyber-security

Socio-economic & Welfare impacts

Impacts on Safety, Mobility, Efficiency,

Research questions & State of the art Environment & Transport system

Performance indicators & Measures Effects on Traffic & Travel behaviour

Users, Use & Interaction
Data tools, Databases & Common formats

Technical performance
Study design & Evaluation plan . ”
Data processing & Delivery

Experiment set-up Experiment wrap-up

OPERATE (ii)

Pre-testing

Experiment operation

Figure 1.1: FESTA implementation plan adapted for HDrive.

Next, the performance indicators and other data used for answering the research questions,
as wdl as for calibrating the evaluation tools, are defined. Based on these requirements for
evaluation, data logging requirements are defined and agreed with the partners to ensure
that the data logged in the project is sufficient for answering the research questions.
Furthermore, experimental design and procedures areplanned for testing of highly AD and
its technology enablers, and to provide data for evaluation. The plans for operation sites and
experiments are approved between partners running the tests and the partners involved in
setting the overall methodology for evaluation. Finally, an evaluation plan is set for each
research question, specifying the methods, tools, and data to be used, scenarios to be
addressed and, where necessary the definition of the baseline .

The operation phase (Il) starts with the pre-testing step. It involves running all the phases of
the project on a small scale to ensure that all the processes and tool chains function as
intended. Once everything is confirmed to function as intended, the experiment operation
begins. This phase involves the actual data collection for instance on public roads, on test
tracks, or in dedicated user studies like surveys

The evaluation phase (lll) starts with the data delivery as part of experiment wragup. In this
phase, it is also important to report all the deviations from the plan and any system updates
made during the data collection phase. Data is converted to a common data format,
processed, and delivered to the evaluation team.

Deliverable D4.1 / 09.01.2023/ version 1.0
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In the effects evaluation, technical performance of the tested technology (AD and
advancedenhanced AD with enablers) is assessedThe observed effects arescaled up and
effects on traffic and travel behaviour are assessedand scaled up to European leveltogether
with their societal impacts on safety, mobility, efficiency, and the environment. The final step
is to assess the socioeconomic and welfare impactsin the user evaluation, dedicated user
studies are planned that focus on users, u® of AD, and interactions between AD and other
traffic participants like vulnerable road users (VRUS)

1.3 Objective, scope, and structure of the deliverable

To achieve all this, input and contributions from many different partners are needed.
Therefore, the overall work in Hi-Drive is structured into subprojects (SPs)hat address
predefined parts within the process leading to the final results. This deliverable is one
outcome of SP4 Methodology. The objectives of the Methodology subproject (SP4) are to:

o Specify the Hi-Drive research questions for both users and effects evaluation, how they will
be addressed, and related data needs.

6 Agree on acommon data format for provision of differen t datasets.

6 Agree on experimental design and procedures for testing and evaluation of ADFs and
related enablers in challenging environments.

o Reconsider the theoretical background and impact mechanisms to build a
multidisciplinary evaluation methodology, ¢ overing not only the expected positive impacts
on safety, comfort, and the environment, but also the unintended fi possibly negative i
impacts on users and the transport system.

6 Refine the state-of-the-art methods to address user and human factor aspects of AD and
facilitate understanding of possible effects on the transport system level, addressing travel
behaviour, safety, efficiency, and emissions.

o Provide lessonslearned from the methodology point of view.

This deliverable reports on the activities of the work package (WP) 4.3 Research questions.
The purpose of the WP is to define the overall research questions of the project based on the
overall goals of Hi-Drive described in the Description of Work (DoW) and the current state of
the art. To reach this goal, the work of WP4.3 started early in the project and a draft list of
research questionswas generatedin month 6 of the project (Dec. 2021). This draft version
served as inpu to the other WPs in the methodology SP. In month 18 of the project (Dec.
2022), the final list of research questions was provided in this deliverable.

Deliverable D4.1 / 09.01.2023/ version 1.0 6
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2 Definition of research questions

2.1 Process for defining the research questions

In a large Europeanproject with more than 40 partners from different backgrounds, it is
necessary to define the overallgoals of the work early in the project. In Hi-Drive, this was
done by defining the research questions that describe, at various levels of detail, the
guestions and challengesfor which results are expected as an outcome of the project. It is
not sufficient that this is done on a high level; the overall goals need to be broken down to
more detailed levels that can be directly linked, for instance, to data needs or specific
working groups, operations, or experiments. As auch, the research questions canguide and
structure the work of the project.

The DoW served as a starting point to define the research questions for Hi-Drive. Based on
this document, an initial list of six high-level research areas was defined that cover the overall
goals of the project, as well as of the different SPs

Specific research interests of the different partners were collected in greater detail by
completing a common temp late on the plans of each partner and through workshops taking
place for the different WPs. For instance, fultday workshops were organised for eachWP of
SP6Users where all involved partners presented their plans for Hi-Drive, stated the research
areasand research questions they would like to address and identified contact points for
collaboration within the project.

In a subsequent step, the information collected on researchinterests was sorted and matched
to the identified high -level research areasResulting detailed research questions were
grouped based on their content, and higher-level research questions were developed that
describe the overall goal of the grouped detailed research questions. In this way, a structure
for sorting the research questions and research interests was developed starting from the
research areasand then moving from high -level to lower-level research questions. The overall
goal of that work wasthat in the end, low-level questions are defined for all high-level
research questions On the lowest level, they need to be defined in such detail that either
potential measurable performance indicators can be derived or they can be linked to specific
research plans of dedicated partners

Additionally , summaries of the current state of the art were written for the identified research
topics, mainly by partners who already have profound expertise in the identified research
areas and related subtopics.With this process, the identified research questions were
mirrored against what is already known in the literature. As such, it is ensured that the work
planned in Hi-Drive actually addresses research gapsnd goes beyond the state of the art.

Deliverable D4.1 / 09.01.2023/ version 1.0 7
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Furthermore, the state of the art helps to select the most appropriate measures and methods

suited to achieve the goals of the project.

The derived list of research questions was presented ina draft version of this deliverable in
December 2021 In spring 2022, the initial list of research questions was intensively discussed
with various partners of the project with regard to content, structure , and wording. After
various revisions, the research questions were checked for their feasibility within the project.
Here, the focus was on the availability of data needed for analysing the research questions.
This checkof feasibility actively involved partners from other WPs of SP4Methodology, SP5
Operationsthat actually runs the vehicle-based data collection, SP2Enablersthat setsthe
technology enablers for the AD, and SP6Usersthat is responsible for dedicated studies on
user related topics. Figure 2.1 shows a simplified process ofthe development of research
guestions. This deliverable reports the final list of research questions and how these were
refined after the feasibility checks. Futhermore, it includes the state-of-the-art reviews
written during the process of refining the research questions.

Description of
work

Partners’
interests

State of the Art
review

Research questions
Draft version

Research areas
(N =6)

High level
Research
questions

Lower level
Research
questions

Feasibility check

Research questions
Final version

Research areas

(N =16)

High level
Research

guestions

Lower level
Research
questions

Figure 2.1: Simplified process of defining theesearchquestions

2.2 Answering the research questions

The six research areas can be assigned to the two main evaluation fields in HDrive: user
evaluation and effects evaluation. The researchquestions in three research areas belong to

Deliverable D4.1 / 09.01.2023/ version 1.0
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the field of user evaluation (see Table 2.1) and will mainly be addressedin SP6Users It is
responsible for the implementation of user-related studies, collection of the required data,
and analysis of that data.

In the area of effects evaluation, several SPswill be involved in the process of answering the
research questions This will start with SP2 Enablers which is developing the technical
solutions that enhance AD performance (the enablers) andwill integrate them into the
vehicles together with SP3Vehicles Then, these vehicleswill be used by SP50perationsto
conduct the tests and collect the data. Based on that data, questions belonging to the field of
effects evaluation will be answered by SP7Effects Going beyond the analyses for the research
guestions reported in this deliverable, there are detailed analyses planned in which the
functioning of the developed enablers will be evaluated, specifically per enabler on a fine-
grained, technical level. Since this work requires specialised knowledge of the implemented
technologies, it will be done and reported as part of SP2 Enablers Figure 2.2 shows the
described process and the involved SFs.

SPe
Users

Implementation of experimental setup
Data collection on User related topics
Evaluation for User related topics

SP3 Vehicles SP5 SP7
Setup of test Operations Effects
vehicles RQs for

Effects
SP2 Enablers Data collection for Evaluation

Developmt-?nt of Effects of Effects
new solutions

Enabler
specific

RQs

Figure 2.2: Planned process for aswering the research question$or user evaluationand for
effects evaluation

Deliverable D4.1 / 09.01.2023/ version 1.0 9
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2.3 Structure of research questions

The overall goal of Hi-Drive is to defragment and/or ex tend the ODD and make AD

performance more reliable. This will help to make AD a safe, pleasurable, comfortable,
acceptable, and widely used technology. All six high-level research areas (sed-igure 2.3 and
Table 2.1) address core challenges that need to be overcome to reach this aim.The six
research areas can be assigned to the two main evaluation fields in HiDrive: user evaluation
and effects evaluation. Figure 2.3 shows an overview over the six research areas.

How can driving
with AD be
made an
acceptable and
comfortable
experience?

How is AD used?

User evaluation

What is the What is the
effect of effect of AD and
enablers on the its enablers on
availability of driving
AD? behaviour?

=
ke
+—
©
=
o
=>
()
(%]
)
(9}
2
gy—
L

Figure 2.3: Overview of research areas in HDrive.

How can AD be
designed to
allow a smooth
interaction with
externals?

What will be the
impacts of AD
and its enablers
after market
introduction?

Table 2.1 gives a more detailed content description of the six research areas. For the user
evaluation, the three different research areas are linked to different user-related topics
relevant for investigating evaluation and handling of AD by potential users , other traffic
participants, or the general public. For the area of effects evaluation, the three identified
areas relate to the planned testing of AD and its enablers within Hi-Drive. One of the main

objectives of the project is to show how the integrated technology enablers improve

performance within the ODD or extend the ODD of the ADFs As described in the Use
caséTest scenario catalogue deliverable, D3.1(Bolovinou et al., 2022) two sub-types of ODD
specification have been considered for testing the integration of enabler technolog ies:

o The nominal ODD for testing the driving behaviour while driving with AD in which the

effect of AD on driving behaviour can be analysedand

o Anext ended ODD fawaitleahiilnigt YyOAD wher e

addi

conditions are tested in order to assess AD robustness under conditions falling beyond the

nominal ODD of the ADFunder test.

Deliverable D4.1 / 09.01.2023/ version 1.0
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Following this differentiation, research questions for analysing Hi-Drive technical effects are
clustered into research questions on AD availability and research questionson the effect of
AD on driving behaviour. The third area deals with upscaling of the effects identified in the
other research areas to the traffic network and estimating the potential impacts of AD for
society (impact assessment).

In this deliverable, high- and medium-level research questions arereported for each research
area. Furthermore, a description of the state of the art for the high -level research questions is
provided. However, internally, the medium-level research questions are broken down further
to low-level research questions and patly further down to sub-questions. The questions on
the lowest available level are either linked to performance indicators for questions addressing
the effects evaluation or to single experiments or surveys planned in the field of user-related
studies. Table 2.2 shows some examples from the field of effects evaluation of how high-level
research questions are broken down to low-level ones and how those are linked to
performance indicators. That approach of structuring the research questions for the whole
project follows the approach already successfully implemented in L3Pilot (L3Pilot Deliverable
3.1; Hibberd et al., 2018)

In the following sections, these six researchareasare addressed in separate chapters, always
giving an introduction to the topic together with a state -of-the-art review. Then, the high
level and medium-level research questions are listed for this research area.

Deliverable D4.1 / 09.01.2023/ version 1.0 11
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Table 2.1: Content of the six research areasin the column 0 Bapterd the number of the chapter is given in which more detailednformation on the

research area is provided.

User evduation

Research Area

How can driving
with AD be made
an acceptable
and comfortable
experience?

Goal of the work

AD will only become widely used if it is deemed acceptable, safe and comfortable. In this research area,the views
and interactions of the general public, but also of drivers who have experienced AD will be evaluated.
Furthermore, aspects known to make AD less acceptable for at least some users are addressed. Theseclude
motion sickness, which is closely related to the experience of driving comfort. The results of this work can be used
to better understand how to make AD a widely accepted technology.

How is AD used?

Besidesbeing able to manage the driving task in a safe and reliable way, AD needs to be designed such that it
can be used safely and easily by nonexpert drivers. For this,we need to understand how ordinary drivers use AD,
e.g., how they would like to spend their time driving with AD, how AD impacts the drivers' state and their
behaviour, and how a safe handling of AD (e.g, in situations where the driver takes back control) can be ensured.
Here, one specific challenge is to ensure, for instance through driver nonitoring, that the driver is in a state in
which they are able to take back vehicle control, if required to do so. Furthermore, this research area goes beyond
users inside the vehicle (drivers) and includes users handling a vehicle from outside the vehia, via teleoperation.

How can AD be
designed to allow
a smooth
interaction with
externals?

To be successful in everyday traffic, A will need to work efficiently and safely within a complex traffic
environment. This does not only require that AD managesits ODD safely but also a safe and smooth interaction
with other traffic participants. Thisresearch area will investigate how the interaction of AVswith other traffic
participants can be improved and made safe, smooth, acceptable, and efficient. The focus of the work will be on
the perspectives of other road users like pedestrians cyclists or other drivers.

Deliverable D4.1 / 09.01.2023/ version 1.0
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Research Area  Goal of the work Chapter
Current AD solutions still frequently face situations which the AD cannot handle and that therefore result in a
What is the effect | TOR In the project, these challenges are addressegdand enablers are developed and tested that will make driving
of enablers on with AD feasible in currently challenging situations (e.g., bad weather conditions or challenging infrastructure) 6
the availability of | previously outside the ODD. The aim is toallow a more robust and less fragmented availability of AD. In this
AD? research area, he developed enablers will be tested on the level of AD and their impact will be evaluated with
regard to the measurable availability and robustness of AD.
_5 What is the effect | To understand the potential effects of AD on driving, it needs to be understood how AD impacts driving
g of AD and its behaviour not only in simple driving scenarios but also in complex driving environments. This research area does
g enablers on not only relate to the effect of AD on the behaviour of the vehicle equip ped with ADF but also to the measurable 7
2 driving effect on the behaviour of surrounding traffic. Therefore, the effect of AD on measurable driving behaviour is
% behaviour? analysed and described based on vehicle data collected within the project.
What will be the This research area addresses the field of impact assessment, where effects of AD observed in experiments or an
impacts of AD road tests are scaled up to a higher level. To evaluate the benefits of AD for society, the impact of AD on overall
and its enablers traffic safety and efficiency but also environmental impacts and impacts on mobility and the road transport 8
after market system need to be understood and quantified. In this research area, potential scaled-up impacts of AD and of the
introduction? implemented enablers will be assessed and evaluated. This willlhen be used to estimate the societal impact of
AD. Based on the work of this research areathe potential societal impact s of AD will be described.
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Table 2.2: Exampleof the relation betweenresearch questions and performance indicatorslOR = Takeover request N = number of; THW = Time

headway; lat. = lateral ; long. = longitudinal ; acc. = acceleration std = standard deviation; max = maximum ; abs.= absolute value.

Research Area High level Medium level Low level Performance
indicator
To which environmental - %scenario instances
conditions do the enablers w/o TOR

Towhat extent do | axtend the ODD?
the enablers
extend the oDD? | To which road infrastructure - %%scenario instances

elements do the enablers w/o TOR
extend the ODD?

What is the effect of
enablers on the availability To what extent do enablers - N(TOR)/scenario

of AD? enhance AD robustness in

challenging environmental
Towhat extent do | conditions?

enablers enhance
AD robustness? To what extent do enablers - N(TOR)/scenario

enhance AD robustness in

challenging road infrastructure
conditions?
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High level

HiDrive

Medium level

Low level

Performance
indicator

What is the effect of AD
and its enablers on driving
behaviour?

What is the effect
of AD and its
enablers on safe
driving
behaviour?

What is the effect of AD and its
enablers on the frequency of
incidents?

What is the effect of AD and its enablers on
the frequency of close distances to other
traffic participants?

N(THW<Threshold)
/scenario

What is the effect of AD and its enablers on
the frequency of emergency brakings?

N(long.acc<Threshold)
/scenario

What is the effect
of AD and its
enablers on
comfortable
driving
behaviour?

What is the effect of AD and its
enablers on lateral
acceleration?

What is the effect of AD and its enablers on
the variation of lateral acceleration?

std(lateral acc.)

What is the effect of AD and its enablers on
the maximum lateral acceleration?

max(abs(lateral acc.))

What is the effect of AD and its
enablers on longitudinal
acceleration?

What is the effect of AD and its enablers on
the variation of longitudinal acceleration?

std(long. acc.)
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3 User Evaluation 0 Acceptance and comfort

3.1 Scope of this research area

The first research area of user evaluationcovers a range of research topics related to the
acceptance and acceptability of AD. Acceptance and a positive atitude towards AD by the
general public are relevant for a successful deployment of AD on the market (Zhang et al.,
2019b).

Within this research area, the terms acceptanceand acceptability are usedregularly, and it is
therefore important to highlight the difference between them. Most individuals have certain
expectations from or attitudes towards AVs without having experienced them in real life. This
is referred to as acceptability, a prospective judgement about such systems.Acceptance in
contrast, describes attitudes towards the system after having expefenced it. This experience
can occur, for instance, in user studies using driving simulators, a Wizard of Oz or a
prototype vehicle. Acceptability does not necessarily lead to acceptance after using the
system, and conversely, a lack of acceptability befoe the first encounter does not necessarily
mean that users will reject the system after experiencing it (Jamson, 2013) Trustin
automation is considered to be a key premise for the use and acceptance of AD (Kyriakidis et
al., 2017) The initial attitude towards AD or the acceptability of AD is likely to change when
drivers actually experience it. If drivers are subjected to critical situations when using the
system, their trust in and thus acceptance of AD decreaseqGold et al., 2015) Therefore,
repeated experience of system boundaries can affect the drivei® trust and acceptance of AD.
Furthermore, comfort and car sickness are identified as relevant factas for the acceptance of
AD.

The next section provides more detail of the state of the art in acceptance and acceptability,
followed by identification of the research gapsin this area.

3.2 State of the art

3.2.1 Acceptance, acceptability , and related construct s

Research in the field of automated vehicle acceptance has grown tremendously in the past
few years. Online surveys and interview studies have shown a substantial variance in the
intention to buy and use automated vehicles within and between populations. In a 2012
survey with 17,400 vehicle owners in the United States, 37% showed interest in buying a
vehicle with AD capacity (Power, 2012) Another survey with nearly 5000 respondents from
109 countries asked about their attitudes towards AD and found that AD was rated as easier
than manual driving, but also as less enjoyable(Kyriakidis, Happee and De Winter, 2015)
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In human factors research, t is known that the acceptance and usage of a technical system s
related to various constructs:

6 The perceived usefulness of AD for the user might increase with an increasing automation

level. When driversarenot required to monitor taflealloned st emds
to engage in other activities, they might perceive the system as more useful. Several

surveys have been conducted on thenon-driving related tasks (NDRTS) drivers want to

engage in while driving in automated mode. The perceived usefulness of the AD depends

on the extent to which drivers are able to perform these NDRTs (Naujoks, Wiedemann and

Schémig, 2017)

6 A positive effect of perceived ease of use on perceived usefulness has been supported by
the literature on automated vehicle acceptance (Herrenkind et al., 2019, Nordhoff et al.,
2020b, Zhang et al., 2019b) which is in line with the broader body of research on
technology acceptance (Adams, Nelson and Todd, 1992, KarahannaAgarwal and Angst,
2006, \enkatesh and Davis, 2000)

6 Trust is a key variable for the use of AD(Lee and See, 2004) The driverds | evel
the AD not only influences the overall usage, italsoi nf |l uences the driverds
using the system: Studies suggest that high trust in AD is linked to higher levels of
drowsiness (Kundinger, Wintersberger and Riener, 2019)and higher engagement in
NDRTs (Kyriakidis Happee and De Winter, 2015) An unreasonably high level of trust can
lead to drivers neglecting their monitoring duties or poor take -over performance.

6 The (perceived) sdety of an AD is a key factor for its safe usage. If drivers do not perceive
the system as safe, they will not trust it. And if drivers do not trust the automation , they
will not use it (disuse; Parasuraman and Riley, 1997Perceived safetywas found to predict
the perceived reliability of the system and, finally, the acceptance of AD.On the other
hand, if drivers over-rely on the automated system, this might lead to decision errors, for
example, in terms of not responding appropriately to TORs Several authors have
suggested that perceived safety results in the matching of continuous anticipatory
monitoring with the driver® expectations, and that another process occurs when a
mismatch, or perceived risk, occurs:the driver perceives and assesgs a risk to determine
whether or not it is negligible (Naatanen and Summala, 1974, Tanida and Pdppel, 2006)

o Trustis closely tied to the perceived reliability of an automated system. If the perceived
reliabili ty increases, trust is |likely to increase &
Autopilot conducted by Dikmen and Burns (2017), initial trust (referring to acceptability)
was compared to the level of trust after a certain period of use. Trust in the system was
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positively correlated with frequency of use, knowledge about the system, ease of use, and
perceived usefulness of the HumanMachine Interface (HMI).

Modelling acceptanceand acceptability

Studies have predicted AD acceptance as a function of direct and indirect factors from
common technology acceptance models, applying bivariate correlation, regression, or
structural equation analyses(Lee Baig and Li, 2022, Xu et al., 2018, Zhang et al., 2019b, Zhu
Chen and zZheng, 2020). One well used technology acceptance model is the Unified Theory
of Acceptance and Use of Technology(UTAUT; Venkatesh et al., 2003)The UTAUTintegrates
eight influential acceptance models, including the Theory of Planned Behaviour (TPB; Ajzen,
1985) and the Technology Acceptance Model (TAM; Venkatesh and Davis, 2000UTAUT
assumes that an individual s behavioural intenti
various factors, such asperformance expectancy, effort expectancy etc.(i.e., degree to which
the individ ual believesthey possessthe resources to use the technology; Venkatesh et al.,
2003). As the original UTAUT model was tailored to the organisational context, UTAUT2 was
developed to look at other contexts. UTAUT2 posits that, in addition to the UTAUT constructs,
the intention to use a technology is influenced by hedonic motivation, price value , and habit
(i.e., defined as the passage of time from the initial technology usage; Venkatesh Thong and
Xu, 2012)

A wide range of studies have addressed the acceptance and acceptability of private
conventional and public pod -like automated vehicles, applying constructs from common
technology acceptance models such as the TAM, TPB, and UTAU{Kaur and Rampersad,

2018, Kaye et al., 2019, Madigan et al., 2016, Madigan et al., 2017, Rahman et al., 2017, Xu et
al., 2018, Zhang et al., 2019b, Zhang et al., 2020 Dverall,these studies showthat intention to
use aL3ADis determined by:

6 perceived usefulness(Xu et al., 2018, BuckleyKaye and Pradhan, 2018, Kaye et al., 2019,
Zhang et al., 2019b, Zhang et al., 2020, Kaur and Rampersad, 2018, Madigan et al., 2016,
Madigan et al., 2017)

o perceived ease of use(Xu et al., 2018, Kaye et al., 2019, Zhang et al., 2019b, Zhang et al.,
2020, Kaur and Rampersad, 2018, Madigan et al., 2016Jladigan et al., 2017),

o perceived behavioural control (Buckley, Kaye and Pradhan, 2018, Kaur and Rampersad,
2018, Madigan et al., 2016, Madigan et al., 2017)and

6 subjective norms (Buckley, Kaye and Pradhan, 2018, Kaye et al., 2019, Madigan et al., 2016,
Madigan et al., 2017, Acheampong and Cugurullo, 2019)
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Impact of user characteristics

Nordhoff et al. (2020b) suggest that the intention to use AD is lower for elderly people and
females compared to younger age groups or males. In another study (Nordhoff et al., 2021),
the gender differences were inconsistent, with males being more enthusiastic towards
conditionally automated cars (SAE level 3)for the majority of countries studied. These
findings mirror the literature on AD acceptancein two substantial ways. First, they correspond
to studies which have shown significant, yet small, effects of age and gender on the factors
predicting automated vehicle acceptance (Kettles and Van Belle, 2019, KyriakidisHappee and
De Winter, 2015, Nordhoff et al., 2018) Second, the findings corroborate the more positive
attitudes of males than of females towards automated vehicles, as shown through higher
ratings of perceived usefulness, social norms, and trustwhich reflects a relatively consistent
pattern across studies on automated vehicle acceptance(Rahman et al., 2017, Rice and
Winter, 2019).

Nordhoff et al. (2020b) also revealed small positive effects of experience with advanced driver
assistance systemon the intention to use L3-AD. This correspondsto the report by
KyriakidisHappee and De Winter(2015) that people who currently use Adaptive Cruise

Control (ACC)would be willing to pay more for automated vehicles, and are more

comfortable about driving without a steering wheel. Other studies investigated the relation
between experience with Parking Assist systems and the intention to use AD(Trdsterer et al,
2014, Baldock et al., 2006)but with mixed results.

Other researchin this context has clustered userson the basis of certain characteristics,for
instance their enthusiasm/scepticism towards automated cars, their attitudes towards the
future use of AD on public roads, likelihood of purchasing a personal and shared
automated/driverless car, awareness/knowledge about automated cars, or the perceived
benefits and concerns about automated cars (Hardman, Berliner and Tal, 2019, HulseXie and
Galea, 2018, Liu, 2020, Nielsen and Haustein, 2018, Pettigre\ana and Norman, 2019)
These clusters have been given different names such as attitudinal groups with a positive,
negative, ambivalent, or indifferent attitude (Liu, 2020) such asLaggards and Pioneers
(Hardman, Berliner and Tal, 2019) Other terms used include: Likely Adopters and First Movers
(Pettigrew, Dana and Norman, 2019)or Sceptics, Indfferent, and Enthusiasts(Nielsen and
Haustein, 2018) Results suggest thatsceptics were more concerned about AD and less
enthusiastic than indifferents and enthusiasts (Nielsen and Haustein, 2018) Based on such
results, barriers to the acceptance of L3-AD can be identified and user-group -specific
strategies and appealscould be developed (seeLaroche, Bergeron and Barbaro-Forleo, 2001,
Pettigrew, Dana and Norman, 2019, Nielsen and Haustein, 2018)In order to fulfil the
potential of AD, it is important to gain an understanding of the attitudes of different user
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groups so that researchers andautomotive manufacturers can address concerns and deliver
the benefits of automated cars to their customers.

Crossnational differences

Various studies have shown crossnational differences in the awareness, user experience,
acceptance, perceived comfort, and attitudes towards AD, as well aswillingness to pay, and
acceptance of the ADS decisions (Ansys, 2019, Betine et al., 2021, Edelmann Stimper and
Petzoldt, 2021, European Commission, 2020, Kaye et al., 2020, Le®aig and Li, 2022,
Potoglou et al., 2020, Schoettle and Sivak, 2014a, Schoettle and Sivak, 2014b, Schrauth et al.,
2020). Moody, Bailey and Zhao (2020)revealed that country-level awareness ofAD was
positively related to Gross Domestic Product GDP per capita, suggesting that respondents
from economically developed countries were more aware of AD than others. A report of the
European Commission (2020)has shown that respondents from the Netherlands, Sweden,
and Denmark were most aware of AD, while respondents from Poland, Romania, and Bulgaria
were least aware.According to Schrauth et al. (2020) respondents from Spain, Sweden and
Slovenia regarded the introduction of L3-AD as most beneficial, while those from Germany,
France, and the U.S. found it leasuseful.

Louw et al. (2021)investigated the intention to use ADFsin one of four ODDs: Motorways,
Traffic Jams, Urban Roads, and Parking. Intention to use was high across ahese ODDs, but
significantly higher for Parking than all others. The authors found that, overall, intention to
use was highest amongst respondents who were younger (<39years), male, and had
previous experience with Advanced Driver Assistance SystemsADAS). However, these trends
varied widely across countries and for the different ADFs. Respondents from countries with
the lowest GDP and highest road death rates had the highest intention to use all types of AD,
while the opposite was found for countries with high GDP and low road de ath rates Louw et
al. (2021) These results suggest that development and deployment strategies for AD may
need to be tailored to different markets to ensure uptake and safe use.

3.2.2 Comfort during automated driving

One of the major factors likely to affect the acceptance of automated vehicles is the level of
comfort which users feel while travelling in them (Arndt, 2011). However, comfort is a difficult
concept to quantify, with numerous definitions existing in the literature. For example , Slater
(1985)def i nes it state ofplysiomdicalapsyahnlaogical and physical harmony

bet ween a human bei ng anBetllemétal (2016)dierpo tme mwtodnf owh i |

state which is achieved by the removal or

Although there is currently no agreement upon the definition of comfort in the AD domain,
three commonalities have been identified anyway. comfort is (1) a subjective construct, (2)
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influenced by physical, physiological, and psychological elements, and (3) results from
interaction with the environment (De Looze Kuijt-Evers and Van Dieen, 2003)In addition, all
the definitions describe comfort as a positive valence involving pleasantness, weltbeing,
relaxation, and ease; whereby stress and uneasiness should be absent.

Discomfort, a concept considered to be the opposite of comfort, has also been defined, and

is considered easier to measure compared to the weak unaroused nature of comfort (Siebert

etal.,2013) Di scomfort has been considered as 0a subj
related psychological tension or stress in moments of a restricted harmony between driver

and envi r(Hanwok Beggiato and Krems, 2018) with specific emphasis on how this

tension and stress originatef r om Oounexpected, unpredthet abl e or
automated system.6

Comfort and discomfort can be projected in a schematic map of driving moods, defined by
two ¢pleasant/unpleasantdand dactivation leveld axes (Russell and Barrett, 1999)Comfort is
associated with a pleasantfeeling of control or of insertion within the flow , when everything
is going well. Discomfort was proposed to occur when drivers are not able to maintain the
satisfying state of various control measures such asconditions of the trip (acceleration,

t her mal , rulefokowirgl(to &qid, a fine and social judgement), progress of the trip,
or safety margins related to perceived safety (Summala, 2007)

Various methods have been used to measure comfort. Questionnaire measures include single
ratings of how comfortable the driver feels, using a Likert scale (e.g., Bellem et al., 2017)A
handset tool was provided to participants in a simulator to continuously indicate their level of
discomfort through pressure onatrigger (Rossner and Bullinger, 2019, HartwichBeggiato
and Krems, 2018) Interviews have also been used as a subjective measurement tool to
investigate driving comfort (e.g., Basu et al., 2017)Objective measures include physiological
metrics, which provide information reliabl y and in real time without annoying and distracting
the driver (Radhakrishnan et al., 2020) However, to date, physblogical measures have only
been used to measure discomfort (for example, heart rate as an indicator of discomfort;
Beggiato, Hartwich and Krems, 2019)because of the close relationship between
characteristics of discomfort (i.e., stress and tension) and physiological indicators(Beggiato,
Hartwich and Krems, 2019)

A number of concepts and factors are associated with comfort or discomfort. (e.g., Hartwich
Beggiato and Krems, 2018, Siebert et al., 2013) Other feelings that are considered to reflect
comfort were measured as a part of discomfort, including nausea (Paddeu, Parkhurst and
Shergold, 2020)and motion sickness (Bellem et al., 2018) or asa part of comfort, such as
trust in automation (Bellem et al., 2018)and perceived safety (Rossner and Bullinger, 2019)
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There are a range of factorsthat influence driver comfort. These include:

6 Physiological factors, e.g, noise, vibration, and harshness(Qatu, 2012)

6 Environmental factors, e.g., air quality and temperature (Da Silva, 2002)

o Vehicle movement patterns (Diels and Bos, 2016, ElbanhawiSimic and Jazar, 2015)
o Naturalnessof driving style (Elbanhawi Simic and Jazar, 2015)

o Motion sickness (Elbanhawi Simic and Jazar, 2015)

6 Road and load disturbances (ElbanhawiSimic and Jazar, 2015)

6 The individual® expectations of the context (Constantin, Nagi and Mazilescu, 2014)

6 Perceived safety and trust (Bellem et al., 2018, PaddeyParkhurst and Shergold, 2020,
Summala, 2007)

Implementing a desirable automated driving style is regarded as the primary means of

prompting a comfortable experience for passive drivers, provided thatthepas senger s 0
experienced comfortislargel v det er mined by the driverds dri vi
car (Bellem et al., 2018) Thus, identifying what driving style is perceived as comfortable will

be crucial for AV development and its broad adoption. This is likely to include a consideration

of both smooth driving patterns andof dr i ver s & e x paptkehatbbeons, as t he
individual differences in preferred driving styles (Hartwich, Beggiato and Krems, 2018)

Interestingly, research byBasu et al. (2017)comparing four different automated driving styles

has shown that most drivers prefer a more defensive driving style than their own, regardless

of their own manual driving style. This suggests that drivers may not actually perceive their

own manual driving style as oOonatwural 6, although
area, with some contradictory finding s emerging (e.g., Griesche et al., 2016)

3.2.3 Car sickness

By taking on the role of a passengerin higher level AD (SAE L3 and up)the driver can

engage in a variety of NDRTsduring AD such asreading, working, watching videos, etc.fi
although only temporarily and until a TORis required for L3, but for longer durations in L4
(SAE, 2021)However, engagement in tasksdrawing visual attention away from the driving
sceneis thought to increase the risk of experiencingcar sickness(Diels et al., 2016, Diels and
Bos, 2016) Lack of control over the movements of the vehicle, and consequently the inability
to anticipate the next manoeuvre of the AD, further increases the susceptibility to car sickness
(Rolnick and Lubow, 1991) As a result, productivity and comfort while driving in automated
mode may be reduced, limiting the benefits of AD and likely its acceptance (Diels and Bos,
2016, SmythJennings and Birrell, 2019)
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Motion sickness, which is a natural responseto a mismatch between perceived and real
motion, is a welkknown and long-acknowledged phenomenon that occurs not only in cars,
but also in many kinds of transportation such asships and aeroplanes (Tyler and Bard, 1949)
There are different theories as to the origin of motion sickness, although no approach has
been able to explain all aspects of the phenomenon. The most widely held theory is the
sensory-conflict theory, which postulates that m otion sickness occurs when there is a conflict
between sensory inputs, i.e., the visual, vestibularand non-vestibular systemsincluding
proprioception (Claremont, 1931) The theory of sensory rearrangement adds that the
symptoms increase when the actual visual and vestibular impressions differ from the
expected ones (Held, 1961) The predominant symptom of motion sickness is nausea which
in extreme casesleadsto vomiting (Golding, 2016). Typically, however, nausea ispreceded or
accompanied by a number of other symptoms like sleepiness, apathy, burping, (cold) sweat,
pallor, headache, or dizziness(Graybiel et al., 1968, Reason and Brand, 1975)

There is huge variability between subjects interms of the appearance, order, and strength of
symptoms (Diels and Bos, 2016) Women seem to be more susceptible than men to motion
sickness(Brietzke et al., 2021, FlanaganMay and Dobie, 2005, Klosterhalfen et al., 2005,
Paillard et al., 2013) However, some studieshave not found this difference, suggesting a
higher willingness to report motion sickness symptoms among women as a possible
explanation for the supposed gender difference (Cheung and Hofer, 2002, Park and Hu,
1999). Furthermore, some studieshave found that susceptibility increases with age, peaking
in youth and decreasing subsequently (Bos et al., 2007, Brietzke tal., 2021, Lamb and Kwok,
2015), whereas a linear relationship of age with younger subjects being more susceptible,
has beenfound in other studies (Schmidt et al., 2020, Turner, 1999)As the occurrence further
depends on several factors like means of transport, duration, and intensity of provocation
(driving on a curvy road vs. driving on a motorway) but also on the engagement in different
NDRTs it is difficult to make statements about the general prevalence of this condition
(Muhlbacher et al., 2020, Schmidt et al., 2020)It is therefore of interest to study the
prevalence of carsickness while engaging in different activities under different conditions
(road types, seating positions, etc.) in the general population. The results could indicate
whether car sickness presents a relevant problem for societyand whether this will be
exacerbated by AD.

Fundamental studies (.g., using off-vertical axis rotation) have shown that one of the main

modulating factors seems to be the frequency of accelerations, with frequencies of 0.16 to

0.2 Hz being the most provocative (Dai et al., 2010, Donohew and Griffin, 2004, Griffin and

Mills, 2002). The ISO 2631document (ISQ, 1997)describesthe 0 Mot s ook ness dose val
as a calculation based on accelerations that predicts the intensity of motion sickness.
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However, the predictive capability of this indicator is limited , and other factors like individual
susceptibility should be taken into account (Brietzke, Pham Xuan and Bullinger, 2020 1SO,
1997). Besides driving dynamics, the influence of new propulsion technologies such as
battery electric vehicles and different activities (e.g., reading, working, but also entertainment)
on motion sickness are of interest.

Some recent studies focus on the influencing factors of car sickness as well as on possible
countermeasures. The factors mentioned include head position, posture, visual conflict, or
anticipation (Bohrmann and Bengler, 2019, Brietzke et al., 2021, Kuiper et al., 2019, Saruchi et
al., 2020) Potential countermeasures investigatedto date include anticipatory cues, vibration,
or airflow (D'amour, Bos and Keshavarz, 2017, Kuiper et al., 2020, Yusof et al., 2020he
methodology of these studies concerning e.g., the provocation of motion sickness or
duration and type of drive are not consistent. In addition, most of the studies concerning
motion sickness are fundamental research studies, yet a standardsed methodology for
driving studies to investigate car sickness in a replicable way is lackingMuhlbacher et al.,
2020). A consistent study design is therefore essential to develop, allowing the comparison of
different countermeasures to enable maximum comfort while driving with AD. This includes,
among other things, alignments on how to design a representative test track, how long the
drive should last, which NDRTs should be employed to provoke car sickness and how to
identify susceptible participants.

Motion sickness not only decreases comfort, it has been shown to interfere with the
performance of cognitive and physical tasks (Bos, 2004, Colwell, 2000, Stevens anBarsons,
2002). Regarding AD, the question therefore arisesabout the extent to which car sickness
affects take-overs and driving performance when vehicle control has to be taken over, for
instance in an emergency situation.

3.3 Overview of research questions

Based on the presented state-of-the-art literature research, research gaps were identified and
research questions concerning the acceptability and acceptance of AD were formulated.This
will include attention to some methodological challenges, especially in the fields of
acceptance and acceptahlity and relating to car sickness.An overview of high- and medium-
level research questiors is given in Table 3.1.
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Table 3.1: Overview of research questionsn acceptability, acceptance and comfort.

High -level research question

What is the attitude towards AD?

Medium -level research question

What is the willingness to pay for AD?

What is the acceptability (acceptancebefore usage) of AD?

What does the general public know about AD?

What does the general public expect from AD?

How does AD change the travel experience?

What is the perceived safety of AD?

What is the acceptance of AD by the user?

How can driving with AD be made a
comfortable experience?

Which guidelines for automated driving behaviour can be
derived from manual driving to make driving with AD more
comfortable?

What is the impact of driving style of AD on driving comfort?

What is the impact of driving comfort on acceptance, trust,
and other related concepts?

What is the impact of car sickness
on the user?

With which methodological approach can car sicknessbe
investigated in an efficient and replicable way?

What is the prevalence of carsickness in the European
population?

How can the occurrence of car sicknessbe predicted?

How can car sickness be reduced?

How do NDRTs influence the incidence of car sicknes8

How does car sickness affectmanual driving and take-over
performance?
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4 User Evaluation o Use of AD

4.1 Scope of this research area

The next userrelated research areadeals with the use of AD by the driver or the handling of
AD by a teleoperator. The aim of this work is to understand how, after market introduction ,
ordinary drivers will handle, understand, and interact with the new ADFs and which factors
will influence this. Relevant situationsinclude handling and use of AD while being in the ODD
and at ODD boundaries e.g.,when a TOR occursStudies addressing research qustions in
this area mainly observe how drivers behave and reactbefore, during, and after they have an
AD available.

Furthermore, in this research area the focus is widened andaddressesnot only drivers who
are in the car but also teleoperators who handle an AV remotely, for instance at ODD
boundaries. Based on the DoW and the state-of-the-art review, a wide range of topics was
identified . For all thesetopics, research questions are definedthat will be addressed within
Hi-Drive.

4.2 State of the art

4.2.1 Human factors of transitions of control in automated driving

Although the classic aim of introducing automation to a system is typically to replace human
manual control, Bainbridge (1983) argues why completely replacing human manual control
may not be possible. One of the oO0ironies of auto
tasks that are typically easy to automate get automated, while the tasks that are difficult to
automate are often left for the human to handle. In o ther words, many automated systems
can only operate under standard conditions, but need human intervention in more complex
or difficult conditions (Bainbridge, 1983) This irony of automation becomes relevant when
automation is increasingly introduced to passenger vehicles. Instead of replacing human
manual control completely, the next generation of driving automation will rather change the
tasks and the role of the driver compared to manual driving . Higher level AD promises to
handle the driving task such that the driver does not need to supervise the system. However,
a TORis issued to the driver whenever the AD reaches its functional limits. Experts have
identified these transitions of control as one of the major human factors chal lenges of AD
(Kyriakidis et al., 2017) The driversare seen to (physically and mentally) disengage from the
driving task, which leads to diverted attention, lower situation awareness (Endsley, 2018,
Merat et al., 2019), and fatigue (Naujoks et al., 2018a, Vogelpohl et al., 2019)Yd, when AD
encounters functional limits, the driver is required to respond to the TORin a timely and
appropriate manner.
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Numerous studies have been conducted in virtual environments (driving simulators of

di fferent fidelities) to investigate the driverd
response to a TOR. Driversd responseingemkeT ORs has
over time (Mcdonald et al., 2019, Zhang etal., 2019a) The take-over time is typically defined

as the time from a TOR until drivers have deactivated automation through a button press,

steering, or braking. However, some studies also include response times to capture other

parts of the response process to a TOR such as the time to redirect the gaze towards the

forward road or the time to place the hands on the steering wheel or the feet on the pedals

(Gold et al., 2013, Eriksson and Sinton, 2017, Zeeb et al., 2017, Pipkorn et al., 2021, Pipkorn

Tivesten and Dozza, 2022)

A literature review by Eriksson andStanton (2017) showed a great variance of 2015 sec in

dr i v e r-avdr timesikresponse to a TOR. FurtherZhang et al. (2019a)found mean take-
over times to range from 0.69 sec up to 19.79 sec with a mean take-over time of 2.72 sec.
Take-over times have been shown to depend on driver characteristics, system characteristics
and situational variables. For example,Zhang et al. (2019a)found, in their meta-analysis of
129 take-over studies, that take-over times increase when drivers are engaged vith a hand-
held device, when they are visually distracted and when they have no experience with take-
over situations. Also, the modality of the TOR (i.e., the information type used in the TOR
procedure, e.g., visual, haptic, audio) has an impact on the t&e-over time.

Importantly, the take -over time is not necessarily related to the quality of the take -over. This
means that a short take-over time can still result in hazardous situations such as late
response to conflicts (see e.g., Louw et al., 207). Therefore, additional performance measures
are needed as an indicator of the success of a takeover. The TakeOver Cortrollability rating
is one such measure. It is a standardied video-based rating scheme that gives a global
assessment of the critcality of take-over situations (Naujoks et al., 2018b) In a driving
simulator study on behavioural changes with repeated usage of AD conducted in the L3Pilot
project, all drivers managed to take back vehicle control when they had a time budget of

45 sec and when they had a time budget of 15 sec(Metz et al., 2021a) However, increased
take-over times were found with increasing experience for drivers who had a large time
budget of 45 sec available. Even though reaction times increased, no increase irobjective
criticality was found.

Several studies have also assessed the quality of the manual driving prformance after
automation deactivation in critical (TOR followed by conflict scenario) and uncritical
scenarios through a set of driving performance metrics. Examples of metrics used are
maximum accelerations, maximum steering wheel angle, standard deviationof lane position,
and crash rates(Mcdonald et al., 2019). Research suggests thadrivers show a degraded
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manual driving performance (increased accelerations, late response to conflicts) when
responding to a conflict scenario after automation , compared to a manual driving baseline
(Gold et al., 2013, Louw Merat and Jamson, 2015, Mcdonald et al., 2019) However, within the
L3Pilot project, a study by Pipkorn et al. (2021)could not confirm this previously observed
degraded driving performance after automation compare d to a manual baseline. In their test-
track study, drivers started steering at higher time-to-collision values (less critical) after
automation compared to manual driving. One of the stated reasons behind the deviating
findings was the timing of the TORIn relation to the presentation of the conflict scenario.
While previous studies typically presented the TOR at the same time a conflict object
appeared, the study by Pipkorn et al. (2021) presented the TOR prior to the conflict onset. It
seems that when drivers receive a TOR some time bfore being presented with the conflict
scenario, they have time to prepare for action (look at the road, put hands on the wheel,
deactivate automation), and may therefore show a similar manual driving performance after
automation compared to a manual baseline. This suggests that an important factor behind
previously observed delayed response after automation compared to manual driving is the
additional time needed for drivers to prepare to act (look towards the forward road, put
hands on the wheel, deactivate automation).

For safety reasons, most takeover studies have been conducted in virtual environments.
Driving simulators allow for controlled experiments to address specific research questions
and hypotheses. For example, the impact of a specificdriverst at e (e. g., sl eep) o
response to TORs can be investigatedWorle, Metz and Baumann, 2021) Little research has
currently been done in realistic environments (test track) and in real traffic. One of the
reasons behind the current lack of these types of studies is the need for a real vehicle with a
functioning and reliable AD F. Recently, secalled Wizard of Oz vehicles have enabled
experiments to be performed in realistic and real environments (Naujoks et al., 2019, Pipkorn
Dozza and Tivesten, 2022, Pipkorn egl., 2021) However, to be able to consider the variety of
situational factors (e.g., changing traffic) that can affect the success of a safe takeover, take-
over studies need to be conducted on real roads, and in real traffic environments, to validate
previous findings in driving simulators.

4.2.2 Behavioural adaptation and automation misuse

Depending on the level of automation, the driver might not need to ph ysically control the

vehicle but only remain vigilant (SAE L2 or might even be permitted to disengage from

supervising the driving environment and engage in NDRTS(SAEL3+) The driverds bet
during the drive, however, might not only change in ways t hat are foreseen by the designers

of the system, but also in ways that are not intended. These changes in behaviour are

referred tar als adhe@EENI990).n 6
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One driving simulator study on changes in driver behaviour and attitudes when exposed
repeatedly to a (simulated) ADFfound that with increasing experience, drivers trusted the
system more, directed less attention to the road, and engaged more in NDRTs (Metz et al.,
2021a). These changes in behaviour might not have been anticipated by the designers of the
system, but they are within the scope of legal use.

Other kinds of behavioural changes are more concerning: In the same study, driverswere also
found to misuse the system by sleeping while the system was active even though they were
instructed to remain attentive to TORs Half of the sample stated that they were also willing

to sleep during the drive if they had a conditionally ADFavaiable in reality (Metz et al.,
2021b). Similar results were found for ordinary (non-professional) drivers who experienced an
automated motorway driving system on real roads (Weber et al., 2021) Sleeping behind the
wheel of a conditionally automated car is a clear misuse of automation.

Serter et al. (2017)suggest that, depending on the level of automation, various forms of
automation misuse may increase. Some users might consider usingAD when being drunk or
watching videos, while they are required to monitor the automation. Automation misuse has
to be defined according to the level of automation. Not only drivers but also other road users
could be inclined to misuse automated vehicles, for instance by crossing the road closely in
front of an AV (Millard-Ball, 2018) Misuse of automation is linked to high levels of trust or
over-trust in the automation (Parasuraman and Riley, 1997)Trust has been shown to increase
with increasing experience with an ADF(Dikmen and Burns, 2017, Metz et al., 2021a) The link
bet ween driversd and ot her r oADdndastematoomistsehavi our
has to be understood in more detail. This is especially important to avoid automation misuse
that can cause traffic hazards.

4.2.3 Mental models of AD

The driverods ment al m o hew theyp Use ahdefafiataasygsterA. Dhea f f e c t
ment al model is defined as the oreflection of an
its form and function, and its observed and future s y st e m (Gasparteeak, @020; p. 1)A

high proportion of users of ADAS were found to have an incorrect mental model of the

systems in their cars. In asurvey on users of ACC, knowledge questions on the basic functions

and basic purposes of the system were answered correctly by only about half of the user

sample (Mcdonald, Carney and Mcgehee, 2018) For example only 58% of users knew that if

the vehicle ahead moves out of the detection zone, the ACCwill accelerate. Drivers with an

accurate mental model responded faster in critical situations (Gaspar et al., 2020) In a series

of test-track studies with a partially ADF, 28% of participants crashed into a conflict object

even though eye-tracking analysis showed that they had their eyes on the object. When

guestioned afterwards about why they did not respond, 13% stated that they did not reali se
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the need to intervene. Some drivers were unsure or assumed that the vehicle was able to
handle the situation, which reflects an automation expectation mismatch (Victor et al., 2018)
and the wrong mental model of AD capabilities .

The more complex anautomated system is, the more difficult it is for the user to obtain the

correct mental model of system functionality. The riskof a cognitive mismatch between the

user s mental model and t hewitlasudh complexity Baxtee m out put
Besnard and Riley, 2007)When the user detects a mismatch between their mental model and

the system behaviour, they might correct the mismatch and get a more accurate mental

model. If a mismatch remains undetected, the potential for critical situations due to missing

or wrong actions by the user increases. Mental models of automation might be affected by

biases (Seppelt and Victor, 2020)

Many researcheshave studiedd r i ver s & me nt a(Beggetoched Kremd, 208D A S

Forster et al., 2019, Gaspar et al., 2020, McdonaldCarney and Mcgehee, 2018nd found that

the mode of learning how to use the system (Forster et al., 2019)and the level of information
drivers receive ab ou(@BeggidioandKiems, 2013@ffectthee havi our
development of the mental model. Drive rsGexpectations of the systemd sapabilities also

depend on how the system is advertised and on its brand name. For example, gstems with

the word o0Cruised6 in their name wer ewhiessoci ated
systems with twee assoziatal withAighsrilesets 6f automation (Abraham et

al., 2017) Drivers may have a general mental model of an automatedsystem that is based on

the owner s manual or an ,andtheygahwmore appliedby t he car
mental model, including more detailed knowledge of specific operational conditions , once

they experience concrete situations (Seppelt and Victor, 2020)

Seppelt and Victor (2020) provide an overview of applicable measures for mental models.
They suggest the use of questionnaires for purpose, process and performance, as well asfor
behavioural measures like monitoring behaviour, secondary task use or response time to
hazards, among others.

To dat e, research has focused durningtsbdda lowerléevelser 6 s ge
of automation or driver assistance systems. Less researchas beendone on the applied

mental model that develops with increasing experience of different driving scenarios and

higher levels of automation. It can be hypothesised that the more situations are encountered

by drivers, the more calibrated the mental model becomes. Knowledge about the

development of a mental model of AD can be usedto develop driver training programs for

driving with AD that not only teach the correct handling of the function , e.g.,its activation

and deactivation, but also help to develop a correct mental model.
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424The o00Out of the Loop hAwarenessmpAutonsaatediDridngt uat i o

The automation of ever more parts of the driving task may be accompanied by a shift of the
dr i v er 0 sfrom the read and driving -related cuesto other tasks. Depending on the
level of automation, this can be part of the system design or a misuse of the function.

The driver being distracted, inattentive,and t hus oout of the | oop6 i

avoided for safety reasonsh owever, being o6on the |l oopd and mon

being in physical control is possible (Merat et al., 2019) L2 systems currently on the market
oblige the driver to keep their hands on the wheel and eyes on the road, thus remaining at
|l east oon the | oopbéd.

In L3 and L4 systems, the system design is based on the driver engaging in NDRTs and thus

being o6out of the | oop6. However, at a systemds

TORIs issued to the driver. The driver is then required to get back into the loop and gain
situation awareness to be able to take back vehicle control and responsibility.

Being oOjom6oowuand®féd the control |l oop are not di

continuum. Studies show that the more drivers are out of the loop of drivi ng control during

AD, the longer it takes them to resume vehicle control in critical situations (Gold et al., 2013,

Louw et al., 2017) Characteristics ofNDRTs can i nfl uence how ofard t
loop. Drivers engaged with a manual-visual task have been shown to need more time to

resume control after a TORthan drivers engaged with a visual task (Naujoks et al., 2019)

Situation awareness was first investjated in aviation and is closely linked to the out -of-the-

loop concept. Situation awareness is definedasdot he perception of the el
environment within a volume of time and space, the comprehension of their meaning and the
projection oftheirg at us i n t h(Endskeg a988; . &7)Sitluateroawareness involves
perceiving relevant cues in the environment (level 1), understanding their meaning in relation

to the per s on fsdugderstdnding WhHatevill bapperRin the future (level 3).
Endsley(2018) identifies three mechanisms by which situation awareness is reduced due to

driving automation:

6 A1) Poor vigilance when people become monitors, often coupled with increased trust or
over-reliance on the automation,

o (2) Limited information on the behaviour of the automation and/or the relevant system
and environment information due to either intentional or unintentional design decisions,
and

o (3) A reduced level of cognitive engagement that comes from becoming a passive
processor rather than an active processor of
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The SAGAT(Situation Awareness Global Assessment Technique; Endsley, 1995he SPAM
(Situation-Present Assessment Method; Durso et al., 1998and the SART(Situation Awareness
Rating Technique; Taylor, 2017)are commonly applied measures in situation awareness
research. In studies onAD, situation awareness is mainly investigated by means of eye
tracking measures, i.e. visual attention(Liang et al., 2021)or by response to critical events
(Gold et al., 2013, Merat and Jamson, 2009)Also, the comprehension of a situation can be
investigated by presenting situational cues in the traffic environment (MuellerReagan and
Cicchino, 2021) Situation awareness is improved for drivers using ACC when they are
motivated to detect objects in the environment (De Winter et al., 2014)and when warned

with a two -stage instead of a one-stage warning in take-over scenarios(Ma et al., 2021)

For driving systems that do not require the driver to remain in or on the loop of driving
control, but do require them to get back and gain situation awareness within a short time
frame at system limits, the challenge remains: How can an outof-the-loop driver gain
situation awareness and how can they be supported by the system? To investigate he
building of situation awareness in take-over scenarios, indicators for situation awareness
should be chosen in a way that they reflect all three levels of situation awareness. This might
include a mix of methods like the SAGAT, selfreport measures, eyetracking measures or
measures of driving performance and different study approaches like driving simulators and
studies in real traffic. Depending on the approach, an assessment of situation awareness can
differ.

4.2.5 Driver monitoring

One of the main human factors challenges of intermediate levels of automation is ensuring
that the driver/user is capable of performing the role commensurate with the level of
automation. At Levels 2 and 3 (and in some cases Level 4, for example, at the end of an ODD),
this relates to ensuring that the driver is able to re -enter the physical and cognitive control
loops to safely resume manual control of the driving task, while at Level 2 automation, this

may also include ensuring the driver is effectively supervising the driving task (Louw, Merat

and Jamson, 2015, Merat et al., 2019)

A key solution to ensuring such safe driver-automation interactions involves the use of driver
state monitoring systems, which measure driver behaviour, attention, and readiness. Indeed,
driver state monitoring is being included as part of the European New Car Assessment
Programme (Euro NCAP) Safety Assist protocols from 2023Euroncap, 2021) The ADFmay
use information from the driver monitoring system to effectively manage communication
between the driver and the ADFvia an HMI, utilising real-time visual, auditory, haptic, and
multimodal feedback. If the driver monitoring system detects that the driver is unfit to drive,
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the ADFmay use this as a basidor deciding whether to bring the vehicle to a safe stop, using
a minimum risk manoeuvre.

Driver state monitoring systems typically combine various sources of information, including
information from cameras, steering wheel-based sensors, and wearable devices. There are a
plethora of devices and indicators to assess the range of driver states (eg., workload, fatigue,
attention, emotion, and distraction i including visual, cognitive, and physical). These can be
divided into physiological (e.g., measures reflecting the activity of the autonomic nervous
system) and behavioural (e.g, movement of bo dy parts, driving performance) indicators.
While not typically used in driver state monitoring systems, subjective (e.g. self-report
measures of sleepiness) indicators are commonly used in research settings as ground truth to
validate objective indicators.

Physiological indicators typically include measurements of heart rate and heart rate
variability; electro-oculogram, electroencephalogram, electrocardiogram, or
magnetoencephalograph assessment;and evaluation of electrodermal activity, head
movements, eye movement or pupil dilation , and blood pressure. Behavioural indicators may
include posture (including hand, arm, head, trunk, and body position), facial expression, voice
characteristics, reaction time, and lateral and longitudinal vehicle control. Subjective
indicators include self-reported measures of perceived effort [e.g., Rating Scak for Mental
Effort (RSME)Zijlstra and Van Doorn (1985), NASA Task Load Index (TLXWHart and Taveland
(1988)], fatigue, sleepiness €.g., Karolinska Sleepiness Scale (KS$xerstedt and Gillberg
(1990)] and emotional state.

The aurrent literature on driver monitoring focuses on the concept of readiness, an abstract

concept used to define whether or not the system should intervene in the driver& monitoring

task and provide assistance through the HMI. Georg et al. (2017)have defined readiness as

0 ( the fastest ability of the driver to get engaged in the driving task fom the Non-Driving

Rel ated Tasok (TNDURST,) a( ér)eady dr iof espondigunitihe be one
to a given scenario (see ISO/TR 219591:2020) where an intervention is required (Mioch,

Kroon and Neerincx, 2017) Based on this construct, several studies attempt to correlate

driversd abil ity -oveosituatiom ortheirselfaapartedireadiness staaek e

with a combination of physiological, behavioural, and subjective indicators, in order to create

algorithms for real-time driver state estimation. For instance, Kim et al. (2018)were able to
correlate drivers® reported r eadihead sate vanmabilityh phy si
and electrodermal activity. Similarly,Mariajoseph et al. (2020)wer e abl e t o correl at
probability of crash avoidance in a takeover, using the same metrics. Both studies report a

real-time driver state monitoring algorithm, generated usi ng the identified correlation to

estimate whether the automation should support the driver in their monitoring task. When it
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comes to behavioural indicators, Baek etal. (2018wer e abl e to predict dri ve
drowsiness state based on an RGB camera, capturing their head position, posture, and facial

expression (eyelid closure, and pupil dilation); andZhou, Yang and De Winter (2021)created

a machine learning algorithm abl e t o correlate driversod reporte
their eye movement patterns, extracted from an eye-tracking device. However, more research

is needed to validate the accuracy of existing and novel methods of identifying driver states,

while knowledge on the best/most successful HMI to be used for these systems is also

lacking.

4.2.6 Teleoperation *

The automation of driving tasks is proceeding rapidly and is projected to bring about
tremendous improvements also for public transport in terms of flexibility, safety, and
efficiency (Litman, 2022) However, until fully AD according to SAELevel 5 (SAE 2021)is
feasible, driverless vehicles hardly appear to be a viable solution for public transport, since
handling a large number of travellers imposes particularly high requirements on safety and
reliability. In order to be able to u se the benefits of AD while ensuring the fulfilment of legal
and economic requirements, the teleoperation of AVs is a promising approach to bridge the
gap between current technological shortcomings and the effective use of innovative
solutions available today (Georg et al., 2018, Neumeier et al., 2019)

Embedded in the set of tasks and workflow of a public transport control centre, monitoring
and operating will require much fewer human resources since one remote operator will be
able to oversee the operation of multiple vehicles. Unlike in the current operation of AVs, the
on-board presence of an operator in terms of a so-called security driver will be obsolete.
Instead, a human driver, i.e., a remoteoperator who is not physically present on board the
vehicle, re-enters the control loop as a fall-back solution. Mobile networks assure the
exchange of information between the AV and the remote operator (Tang et al., 2014) In case
of a system failure, the AV stops in a safe position and is connected to a remote operation
centre, where the failure is inspected by a remote operator who takes over control of the AV,
if necessary(Georg et al., 2018)

Although teleoperated vehicles are used in a wide range of applications, according to
Winfield (2000), there are three characteristic elements that are part of each teleoperated
application, namely operator interface, communication link and robot, in this case the AV.
The operator interface usually consists of at least one display to visualge the videos from the

I The following paragraphs are adapted from Kettwich, C., & Schrank, A. (2021). Teleoperation of
Highly Automated Vehicles in Public Transport: State of the Art and Requirements for Future Remote
Operation Workstations. In 27th ITS World CongressiHamburg, Germany, 1115 October 2021.
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AV @rs-board cameras and additional status or sensor information. Furthermore, the
operator interface requires input devices to enable the operator to enter commands or exert
manual control of the AV. In road vehicles, this input device commonly consists of a steering
wheel and pedals but could also be a joystick or a touch device.As the idea of teleoperating
objects originates from the realm of robotics and aeronautics, the first HMIs for teleoperation
served to remote-control robots as well as instruments and vehicles in space. The interaction
between the operator and AV follows one of two ways: Either the operator interacts with the
AV by entering input into the interface which is subsequently translated into driving actions
by actuators, or converselythe sensors of the AV transmit data such as camera images to the
interface, which in turn presents these data to the operator (Trouvain, 2006)

This basic design of a teleoperation HMI has been refined and extended by technological

innovations like the creation of 360° images from multiple cameras (Bodell and Gulliksson,

2016), using head-mounted displays to present the images and sometimes additional

information to the operator (Bout et al., 2017). Kettwich and Schrank (2021)designed and
evaluated an HMI for a remote o pcentredtdasigpp s wor kpl a
process. This work is infamed by extensive research on the work environment of remote

operators, and by typical use cases and scenarios in remote @eration (Kettwich et al., 2022).

For AVs, the communication link to the operator needs to be wireless. The connection must
be designed to transfer the necessary data between the AV and the operator and vice versa
with the least delay possible. Because of decoupling of the human perceptual process from
the natural environment, human perception is often restricted in teleoperating environments
(Tittle, Roesle and Woods, 2002). Thus, simple tasks may be more challenging due to a
shortage of motion feedback and a restricted field of view ; for example, spatial orientation
and object identification tend to be weakened in a remote environment (Darken, Kempster
and Peterson, 2001)

Latency, which refers to the dely between input action and output response, is one of the
major difficulties of remote control, because the available transmission technologies are
significantly limited. Latencies are very applicationspecific and of varying importance,
depending on the speed and precision of the vehicle as well as the area in which it is
operated (Bodell and Gulliksson, 2016) Latency in controlling a vehicle is caused by
transmission delays in the communication channel, the steering method, or the sampling
rate (Kay, 1995, Mackenzie and Ware, 1993)Studies on human performance show that
humans are generally able to detect latencies between 10and 20 msec (Ellis et al., 2004)
Latencies in haptic and visual feedback below 100 to 200msec do not reduce task
performance, whereas higher latencies will decrease task performance depending on the task
type and level of difficulty. According to Diermeyer et al. (2011) 400 to 500 msec s the
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highest tolerable latency, while impairment of task performance already occurs with a latency
of approximately 200-225 msec (Mackenzie and Ware, 893, Pongrac, 2011) Minimi sing
latencies in information transmission even outweighs the importance of high -resolution
graphic output (Pausch, 1991)or high frame rates (Bodell and Gulliksson, 2016)

Different control approaches are used in teleoperation. Fong and Thorpe (2001)distinguish
between direct, multimodal/multisensor, supervisory control, and novel interfaces for vehicle
teleoperation. Here, the latter three categories will be subsumed underthec at egor y
c o n t, sirecé ilmhmodern interface designs their characteristics overlap significantly. The
direct control approach uses hardware thatmimicsa vehi cl eds actual i
steering wheel and pedals for accelerating and braking. The remote operator uses these
instruments while being presented video imag ery from cameras, data from on-board sensors,
and sounds recorded by microphones attached to the vehicle. Even though this approach
creates an environment very similartositing i n t he dri ver s seat
therefore seems to be intuitive, the latency in data transmission does not provide the level of
telepresence needed to safely steer the vehicle(Kay, 1995)

In contrast to direct control where the operator controls the AV directly and without the help
of automation, in indirect control, the inputs and feedbacks take place at a higher level. One
example of indirect control is the shared control approach where intermediate targets are
defined by the supervisor. In case of remote-controlled shuttles, waypoints are set by the
remote operator (Kay, 1995) A prerequisite of this approach is a certain degree of
intelligence or autonomy of the s huttles to translate the control specifications using a local
controller. Shared control requires human intervention only occasionally. Computational
power and intelligence are used to translate human decisions into driving actions (Gnatzig,
Schuller and Lienkamp, 2012, Kim and Ryu, 2013, Chen and Lu, 201%}natzig, Schuller, and
Lienkamp (2012)showed that trajectory -based driving is at least fast enough for inner-city
traffic, the condition where it is likely to be used most frequently.

4.3 Overview of research questions

The overall topic of use of AD covers a range of different aspects on how drivers use and
interact with such a system and of how such a system might impact the driver. Furthermore,
within Hi-Drive, the focus is widened to other types of future users, including questions about
the interactions of teleoperators with AVs. As a consequence, the research area of AD sage
is one with many research questions that relate to a variety of diverse subtopics(seeTable
4.1).
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Table 4.1: Overview of research questions fothe research areadealing with the usage of AD

High -level research question

Medium -level research question

How can the transition of control at the
boundaries of the ODD be improved?

How do drivers respond if they are required to
take back control ?

Is manual driving after AD different?

How can drivers be supported in resuming
control?

What is drivers' usage of AD?

How does system usage change with repeated
use?

What affects drivers' visual attention during AD?

What are the links between drivers' behaviour
during AD use and their attitudes towards these
systems?

What is drivers' understanding of AD while
driving with AD?

What is drivers' mode awareness while driving
with AD?

What is drivers' mental model of AD?

What is drivers' situation awareness while driving
with AD?

Which factors influence drivers' situation
awareness while driving with AD?

How does the driver gain situation awareness in
takeover situations?

What is the impact of drivers' situation
awareness on takeover reactions?

Which NDRTSs do drivers engage in while driving
with AD?

Which factors influence NDRT engagement while
driving with AD?

What is the impact of cognitive distraction?

How can driver monitoring improve the
handling of AD?

How can drivers' state be assessed?

How can information on drivers' state be used to
make AD usage safer?

Which factors impact drivers' state?

How can AD be supported by teleoperation?

What is the task of an operator in teleoperation?

How can HMIs that are adaptive to the state of

the operator improve teleoperator performance?
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5 User Evaluation 9 Interaction between AD and other traffic
participants

5.1 Scope of this research area

According to Markkula etal. (2020) an i nteraction can be defined
behaviour of at least two road users can be interpreted as being influenced by the possibility

that they are both intending to occupy the same region of space at the same time in the near

f ut yMaekKula et al., 2020, p.10) In this research area, it is studied how AD needs to be

designed to allow a smooth and safe interaction with other surrounding traffic participants.

The focus of this research is on complex traffic environments where interaction with multiple

road users and/or VRUs occurs.

5.2 State of the art

5.2.1 Interaction in urban traffic

Urban traffic can be considered as a social system in which vehicles, cyclists, and pdestrians
interact and communicate with each other (cf. Rasouli and Tsotsos, 209). To interact in this
complex environment in a safe and efficient manner, communication is required to build up a
common understanding between the actors interacting with each other (Farber, 2016)
Focusing on the context of urban traffic, the communication between vehicles and other
traffic participants, i.e., pedestrians or cyclists, can take place in different wayg$Roéhner and
Schitz, 2016) These include

o Implicit, informal communication which is not directly directed to the recipient, and the
content of the message is not obvious at first glance, e.g., gestures, eye contact and
vehicle movements (e.g., braking, cf. Ackermann et al., 2019, Bengler et al., 2020,
Hagenzieker et al., 2020)

6 Explicit communicationinvolves a road user behaviour that does not affect his or her own
movement or perception but can be interpreted as a signal or request to another road
user (cf. Markkula et al., 2020)

Todayods interaction between human drivers and pe
between implicit and explicit communication (cf. Dey and Terken, 2017)Implicit

communication given by the vehicle, braking or speeding, is seen as an important indicator

for pedestriansdcrossing decisions and is often used unconsciously (cf. Ackermann et al.,

2019). Explicit communication is mostly needed in low-speed and low-distance traffic

scenarios when problems occur, e.g., when the vehicle des not show an expected behaviour

(Dey and Terken, 2017, Farber, 2016, Lee et al., 2021, Uttley et al., 202Qurrently, the
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challenge is to determine the optimal interplay between implicit and explicit communic ation
methods, to enable the safe and efficient interaction between actors in a mixed traffic
environment involving AVs. This isparticularly important for the interaction with other
vulnerable traffic participants (such as pedestrians and cyclists, colletively called Vulnerable
Road Users or VRUs)as they are at higher risk of getting injured in a collision (Dey and
Terken, 2017, Lee et al., 2021, Schieben et al., 2019)

5.2.2 Other traffic participants' interactions with AVs

The introduction of A D will lead to a fundamental change in the interaction with traffic
participants in urban traffic (Kauffmann et al., 2018) AVs will be introduced into mixed traffic
environments, where they will coexist with others, including pedestrians, cyclists, and other
VRUs For driverless AVs, implicit, informa | forms of communication will become obsolete,
due to the absence of a human operator (Hagenzieker et al., 2020, Merat et al., 2018b, Merat
et al., 2018a)

T o d adyail sfinteraction consisting of the human driver and other traffic participants will
shift to a triad of interactions consisting of on-board users, vehicle automation, and other
traffic participants (Schieben et al., 2019) In higher automation levels (SAELevels 4 and 5),
the on-board user will be more or less decoupled from the driving task (SAE,2021). This shift
of control can lead to new challenges for the interaction be tween AVs and other traffic
participants, in terms of interaction and communication. This may induce additional risks,
such as whenVRUs become hesitant or over-reliant in their interactions with an AV, due to a
lack of clarity on whether the vehicle they encounter is automated or manually driven
(Hagenzieker et al., 2020)

Itis also likely that AVs may be tested or blocked intentionally or unintentionally by VRUs,
e.g., to see how they react in near collision situations, or because it is expected that these
vehicles will always stop(Ackermann et al., 2019, Hagenzieker et al., 2020, Madigan et al.,
2019, Merat et al., 2018b, Nordhoff et al., 2020c) Nordhoff et al. (2020c)revealed that
respondents would be more cautious in crossing the road in front of an automated shulttle,
due to a lack of trust in the behaviour of the automated shuttle and lack of eye contact with
human drivers. These situations can be avaded if AVs and VRUs effectively interact with each
other, communicating their intentions to one another, and agreeing on future motion
trajectories (Merat et al., 2018a, Merat et al., 2018b)

Previous responsibilities that have been carried out by human drivers need to be replaced by
vehicle automation to guarantee effective interactions in urban traffic. It has be en suggested

that a communication framework between all actors interacting with AVs can compensate for
the absence of a physical driver(De Clercget al., 2019, Merat et al., 2018a)In particular, VR
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depend on implicit and explicit communication to solve misunderstandings and prevent

accidents (Habibovic et al., 2018, Schieben et al., 2019)Therefore, AD must be enabled to
explicittyandimpli ci tly inform other road users, e.g., ab
manoeuvre intention, and perception of the environment (Habibovic et al., 2018, Rettenmaier

Albers and Bengler, 2020)

5.2.3 Communication Tools for AVs

A range of tools and methods have been suggested to enable AVsto communicate implicitly
and explicitly with other traffic participants, thereby informingthemabout the vehicl ebd
intention s (Bengler et al., 2020) For example,dynamic human-machine interfaces (dHMIs)
can transmit implicit information via vehicle dynamics, e.g., braking behaviour (Bengler et al.,
2020). Secondly, external humanmachine interfaces (eHMIs) as communication tools
positioned on the outside of the AV , seem to be a promising approach for transmitting
explicit information to other traffic participants. Example uses include informationabout the
vehicl eds c¢ ubehawoort(i.e.adrivind niotetanddantention), cooperation
manoeuvres, and perception of the environment (Dey et al., 2020, Habibovic et al., 2018,
Schieben et al., 2019) However, there is still a paucity of knowledge on the usefulness of
eHMIs, given that this research area is in its infancy and most of the research has been done

for a single person interacting with a single vehicle.

It is also important to note that the most effective eHMlIs are those which communicate their
intentions to all traffic participants ( i.e., not only pedestrians) (Tabone et al., 2021)
Bazilinskyy, Dodou, and De Winter (2019) have provided an overview of the large number of
eHMIs proposed by industry and available in the scientific literature, which provides
regulatory challenges, if there is arequirement to harmoni se the external communication of
AVs across OEMsand in different countries. The design of eHMIs can be harmonised in
terms of colours, form, message, and location.However, it is still an open question as to
whether eHMIs should be detached from the vehicle, in the form of augmented reality
messages(Tabone et al., 2021)

So far,there are promising results concerning the effect of eHMIs on other traffic

participants' perceived safety and acceptance(De Clercq et al, 2019, Kitazaki and Daimon,

2018), comfort, trust (Hollander, Wintersberger and Butz,2019) and pedestri ansd w
tocross(Deyetal.,,2020) Additionally, the use of an eHMI ca
crossing behaviours, i.e.,assisting with earlier crossing decisions andcreating higher certainty

about their decision (Wilbrink et al., 2021). However, the visibility and familiarity of the eHMI

are also important factors affecting traffic participants' comprehension of, and reaction to,

these eHMIs, with more familiar and more easily visible forms of communication leading to

faster crossing decisions (Lee et al., 2021) This issue of familiarity is especially important, as
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the same eHMIs have been found to convey different messages with the same message also
assumed by different eHMIs (Lee et al., 2019)

Research has also shown that eHMIs are especially useful at low speedsvith pedestrians

having time to interpret and react to the information displayed, while a correct interpretation

and corresponding action is more difficult at further distances and higher speeds.

Furthermore, very small differences in the ratings of fundamentally different eHMIs have

been found in terms of acceptance and their effects on behaviour (Tabone et al., 2021)

Focusing on the design of eHMIs for different vehicle types, current research alsosuggests

t hat eHMIlIs have a positive effect on pedestrians
terms of pedestrians® perceived ¢aulLedangOedlnd per ce
2021).

To enhance communication by AVs, it would be useful to combine eHMI communication and

vehicle movement, i.e.,by using dHMI, as pedestrians use implicit and explicit communication

to interact in urban traffic (Dey and Terken, 2017, Kaleefathullah et al., 2020, Lee et al., 2021)

In a study by Dey et al. (2021) different braking behaviours (dHMI) were combined with

eHMIl. Theresultsi ndi cat ed t hat p dok®msstverd ganerall based anithe i on s
vehicleds dynamics rather than on the eHMI messa
behaviour( d HMI ) contradicted the eHMI, pedestrians r
behaviour (Dey et al., 2021) In contrast, LauLe and Oehl (2021 ound t hat pedestri a
willingness to cross tended to rely on the eHMI when interacting with an automated bus ,

even if the eHMI presented signalsinconsistentwi t h t h e bekaeidui. This addressed

possible negative effects of eHMIs shown in other studies, such asover-trust in eHMIs

(Hollander, Wintersberger and Butz, 2019, Kaleefathullah et al., 202Q)Overall, future research

should focus on defining the interplay of both communication tools (dHMI and eHMI) with

the aim of creating a more holistic communication strategy of AVs with other traffic

participants (Bengler et al., 2020, Dey et al., 2021)Furthermore, more complex traffic

scenarios including the interaction of AVs with more traffic participants, should be addressed

in order to tackle more realistic interactions (Dey et al., 2020, Wilbrink Nuttelmann and Oehl,

2021). Finally,augmented reality, which allows the user to perceive the real world with virtual

objects (e.g., glasses) that are overlaid or embedded in it, could also facilitate the

communication between AVs and external road users.(Tabone et al., 2021)

5.3 Overview of research questions

With the focus on the interaction of AD and its surrounding traffic participants, the following
research questions are defined(see Table 5.1):
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Table 5.1: Overview of research questions fointeraction between AVsand other road users.

High -level research question

Medium -level research question

How can ADFs be designed to
improve implicit communication
with other traffic participants?

In which situations are vehicle movement patterns (dHMI)
sufficient as implicit communication?

What vehicle movement patterns (dHMI) can be manipulated
and included in AD design to improve implicit communication?

What is the impact of externally
presented HMIs (eHMI) as
additional explicit
communication?

In which situations do eHMIs (additional to implicit
communication via dHMI) improve the communic ation
between traffic participants?

Do communication requirements for eHMIs vary between user
groups?

Are eHMI strategies scalable?

How do traffic participa nts react to eHMIs?

How do infrastructure and eHMI impact the behavio ur of
VRUs?

What information does the surrounding driver need on eHMIs?

How are eHMIs evaluated?
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6 Effects Evaluation & Availability of AD

6.1 Scope of this research area

The first research area within the effects evaluation looks at the impact of the enablers on AD
availability. Until now, one main challenge for AD has beento allow its continuation in

various challenging situations (e.g, due to infrastructure or environm ental conditions). Within
Hi-Drive, new technical solutions (called enablers)are being developed and tested that will
enable AVsto drive in previously unmanaged situations and that make AD performance more
robust and reliable. In this research area it will be assessegdon the level of measurable AD
availability, to what extent the enablers are able to extend the AD functionality to previously
non-covered situations (i.e.,ODD extension),to what extent new driving scenarios can now
be handled by AD, and to what extent AD robustness can be improved by the technical
solutions developed in Hi-Drive.

6.2 State of the art

At the current state of AD, only systems with very constrained ODDs have be& made
available to the public. One example is the SAE Level 3 System by Mercedes, which fulfils UN
R157 for a Level 3 system and is thus able tcachieve automated driving during traffic jams
(up to 60 km/h) without the driver having to intervene (Mercedes-Benz, 2021) In the US,
three companies (Nuro, Waymo, and Cruise) hold a permit to deploy driverless vehicles(Dmv,
n.d.). These operations are limited to certain geographic regions. For all operations with AVs,
including those with human supervision, the Californian DMV requires companies to report
the number of disengagements per miles driven (DMV, n.d.) The reported numbers highlight
differences between the companies but do not allow to estimate the causes of
disengagements from the numbers reported, thus the actual readiness of the individual ADF
cannot be judged. Sinha etal. (2021)analysed the reasons stated for disengagements: Most
relevant, at 56.1% were system failures ordriver-initiated disengagements (25.57%); 9.98%
were due to road infrastructure, 5.0% to the behaviour of other road users, 1.55%to
construction zones, and 0.8%to weather. From the data it is not possible to judge the actual
relevance of these reasons, as there is no information on what the testing approachwas, thus
e.g.,bad weather conditions may be underrepresented.

The NHTSA(National Highway Traffic Safety Administration, U.S)has issued a standing
general order on crash reporting for vehicles with Level 2 ADAS or with ADF (NHTSA n.d.).
Favao et al. (2017) present an analysis of the reports from 2014 to 2017. Although the
reported data contain more detail than the disengagement reports,, it is not directly possible
to derive which scenarios or ODD aspects pose the biggest challenges to the automated

Deliverable D4.1 / 09.01.2023/ version 1.0 43



HiDrive

vehicle. Thus, such analyses would require additional internainformation from
manufacturers.

Feig et al. (2019)highlightt he r el evance of including challengi
ODD by analysng data from SHRP2 (the 2nd Strategic Highway Research Program

(Campbell, 2012) Considering situations from crashes, nearcrashes and baseline situations,

they provide a top -down analysis of what impact the exclusion of certain challenges within

the ODD has on the overall availability of the system, as well as the potential avoidance of

crashes a near crashes. From an ADF operating on interstates, bypasses&nd highways with

no traffic signals, they gradually exclude various ODD aspects and statewhat percentage of

situations are still included. The aspectsconsidered are:

o Traffic control

o Snowyl/icy roads

o Exits/entrance

6 Lane change/merging

o Construction zones

6 Speed limits: 130, 100, 80, 60 km/h
o Traffic jams

Their analysis shows thatexcluding the most challenging ODD aspects (the first five bullets
above) cuts the availability of the system down by 18.4% Confining speed range of AD to
traffic jams only would result in a reduction of availability to 3.9% of the analysed situations.
For crashes, it becomes apparent that themost challenging ODD aspects have an even
greater impact. The five aspects mentioned above reduce addressable crash and neacrashes
to rough ly 65% of what they would be otherwise . Confining speed range to traffic jams

results in a 9% drop in addressable crashes. Comparing the SHRP data with crash data from
GIDAS(German In-Depth Accident Study) shows a lessmarked reduction (85% for the
elements considered before and 9% for traffic jams).

Pfeil et al. (2022)introduce a taxonomy of corner cases for AD, many of which include ODD
extension or defragmentation. They classify corner casesasresulting from a) Environment, b)
Functional Constraints,or c) SystemtInternal boundaries (Table 6.1). Corner cases that fall
under Environment or Functional Constraints have relevance forODD extension. Within Hi-
Drive, it will need to be considered that depending on how common they are, so me of the
listed corner caseswill be pertinent for ODD extension evaluation, whereasthose that are less
frequent will relegated to the edge-case databaseunder development.
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