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Persuasive Strategies to Increase Traffic Safety in Automated Driving

by Philipp HOCK

Automated driving has the potential to increase traffic safety by reducing hu-
man errors. However, as long as the automation can manually be disabled
at the driver’s discretion, drivers will still drive manually in some situations.
Therefore, automated driving cannot reach its full potential in terms of traffic
safety. One approach to overcome this problem is by persuading the driver to
increase the automation usage in situations where the automation is capable
of handling the situation safely.

In this thesis, persuasive strategies to increase automation usage are in-
vestigated. These strategies are implemented as driver-vehicle interfaces that
establish persuasive communication. The strategies mainly encompass estab-
lishing a shared situation representation and trust calibration, two important
aspects of human-machine cooperation.

Five user studies investigate different aspects of persuasion. Withing three
user studies, system feedback and computers as social actors to influence the
driver are investigated by utilizing the Fog-Circuit Paradigm. The first study
provides general insights into the persuasiveness of system feedback and in-
vestigates the persuasiveness of a virtual co-driver avatar. The second study
focuses on empathic avatars, the third one investigates the persuasiveness of
different feedback timings. It compares two strategies when feedback should
be triggered: when the environmental conditions change and when the user is
about to disable the automation. It also provides insights into the connection
between automation usage and personality traits.

The fourth study investigates the persuasiveness and safety implications
of a self-enabling automation. During these studies, it became increasingly
apparent that using simulators for the investigation of persuasion by trust
calibration might be limited. To overcome this, a novel approach to using
a remote-controlled electric wheelchair is presented. By increasing presence
through real movements in VR, it is assumed that behavioral validity, espe-
cially regarding risk perception is increased, thus enabling the investigation of
trust calibrating persuasive strategies. A user study is presented that matches
real vehicle movements with movements in a VR scene. It shows that this
increases presence and immersion while reducing simulator sickness. Two
follow-up user studies are presented that use this concept to investigate per-
suasive strategies. A first study is depicted to investigate the correlation of
matching real and VR movements on risk perception and trust in automation.
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A concept for a second user study is presented to investigate persuasive prin-
ciples based on trust calibration using the remote-controlled wheelchair simu-
lation.

Findings are that system feedback can persuade drivers to maintain the
automation longer. Empathy in social interfaces is rejected by most partici-
pants. Providing feedback when drivers are about to disable the automation
can be an effective strategy, but when drivers are in the middle of a disabling
action, the feedback comes too late. Sensation seeking and impulsivity seem
to predict early automation deactivation. A self-enabling automation has the
potential to persuade drivers to use the automation more often but also may
lead to dangerous situations due to mode confusion. Presence and risk percep-
tion are important aspects when investigating persuasive interfaces to increase
automated driving usage.
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Persuasive Strategies to Increase Traffic Safety in Automated Driving

von Philipp HOCK

Automatisiertes Fahren hat das Potenzial, die Verkehrssicherheit zu er-
höhen, indem es menschliche Fehler reduziert. Solange die Automatisierung
jedoch nach Ermessen des Fahrers manuell deaktiviert werden kann, werden
Fahrer in einigen Situationen immer noch manuell fahren. Daher kann au-
tomatisiertes Fahren nicht sein volles Potenzial in Bezug auf die Verkehrssicher-
heit entfalten. Ein Ansatz zur Überwindung dieses Problems besteht darin,
den Fahrer dazu zu bewegen, die Automationsnutzung in Situationen zu stei-
gern, in denen diese in der Lage ist, die Situation sicher zu bewältigen.

In dieser Arbeit werden persuasive Strategien zur Steigerung der Automa-
tionsnutzung untersucht. Diese Strategien werden als Fahrer-FahrzeugSchnit-
tstellen implementiert, die den Fahrer überzeugen sollen, die Automation zu
nutzen. Die Strategien umfassen hauptsächlich die Etablierung einer gemein-
samen Situationsrepräsentation und Vertrauenskalibrierung und sind damit
wichtige Aspekte der Mensch-Maschine-Kooperation.

Fünf Nutzerstudien untersuchen verschiedene Aspekte der Persuasion. In
drei Nutzerstudien werden Systemfeedback und Computer als soziale Ak-
teure zur Beeinflussung des Fahrers mit Hilfe des Nebel-Rundkurs-Paradig-
mas (FogCircuit-Paradigm) untersucht. Die erste Studie liefert allgemeine Er-
kenntnisse über Systemfeedback bezüglich Persuasion und untersucht die per-
suasive Wirkung eines virtuellen Beifahrer-Avatars. Die zweite Studie konzen-
triert sich auf empathische Avatare, die dritte untersucht die die Wirkung un-
terschiedlicher Feedback-Zeitpunkte. Sie vergleicht zwei Strategien, wenn das
System den Fahrer beeinflussen kann: Wenn sich die Umgebungsbedingun-
gen ändern oder wenn der Benutzer kurz davorsteht, die Automation zu deak-
tivieren. Sie gibt auch Einblicke in den Zusammenhang zwischen der Nutzung
von Automation und Persönlichkeitsmerkmalen.

Eine vierte Studie untersucht die Überzeugungskraft und die sicherheit-
stechnischen Auswirkungen einer sich selbst aktivierenden Automatisierung.
Während dieser Studien wurde immer deutlicher, dass der Einsatz von Sim-
ulatoren zur Untersuchung der Persuasion durch Vertrauenskalibrierung be-
grenzt sein könnte. Um dies zu überwinden, wird ein neuartiger Ansatz zur
Verwendung eines ferngesteuerten elektrischen Rollstuhls vorgestellt. Durch
die Erhöhung der Präsenz durch reale Bewegungen in VR wird angenom-
men, dass die Verhaltensvalidität, insbesondere hinsichtlich der Risikowahr-
nehmung, erhöht wird und damit die Untersuchung vertrauenskalibrierender
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persuasiver Strategien verbessert wird. Es wird eine Nutzerstudie vorgestellt,
die reale Fahrzeugbewegungen mit Bewegungen in einer VR-Szene abgleicht.
Es zeigt, dass dies die Präsenz und Immersion erhöht und gleichzeitig Symp-
tome der Simulatorkrankheit reduziert. Es werden zwei Folgestudien vorge-
stellt, die dieses Konzept zur Untersuchung von persuasiven Strategien ver-
wenden. Eine erste Studie soll die Korrelation zwischen realen und VR-Be-
wegungen in Bezug auf Risikowahrnehmung und zum Vertrauen in die Au-
tomatisierung untersuchen. Die zweite Studie skizziert einen Versuchsaufbau
zur Evaluation persuasiver Strategien, die auf Vertrauenskalibrierung beruhen
und mit Hilfe der ferngesteuerten Rollstuhlsimulation untersucht werden kön-
nen.

Resultate dieser Arbeit sind, dass das Systemfeedback die Fahrer dazu
bewegen kann, die Automation länger aufrechtzuerhalten. Empathische Be-
nutzerschnittstellen werden von den meisten Teilnehmern abgelehnt. Feed-
back zu geben, wenn die Fahrer dabei sind, die Automation zu deaktivieren,
kann eine effektive Strategie sein, aber wenn Fahrer mitten in einer Deak-
tivierungsaktion sind, kommt das Feedback zu spät. Sensation Seeking und
Impulsivität scheinen eine frühzeitige Deaktivierung der Automatisierung vor-
herzusagen. Eine sich selbst aktivierende Automatisierung hat das Potenzial,
die Fahrer dazu zu bewegen, die Automatisierung häufiger zu verwenden,
kann aber auch zu gefährlichen Situationen aufgrund von Modusverwirrun-
gen führen. Präsenz und Risikowahrnehmung sind wichtige Aspekte bei der
Untersuchung von persuasiven Schnittstellen zur Steigerung der Automation-
snutzung.
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Chapter 1

Introduction

1.1 Motivation

Tra�c
safety

Automated driving has the potential to increase traffic safety. Because human
errors account for over 90% of traffic accidents [2, 217], automated driving
seems to have an inherent potential to reduce accidents.

But as Bainbridge [13] points out, automation does not eliminate human er-
ror but shifts it from the operator to the designer. Moreover, currently there is
little evidence to suggest that automated driving or manual driving is safer [193].
On the other hand, automated driving is still in the prototyping phase, so it can
be assumed that it will become safer in the future. Despite the uncertainty of
the safety benefits, it is expected that automated driving will increase driving
safety [57, 61, 110]. Jeong and colleagues further claim that automated driving
will only succeed if it will increase traffic safety by about 75% [141]. The safety
potential of automated driving can only be fully exploited if it is used.

Manual
driving

Currently, the operator in automated driving can decide if the automation
should be active or not. In a literature survey of 16 studies, Becker and col-
leagues [20] show that about half of the respondents were skeptical of auto-
mated driving. This indicates that as long as the automation can manually be
disabled at the driver’s discretion, drivers will continue to drive manually in
some situations, even though the automation may perform safer.

UsageSafety features like vehicle health diagnostics, blind-spot warning and de-
tection, and adaptive cruise control were the most requested features. Among
all respondents, 87% wanted blind-spot detection in their vehicle. This shows
that safety features are popular, but the fact that not 100% would want fea-
tures that increases their safety and the safety of other road users also shows
that increasing the acceptance of safety features is necessary. Moreover, some
features do not identify directly as safety features though they can increase
safety. In-vehicle voice texting systems, for example, can increase safety by
providing a non-visual interaction. Built-in infotainment systems have to ful-
fill several safety guidelines, like the ISO 15006:2011 – Ergonomic aspects of
transport information and control systems — Specifications for in-vehicle auditory
presentation [109]. It states that built-in systems have to be designed within
certain parameters that increase safety. Conversely, nomadic devices, such as
smartphones, are not necessarily designed by such guidelines. Yet, the survey
shows that external devices are preferred over in-vehicle voice texting systems
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and built-in infotainment systems, especially among younger drivers. The am-
biguity that drivers want safe systems but do not always recognize when sys-
tems provide safety might be analog to automated driving. For example, when
the automation handles situations safer than human drivers, the driver is not
aware of the safety potential. In the worst case, the driver operates manually
and causes an accident, whereas an automation may have handled the situa-
tion well.

Prefer�
ring
manual
driving

Van Huysduynen and collegues [105] found that there are several reasons
for drivers to disable the automation, for example, a non-transparent behav-
ior of the automation, a conservative or unnatural driving style, an onset of
boredom or sleepiness of the driver, a lack of trust in the automation, and an
enjoyment of manual driving. Therefore, it can be assumed that as long as the
automation can manually be disabled at the driver’s discretion, there will be
situations where this will happen. However, in these situations, automated
driving could be the safer option. This implies that drivers need some guid-
ance or persuasion as to when to use automation and when not. Moreover,
automated driving may not reach its full potential in traffic safety if drivers
are not willing to relinquish control over the vehicle to an automation.

Automa�
tion
Safety

It must be taken into account that there may be situations where the au-
tomation will not be the safer option. This depends on the automation’s capa-
bilities. If an automation is designed that drivers have to monitor the system
constantly (SAE level 2 [108]), the automation can have malfunctions where
drivers have to monitor and act in such cases. Besides malfunctions, system
boundaries can be a reason to intervene [254]. It means that using an automa-
tion whenever technically possible may not be the safest option. This leads to
the conclusion that automated driving has to be increased if the automation
can handle the situation, but drivers tend to drive manually.

Persua�
sion to
increase
usage

There are several possibilities to increase automation usage. (1) Laws de-
signed to increase automation usage could be established. (2) Systems could
be designed that make it impossible for the operator to disable the automation
on a technical basis. (3) Automation usage can be increased by changing the
behavior or attitude or both towards automation usage, which can be referred
to as persuasion [66]. While laws and technical restrictions can be effective,
persuasion can serve as a supplementary method to increase the usage even
more. Because laws may not always be respected, persuasion can further in-
crease traffic safety. An example of a supplementary persuasive technique to
increase traffic safety is located at Lake Shore Drive in Chicago, Illinois, USA.
A persuasive optical illusion is placed along the road where drivers tend to
drive too fast. As a result, accidents were reduced by 36% [209] (see Figure 1.1).
Here, the road markings become narrower the closer they are to the curve.
When driving on the road, drivers perceive the markings to approach faster
the closer one gets to the curve. This leads to the illusion of a higher velocity
and results in drivers slowing down. This example shows the supplementary
effect of persuasive elements in traffic to increase safety. Laws already exist to
prevent drivers from speeding, but persuasion further increases safety.

AimIn 1997, Fogg coined the term Captology, a neologism from the phrase com-
puters as persuasive systems [68]. The idea is that computer systems can act as
persuasive systems, which assumes that computers can also persuade drivers
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FIGURE 1.1: Optical illusion to reduce speeding and decrease
accidents. Lake Shore Drive, Chicago, Illinois, USA. Image taken
from Google Maps: ©2021 CNES / Airbus, Maxar Technologies,
Sanborn, U.S. Geological Survey, USDA Farm Service Agency.

to increase automation usage. In this thesis, such technologies are presented
and evaluated.

SummaryIn conclusion, traffic safety can be increased by persuading drivers to in-
crease the usage of automated driving in situations where the automation can
handle the situation. For this, the car interface acts as a persuasive system
supplementary to other possible methods, like laws and technical restrictions.
This thesis aims to increase traffic safety by developing driver-vehicle inter-
faces that increase automation usage.

1.2 Structure and Scope

The structure of this thesis consists of five chapters: Introduction, Theory, Fog-
Circuit Paradigm, Presence and Trust, and Conclusion (see Figure 1.2).

Introduc�
tion

The Introduction (chapter 1) is subdivided into four sections. Motivation de-
scribes why persuasive strategies to increase automation usage in automated
driving are important. Structure and Scope (this section) provides a brief overview
of the structure and scope of the thesis. The Research Methodology section gives
an overview of the working method, how the research was conducted during
the dissertation, and the contribution of the individual research projects. The
Core Publications and Use Studies section lists all publications and user studies
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FIGURE 1.2: Structure of this thesis.

that are included in this dissertation and, for the sake of completeness, also
publications not included in this thesis.

TheoryTheory (chapter 2) provides the basic theoretical background and related re-
search encompassing persuasion in general and a delimitation to compliance
and usability. Moreover, heuristics, biases, and psychological models are dis-
cussed and form a basis for persuasive principles, which are also elaborated.

Subsequently, persuasion in automated driving and the connection between
the abilities of the automation and persuasion are presented, followed by an
investigation of the role of certain personality traits and automation usage.
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The chapter ends with a list of the persuasive principles used in this thesis and
an ethical consideration of persuasion.

FCPChapter 3, the Fog-Circuit Paradigm (FCP), describes the research paradigm
used in several studies in this dissertation, including the following user stud-
ies: Feedback/Avatar, Empathy, and Timing/Personality. In the Feedback/Avatar-
study, the persuasive influence of system feedback and virtual co-drivers is in-
vestigated. In this study, the persuasive influence of a virtual passenger could
not be proven. One assumption was that the presence of a passenger alone
is not a sufficient persuasive strategy. The Empathy-study takes up this idea.
Here, the persuasive influence of empathic interfaces is investigated. Results
of this study indicate that the timing of the feedback can be a persuasive factor.
This is further investigated in the Timing/Personality-study. This study also in-
vestigates personality traits regarding automated driving usage. This chapter
concludes that the FCP may not be suited for studies investigating trust and
trust calibration as a persuasive strategy. Thus, this is further investigated in
the chapter Presence and Trust.

Presence
and Trust

In chapter 4, Presence and Trust, the user study Opt-out is described where
the persuasive strategy is to enables the automation by itself in certain situ-
ations. The study raises the question of whether the inherently safe environ-
ment of a driving simulator makes it difficult to evaluate persuasive strate-
gies that calibrate or increase trust in automation. This leads to the concept
of WheelchairVR. This approach combines kinesthetic forces through real mo-
tion with virtual reality (VR). For this, the (CarVR)-study is presented, which
shows that presence is increased when combining real and virtual motion. It
is expected that an increase in presence might increase the behavioral validity
in user studies where trust calibration as a persuasive strategy is investigated.
Finally, the concept for two user studies is presented in this section. An ini-
tial evaluation study where trust and risk perception of WheelchairVR is in-
vestigated, followed by a concept for an experiment to investigate persuasive
strategies with WheelchairVR. The Conclusion is provided in chapter 5.

ScopeThe scope of this thesis is to provide insights about persuasive strategies
to increase automation usage in automated driving. The thesis is based on
five conducted user studies; three of which were published as full papers and
presented at international conferences. The persuasive strategies focus on two
main areas: (1) system feedback and anthropomorphic interfaces, which are
presented in chapter 3, and (2) persuasion through trust calibration, which is
presented in chapter 4.

1.3 Research Methodology

In this thesis, persuasive communication of in-vehicle driver-vehicle commu-
nication in automated cars is investigated. Automated cars and their inter-
faces are built from complex computer systems. Therefore, this work lies in
the field of human-computer interaction (HCI). According to Wobbrock and
Kientz [255, 256], there are seven research contributions in HCI.

Empirical Research Contributions gain insights about human behavior re-
lated to technology by conducting experiments in the form of user studies.
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Artifact Contributions describe novel systems, architectures, and prototypes;
encompassing systems, techniques, or designs.

Methodological Contributions add or refine methods for experiments and
gain insights, typically from empirical research contributions.

Theoretical Contributions are new or improved concepts, definitions, mod-
els, principles, or frameworks.

Dataset Contributions contains large amounts of data to gain new insights
based on them.

Survey Contributions reviews and processes work in the research area to iden-
tify trends, themes, and gaps.

Opinion Contributions aims to change or foster the reader’s opinions in a
specific research area.

In-vehicle
user
studies

This thesis’ contribution consists mainly of empirical research and artifacts
contributions. The artifacts of this thesis are always part of an empirical re-
search question that required the artifact to answer it. Therefore, the artifacts
are part of the study apparatus, mainly the interface in user studies.

Process
of user
studies

In this thesis, several user studies were conducted that all had the same un-
derlying process: An initial conceptual phase where the research question and
hypotheses were defined in an iterative process. Based on this, a study con-
cept was defined and discussed with coauthors and colleagues. Then, tracks
for the simulator, interfaces, and other assets were created for the apparatus,
followed by conducting and evaluating the study. Typically, a study was part
of a master’s or bachelor’s thesis of a student supervised by me.

1.4 Core Publications and User Studies

Many of the ideas, concepts, studies, and data in this thesis were published
in previous publications. The following list shows the most important publi-
cations and studies during my dissertation along with my contributions and
an explanation of how the work was incorporated into this thesis. The list
consists of all papers and projects in which I was significantly involved. My
contributions and the contributions to this thesis are outlined.

1. Hock, P., Kraus, J., Walch, M., Lang, N., & Baumann, M. (2016, Oc-
tober). "Elaborating feedback strategies for maintaining automation in
highly automated driving." In Proceedings of the 8th International Confer-
ence on Automotive User Interfaces and Interactive Vehicular Applications (pp.
105–112). Reprinted with permission from ACM.

Contributions: This paper is based on the master’s thesis of Nina Lang.
The concept and basic idea of this paper were developed in discussion
with the student. I supervised the work, including the implementation
of the study apparatus, study design, and the evaluation of the study.
The apparatus was implemented by Sebastian Benedikter in the func-
tion of a research assistant. Johannes Kraus, Marcel Walch, and Martin
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Baumann helped in the framing of the paper and the final polishing of
the submission.

In this thesis: This paper utilizes the so called Fog-Circuit Paradigm.
It is discussed in chapter 3. In the paper, insights about the persuasive-
ness of feedback and social actors are provided. The paper and the corre-
sponding experiment are also referred to as Feedback/Avatar in this thesis.
It is discussed in section 3.1.

2. Hock, P., Benedikter, S., Gugenheimer, J., & Rukzio, E. (2017, May). "Carvr:
Enabling in-car virtual reality entertainment." In Proceedings of the 2017
CHI Conference on Human Factors in Computing Systems (pp. 4034–4044).
Reprinted with permission from ACM.

Contributions: This paper is based on the master’s thesis of Sebastian
Benedikter. The concept and basic idea of this paper were developed in
discussion with the student. I supervised the work, including the im-
plementation of the study apparatus, study design, and the evaluation
of the study. Additionally, I derived several design considerations and
implications for in-car virtual reality entertainment. Jan Gugenheimer,
Enrico Rukzio, and Martin Baumann helped in the framing of the paper
and the final polishing of the submission.

In this thesis: The paper provides insights about immersion and
presence in VR, especially when vestibular and visual information match.
Findings are used to elaborate the effect of immersion and presence re-
garding trust calibrating persuasive strategies. Results from this work
provide the basis for WheelchairVR, discussed in section 4.2. The paper
and the corresponding experiment are also referred to as CarVR in this
thesis, which is discussed in section 4.3.

3. Hock, P., Babel, F., Kraus, J., Rukzio, E., & Baumann, M. (2019, Septem-
ber). "Towards Opt-Out Permission Policies to Maximize the Use of Au-
tomated Driving." In Proceedings of the 11th International Conference on Au-
tomotive User Interfaces and Interactive Vehicular Applications (pp. 101–112).
Reprinted with permission from ACM.

Contributions: This paper is based on the master’s thesis of Franziska
Babel. The concept and basic idea of this paper were developed in dis-
cussion with the student. I supervised the work, the study design, and
the evaluation of the study. The apparatus was implemented mostly by
me except for the driving simulator scenes which were implemented in
collaboration with the student. Johannes Kraus, Enrico Rukzio and Mar-
tin Baumann helped in the framing of the paper and the final polishing of
the submission. The study was conducted with the SILAB driving sim-
ulator engine. For this and other studies, I developed and continuously
improved the automation of the simulated vehicle.

In this thesis: The paper and the corresponding experiment are also
referred to as Opt-out in this thesis. It is discussed in section 4.1. The
paper investigates the persuasive effect and safety implications of a self-
-enabling automation.
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4. User Study: Empathy. This work is not published as a research paper.

Contributions: This study is part of the master’s thesis of Fenja Rothe.
The concept, idea, and study design was developed in discussion with
the student. I supervised the work, the study design, and the evaluation
of the study. The apparatus was implemented by me. The simulator
track was developed mainly by the student. The study was conducted
with the SILAB driving simulator engine.

In this thesis: This study utilizes the Fog-Circuit Paradigm, which is
discussed in chapter 3. The experiment is also referred to as the Empa-
thy-study in this thesis, which is discussed in section 3.2. In this work,
insights about empathy of social actors are investigated. A qualitative
evaluation of the data gives insights about the persuasive nature of feed-
back timings.

5. User Study: Timing/Personality. Contributions: This study was part of
the master’s thesis of Jasmin Leitner and the bachelor’s thesis of Tirza
Metzen. The concept and basic idea of this work was developed in dis-
cussion with the students. I supervised the study, the study design, and
the evaluation of the study. A major part of the master’s thesis was an in-
vestigation of psycho-physiological data, which is not part of this thesis.
The bachelor’s thesis mainly focused on personality traits. The majority
of the apparatus was designed and implemented by me, including hard-
ware and software prototypes, the driving scenes and tracks. The study
was conducted with the SILAB driving simulator engine. The evalua-
tion of the study results was done mostly by Jasmin Leitner as part of
her master’s thesis and beyond. Parts of the results regarding the per-
sonality traits are published in [136].

In this thesis: This study utilizes the so called Fog-Circuit Paradigm.
It is discussed in section 3. Due to technical problems during the study,
the research question regarding the persuasiveness of feedback timing
could not be properly answered. However, findings regarding personal-
ity traits and automation usage are discussed in this thesis. The exper-
iment is also referr fed to as Timing/Personality-study in this thesis. It is
discussed in section 3.3.

6. Hock, P., Kraus, J., Babel, F., Walch, M., Rukzio, E., & Baumann, M.
(2018, September). "How to Design Valid Simulator Studies for Inves-
tigating User Experience in Automated Driving: Review and Hands-On
Considerations." In Proceedings of the 10th International Conference on Auto-
motive User Interfaces and Interactive Vehicular Applications (pp. 105–117).
Reprinted with permission from ACM.

Contributions: This paper is based on a literature research. The idea
for this paper arose from numerous studies I conducted and supervised,
especially from those studies that did not go as expected and with re-
sults that did not match the hypotheses. Johannes Kraus helped with
writing all trust-related topics in the paper and on polishing the style of
the paper. Franziska Babel helped on the overall quality of the paper,
including polishing the style of the paper, and developing and framing
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the ideas. Marcel Walch, Enrico Rukzio, and Martin Baumann helped in
the framing of the paper and the final polishing of the submission.

In this thesis: This paper is not covered in its entirety in this the-
sis; however, because it aggregates methodological insights of simula-
tor studies, parts of this paper are used, especially in section 4.2.1 when
realism, presence, immersion, and validity of simulator studies are dis-
cussed.

7. Hock, P., Rukzio, E., & Baumann, M. (2019, September). "The effect of
incentives in driving simulator studies." In Proceedings of the 11th Inter-
national Conference on Automotive User Interfaces and Interactive Vehicular
Applications: Adjunct Proceedings (pp. 249–253).

Contributions: This work in progress was published as a short paper
and presented as a poster at the conference. The study was conducted
by Raul Degenhart as part of his bachelor’s thesis. For the publication,
only the results from the study were used, because the framing of the
publication changed from an ecological driven research question to an
incentive-driven research question. The apparatus was implemented by
me and finalized by Benjamin Dinner in the function of a research assis-
tant. Enrico Rukzio and Martin Baumann helped in the framing of this
work and the final polishing of the submission.

In this thesis: This work is listed for completeness and has no major
contribution in this thesis.

8. Hock, P., Babel, F., Muehl, K., Rukzio, E., & Baumann, M. (2019, Septem-
ber). "Online experiments as a supplement of automated driving simu-
lator studies: A methodological insight." In Proceedings of the 11th Inter-
national Conference on Automotive User Interfaces and Interactive Vehicular
Applications: Adjunct Proceedings (pp. 282–286).

Contributions: The idea of this work arose from another research project
I worked on with Kristin Mühl. She helped in shaping the problems and
ideas discussed in this work. Franziska Babel helped on the evaluation
of the study. Enrico Rukzio and Martin Baumann helped in the framing
of it and the final polishing of the submission.

In this thesis: This work aggregates methodological insights about
online studies, which are used for the online experiment in section 4.5.3.
Reprinted with permission from ACM.
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Chapter 2

Theoretical Background

In this chapter, the theoretical background regarding persuasion in automated
driving is explained (see Figure 2.1). The theory is divided into two parts.
First, a user-centered top-down approach is presented that focuses on under-
standing the user’s needs and problems, starting from the question of how to
increase automation usage. For this, the levels of automation and how they
can influence the motivation, and reason for automation usage, are explained.
Then, based on the motivations for and against automation usage, existing
problems of automation usage are identified. Especially transparency, timing,
and trust are in the focus of this section, which can be categorized under the
term driver-vehicle cooperation. Different personality traits also seem to pre-
dict automation usage, which can be used to tailor persuasive strategies.

Second, a theoretical bottom-up approach is presented, to explain princi-
ples of persuasion in order to show why persuasion in automated driving
might work and to derive new principles that can be applied in automated
driving. The second part starts with the definition of persuasion in general.
Then, the cognitive processes that explain existing models of persuasion are
described. Subsequently, persuasion in human-to-human communication is
discussed. After that, the persuasiveness of defaults (also referred to as the
opt-out paradigm) is explained because it combines several principles and
heuristics explained before. It is also a persuasive strategy investigated in this
thesis by a user study (see section 4.1).

Anthropomorphism and the computers as social actors (CASA)-paradigm
are used to show that people apply social rules and expectations to computers.
This concludes that computers and interfaces can also influence users system-
atically, making them persuasive systems using the same persuasive principles
that humans use in their interactions. Hence, in the subsequent section, per-
suasive technology is explained. Especially the principles of persuasion by
Fogg [66] are discussed, which focus on persuasive computers.

The chapter ends with a list of persuasive principles used in this thesis and
an ethical consideration of persuasion.

2.1 Persuasion in Automated Driving

Paraschivoiu and colleagues provide a literature review for persuasive au-
tomotive interface design [175]. In their review, 27 papers were highlighted
based on their relevance. They found that the majority of research focuses on
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FIGURE 2.1: Structure and context of the Theoretical Back-
ground.

safety and eco-driving using conscious cues. The prevailing persuasive princi-
ples are self-monitoring, tailoring, and suggestion, where visual cues are most
important compared to haptic or auditory cues. Safety was addressed in 17
papers. Among the 17 papers, none of them targeted automated driving ex-
plicitly.
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Because persuasion can be achieved in many ways, publications are not
always marked with the predicate "persuasive". For example, in automated
driving, persuasion can be achieved by increasing trust, which increases us-
age [47]. Exemplary, Häuslschmid and colleagues [84] propose an interface
that visualizes the car’s interpretation of the current situation to increase trust
in automation. They compared an avatar, a miniature map, and a display of
the car’s indicators regarding trust. It was found that the avatar, which was
rendered as a little chauffeur, can descriptively increase trust in automated
driving. Frison, Wintersberger, and colleagues [72] investigated the influence
of the interface design and user experience of an in-vehicle infotainment sys-
tem on trust. It was found that the interface design influences trust in au-
tomation, which is based on the Halo effect [170]. Trust can influence ac-
ceptance and usage. Thus, a trust-increasing interface can be categorized as
persuasive technology. Forster and colleagues [69] showed that speech out-
put of human-machine interface (HMI) can increase the acceptance of auto-
mated driving. Hartwich and colleagues [81] investigated different driving
styles among young and older drivers regarding acceptance, comfort, and en-
joyment. They found that younger drivers showed higher comfort, enjoyment,
and acceptance with automated driving styles that are familiar to their own.
In comparison, older drivers preferred automated driving styles that are faster
than their age-affected manual driving styles. This shows that research, which
is not labeled as persuasive, can be categorized as such. Moreover, persuasion
can be seen as an umbrella term for different principles, theories, strategies,
and implementations, making it sometimes hard to identify or categorize per-
suasive research.

2.1.1 Level of Automation and Persuasion

SAE levelThe Society of Automotive Engineers (SAE) International defines six levels of
automation [108] (see Table 2.1). These levels are mainly distinguished by
three different task types and whether a task is performed by a human or
the automation. These tasks are: (1) The execution of steering and accelera-
tion/deceleration, (2) monitoring of the driving performance, (3) the fallback
entity. Another factor is system capability.

Level 0 is defined that all tasks are fully performed by the human driver
and no system capabilities. Level 1 extends this with a shared task of the exe-
cution of steering and acceleration. An example would be the Electronic Sta-
bility Control (ESC). Here, the human driver performs the driving task while
the ESC continuously monitors and intervenes in the driving dynamics.

Level 1 is defined as either the lateral or longitudinal control of the vehicle
performed by an automated system—for example, an adaptive cruise control
(ACC).

Level 2 further extends level 1 with fully automated steering and accel-
eration capabilities. An example would be an ACC combined with a Lane
Keeping Assist Systems (LKAS).

Level 3 extends to level 2 so that the automation also takes over the moni-
toring task, meaning the driver only has to take over when the system encoun-
ters a system boundary and notifies the driver. In contrast to level 2, where the
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Level 1 Level 2 Level 3 Level 4 Level 5
Name Driver Assistance Partial Automation Conditional Automation High Automation Full Automation
Shortcut Hands/Feet-off Hands & Feet-off Eyes-off Attention-off Controls-off
Responsibilities
when automation
is active

Monitor
Control wheel or pedal
React to TOR

Monitor
React to TOR React to TOR No manual

driving possible

Example ACC ACC + LKAS Traffic jam pilot Driverless taxi
Complete automation
No restrictions,
No vehicle controls

Restrictions Either lateral or
longitudinal automation

TOR anytime possible,
constantly monitoring
required

Automation cannot
handle all situations.
Driver may intervene
after prior warning

Automation not always possible
but fully functional if possible,
e.g. only on specific tracks.

No restrictions

TABLE 2.1: Overview of the SAE level. LKAS = Lane Keeping
Assistance System.

driver has to check if the system performs correctly, the major benefit of level
3 is that no monitoring of the automation is necessary by the driver.

Level 4 extends to level 3 by taking over the fallback task. This means while
in level 3, the human driver has to respond to takeover requests TOR, where
drivers take over control of the vehicle, in level 4, the driver does not have to
be attentive at all and could, for example, sleep during the ride.

Except for level 5, the system capabilities are only defined within specific
parameters. This means that the automation cannot perform the tasks in all
situations, and there are system boundaries where the automation cannot op-
erate. For example, a level 4 automation may only work on highways. The end
of the highway is a system boundary. The difference between level 4 and level
5 is that in level 5, the automation can handle all situations under all roadway
and environmental conditions. In level 5, it is assumed that the system can
drive fully automated the entire time. A steering wheel and pedals are not
necessary. There are no system boundaries.

Persua�
sion

When it comes to persuading the driver, the levels of automation are im-
portant. For example, in level 2 or level 3, the onset of sleepiness can be a
reason for drivers to drive manually [105]. In [105], drivers stated that per-
forming the driving task keeps them awake and can help to stay focused. In
level 4, the onset of sleepiness could be a reason to drive automated because
no monitoring is required. Also, trust in the automation may differ in different
levels of automation because of dispositional trust [99, p. 413]: "Dispositional
trust represents an individual’s overall tendency to trust automation, indepen-
dent of context or a specific system."

Moreover, a prior behavior of the automation can also influence the trust
towards the automation (learned trust [99]). A TOR or even a system fail-
ure could have negative effects on trust in the automation [130]. Such nega-
tive effects become more and more unlikely with increasing automation lev-
els. Drivers of a level 4 automation will not encounter unannounced system
failures because, by definition, they will not occur. Boredom can also have
different effects on the willingness to enable or disable the automation.

In level 3, a driver can execute a non-driving related task (NDRT) that de-
mand less attention from the driver. Boredom initiated manual driving [105]
may be more likely to occur in level 2 than in level 3. Thus, persuasive strate-
gies to fight boredom may consider the responsibilities of the driver. A NDRT
that forces the driver to be out of the loop [59] may not be used in level 2
because being in the loop is required to monitor the system.
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In this
thesis

In this thesis, the user studies had a level 3 automation. Participants had
the choice to drive manually but were never instructed to monitor the automa-
tion in case of a failure, yet still had to be ready to take over if the system indi-
cated this. Typically, the concept of automation levels was not instructed in the
experiments, as suggested in [96]. Moreover, the responsibilities of the driver
and abilities of the vehicle were instructed, for example, that participants do
not have to monitor the automation and that the automation can handle all
situations, except the ones it recognizes and participants have to respond to a
TOR.

2.1.2 Motivation for Automated and Manual Driving

Transi�
tions

De Winter [145] categorizes four possible transitions between manual and au-
tomated driving by defining the initiator and the party that is in control af-
ter the transition. This results in four different transitions: driver initiated
automation control (DIAC), automation initiated automation control (AIAC),
driver initiated driver control (DIDC), and automation initiated driver con-
trol (AIDC) (see Figure 2.2).

A DIAC happens when a driver switches on the automation. A persuasive
strategy could aim for increasing situations where drivers tend to do this. Be-
sides drivers enabling the automation, drivers can also disable the automation,
which is DIDC.

A persuasive strategy could aim to prevent the intention to do this. The
AIAC is a rather uncommon situation. It happens, for example, in emergency
situations when the automation overrides the driver. An emergency brake
could be one example.

In terms of persuading drivers to use the automation, transitions, where the
automation is in control (AIAC, DIAC), could be encouraged, whereas transi-
tions, where the driver is in control (DIDC), could be prevented. The AIDC,
can be a takeover. This should not be a goal of persuasive strategies because
an AIDC happens when the system reaches a system boundary and cannot
handle the situation.

In this
thesis

In this thesis, the persuasive strategies investigated in user studies can also
be categorized in these four transitions. The studies Feedback/Avatar (see chap-
ter 3.1), Empathy (see chapter 3.2), and Timing/Personality (chapter 3.3) aim to
prevent DIDC, the study Opt-out aims to increase automation usage by a AIAC
(see chapter 4.1).

Reasons
to disable

In order to prevent DIDC, one approach is to respond to the driver’s moti-
vation to switch off the automation. The motivation to disable the automation
is provided by Van Huysduynen and colleagues [105]. In a user study, they
found that in the following situations, drivers tend to disable the automation:

A lack of shared situation representation: The automation slowed down be-
low the speed limit without any apparent reason and without any communi-
cated reason. This situation can be interpreted as a lack of shared situation
representation which is important for a successful human-machine coopera-
tion [243, 40].
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Driver Initiated Driver Control

Automation Initiated Automation Control

Automation Initiated Driver Control

Driver Initiated Automation Control

Initiator In control
after transition

Driver Driver

Automation Automation

Driver

Driver

Automation

Automation

FIGURE 2.2: Four kinds of transitions between manual and au-
tomated driving. Driver and automation can be initiator and
controlling party [145]. In the grey transitions, the driver is in
control (DIDC, AIDC). In the white transitions, the automation

is in control (AIAC, DIAC).

Lack of trust: Participants stated that they were unsure whether the automa-
tion could handle the situation or not and disabled it due to a lack of trust.
Situations were vehicles approaching very fast from behind or to close prox-
imity. They were unsure if the system could handle these situations.

Feedback could be used to support a shared situation representation and to
increase trust.

Conservative behavior: The conservative behavior of the automation in over-
taking situations was reported as a reason for disabling the automation. Here,
the automation did not perform overtaking maneuvers in situations where hu-
man drivers would overtake the car. Also, the automation slowed down before
changing lanes, which is rather unnatural behavior.

Less conservative automation may mitigate this urge to stop the automation.
However, the conservative nature mainly comes from a lack of look-ahead
capabilities that may not be improved to an appropriate amount in the near
future [105]. The conservative driving style could also be interpreted as an
inhuman driving style. Therefore, it could be a reasonable strategy to compen-
sate for the lack of humanity by adding anthropomorphism to the automation
interface.

Onset of boredom: Participants stated that the lack of alternative tasks during
the automated drive is a reason to deactivate the automation.

Onset of sleepiness: Some participants stated that they did not want to risk
falling asleep and that it would be dangerous to fall asleep in the car. In the
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study, the automation was framed as SAE level 2 automation. At this level,
falling asleep is a perilous state because the driver has the responsibility to
detect and respond to system malfunctions at any time.

Need for enjoyment: Few participants stated they disabled due to the thrill
or enjoyment of manual driving that was missing when driving automated.

In summary, a lack of shared situation representation, a conservative be-
havior of the automation, a lack of trust when drivers are uncertain of the
automation capabilities, an onset of boredom, sleepiness during driving, and
the enjoyment of driving are found as reasons for disabling the automation.

In this thesis, the persuasive strategies investigated in user studies mainly
focus on the dasshared situation representation and trust by providing feed-
back. Anthropomorphism is also investigated.

2.1.3 Cooperation

Walch and colleagues [243] point out that important requirements for a suc-
cessful human-machine cooperation are: (1) a shared situation representation,
(2) calibrated trust, (3) mutual predictability, and (4) directability.

A shared situation representation means that both driver and vehicle have
a common understanding of the tasks and pursue the same goals while driv-
ing. Their knowledge, beliefs, and assumptions are shared and coordinated [125,
243]. In the field of automated driving, this means that the intentions and ac-
tions of automation are understood by the driver, but also that automation
understands the driver’s actions and behavior. This encompasses not only the
driving task itself but also driving style, route choices, and others.

Calibrated trust [134] means that each actor trusts the other the appropri-
ate amount. Higher trust in the system as appropriate is called overtrust [134].
A lower trust in the system than appropriate is called distrust [134]. In terms
of automated driving, overtrust can lead to potentially dangerous situations
when the automation has fewer capabilities than the driver expects. Distrust
can lead to potentially dangerous situations because the automation may han-
dle situations better or safer than the human operator.

Mutual predictability is achieved when each actor is aware of the plans
and actions of the other actor, currently and in the near future. In a coopera-
tive driving scenario, this helps perform supportive tasks, like a TOR, when
necessary.

As a result of predictability, actions must be easily executable to adapt
strategies, intervene, or change priorities. Therefore, the directability of ac-
tions is also important. Automated vehicles, therefore, need to be operatable
easily and flexibly. Those requirements are partly reflected in the results from
Van Huysduynen and collegues [105] where the shared situation representa-
tion and calibrated trust emerges from the situations where participants dis-
able the automation.

Given the above, it is reasonable to assume that maintaining automated
driving when the vehicle is capable of doing so can be seen as a successful hu-
man-machine cooperation. Especially in SAE level 2, 3, and 4, where the driver
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sometimes has to take over control, the driving task can only be solved in co-
operation. This becomes clear when looking at the definition of a cooperative
situation by Hoc [92, p. 515]:

"Two agents are in a cooperative situation if they meet two minimal
conditions.

(1) Each one strives towards goals and can interfere with the other
on goals, resources, procedures, etc.

(2) Each one tries to manage the interference to facilitate the indi-
vidual activities and/or the common task when it exists.

The symmetric nature of this definition can be only partly satis-
fied."

Here, both agents strive towards the goal of completing the trip. They can
also interfere with each other through mode transitions, route choices, driving
styles, etc. Especially in the SAE levels 2, 3, and 4, where mode transitions
occur, driver and vehicle have to rely on each other. The driver relies on the
system to drive correctly. The automation has to rely on the driver to take over
control when necessary.

The shared situation representation is necessary for the driver to estimate
if the vehicle can handle certain situations or not. This means when the system
behaves differently than the driver expects, it is hard to identify whether the
automation operates correctly or not and whether the driver has to interfere
with the automation or not.

In such cases, drivers can tend to disable the automation because of their
uncertainty regarding the capabilities. Therefore, establishing a shared situa-
tion representation can be a persuasive approach.

Enabling the prediction of future actions can also be a persuasive strategy,
for example, when drivers are impatiently waiting to overtake a car, and then
disable the automation. If they know that the automation will overtake within
the next minute, drivers may maintain the automation. Therefore, predictabil-
ity may be a persuasive approach.

A lack of calibrated trust leads to inappropriate usage, either beyond (over-
trust) or below (distrust) its capabilities. Therefore, fighting distrust may be a
persuasive strategy, for example, by communicating the automation’s abilities.

In conclusion, drivers may take over control of an automated vehicle when
the requirements of human-machine cooperation are not met, especially a lack
of calibrated trust and a lack of a shared situation representation. Because
transparency and trust play a huge role in cooperation, and thus in persuading
towards automation usage, the concepts of feedback and trust are discussed in
the following sections.

2.1.4 Transparency

Transparency can help create a shared situation representation which is im-
portant for a successful human-machine cooperation [243, 125], which can be
a persuasive strategy to maintain the automated driving mode. Furthermore,
transparency leads to trust, which leads to reliance which leads to usage [134,
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47]. Therefore, it can be assumed that system feedback is important to commu-
nicate the internal states of an automated driving system. If the driver has no
knowledge about the vehicle’s processes, misinterpretations, and misconduct
result [171].

Koo and colleagues [129] show that informing the driver about the internal
states and reasons of the automation resulted in the best driving performance.
They further show that a lack of a shared situation representation can lead
to frustration and dissatisfaction. This, in turn, can lead to a riskier driving
style [132]. Providing explanatory feedback can mitigate frustration in such
cases [53].

How and
why

This raises the question of how information should be provided. Feedback
can lead to increased cognitive load because the information is not adequately
conveyed [129]. Frequently, display indicators or warning signals are used
that place additional demands on the receiver [171]. Information should be
presented without unnecessary delays and necessary content only [226].

Koo and colleagues [129] argue that vehicles should communicate the ac-
tion (how) and the reason (why) in feedback messages to maximize safety. The
reason for actions (why) was the preferred feedback content among the combi-
nations how, why, and how and why. Therefore, reporting the reason for certain
system behaviors seems reasonable when providing feedback.

Closely related to feedback is timing. As Fogg points out: "Timing is critical
for a suggestion technology to be effective. The technology must identify the
right time to make the suggestion. But what is the right time?" [66, p. 43]

2.1.5 Timing

The timing of feedback can be separated into immediate and delayed feedback.
Immediate feedback is given directly after a behavior, and delayed feedback is
provided a certain time after the behavior [214]. The importance of timing was
shown by Thornock [235]. He could show that immediate feedback on future
performance tasks was most effective in contrast to delayed feedback.

Van Gent and colleagues [73] show that in persuasive communication, tim-
ing can be a relevant factor. When it comes to persuasion, feedback can also
be applied prior to behavior because the intention of the feedback is to change
behavior. However, this depends on the context.

This raises the question of when a certain action begins. The Rubicon
model of action phases [85] defines four phases of action: (1) the pre-decision
phase, (2) the pre-action phase, (3) the action phase, and (4) the post-action
phase.

In the pre-decision phase, the decision for a certain action is not made. A
person in this phase is building up the intention to do or not to do an action.
The pre-action phase is reached when a person has decided to perform a spe-
cific action. The purpose of the pre-action phase is to define how the action
is about to be performed. The action phase begins with the execution of the
defined action. In the post-action phase, the action is evaluated according to
success or failure. If the action failed, it is evaluated to correct or retry the
action. Also, reasons for succeeding or failing are part of this phase.
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Moreover, there exists evidence that the process of decision-making even
starts subconsciously [139]. Although this experiment is the subject of contro-
versial discussion [208] and also partly goes in the direction of philosophical
discussions of principles, it nevertheless demonstrates the complexity of hu-
man action planning.

It further indicates that measuring the start of action is a very complex
process. That measurement of an action before the onset of motor stimuli is
only possible in highly controlled environmental conditions.

2.1.6 Trust

De�ni�
tion

Trust was previously defined based on many factors, such as disposition to-
wards the world [198] and later as the number of beliefs about others [199].
Trust can also be defined by the state of vulnerability [50] or the willingness to
accept vulnerability [150].

Hoff and Bashir [99] argue that trust is a dynamic process and can be seen
as a mental state based on the definition by Lee and See [134, p. 54], as "[...]
the attitude that an agent will help achieve an individual’s goals in a situation
characterized by uncertainty and vulnerability".

Trust in automation is an important aspect when it comes to usage and,
therefore, also regarding persuasion. Trust is an attitude, whereas reliance is
the behavior mediated by trust [134]. Therefore, trust influences usage.

According to Parasuraman and Riley [176] trust in technology is actually
trust in the designer of the technology, which in turn can be seen as a form of
interpersonal trust [99]. Although interpersonal trust and human-automation
trust seem to be very similar, they depend on different attributes [99].

Lee and Moray [133] state that human-automation trust depends on the
system’s performance, process, and purpose. Interpersonal trust is based on
integrity, abilities, or benevolence [150, 134]. According to Hoff and Bashir [99],
the processes of trust formation between interpersonal and human-automa-
tion trust is contradictory. Interpersonal trust develops from mere predictions
towards faith and benevolence. Trust in automated systems develops from
initial faith towards dependability and predictability.

Trust in
automa�
tion

In human-automation trust, Hoff and Bashir [99] distinguish between dis-
positional, situational, initial learned, and dynamically learned trust.

Dispositional trust means that users have an individual, context-indepen-
dent overall tendency to how much they trust an automated system arising
from biological and environmental influences. Factors of dispositional trust
are culture, age, gender, and personality traits.

Situational trust depends on two major categories: (1) external variability
and (2) internal variability. Internal variability can be seen as a user’s internal
attitude towards the system in the current situation. This means situational
trust depends on a user’s self-confidence, mood, expertise, and attentional ca-
pacity to interact with a system in a specific situation. External variability
depends on the system itself, on the type of the system, its complexity, the
difficulty of the task, and other factors.

Initially learned trust is defined by the pre-existing knowledge about a sys-
tem. Dynamic learned trust continuously changes over time while using the
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system. It is based on the system performance, such as reliability, validity,
predictability, errors, and other factors.

2.1.7 Tailoring Persuasion to Different Personalities

Personality traits are relatively stable characteristics of a person’s personality
across multiple situations [60, 152]. It has been shown that personality traits
have an influence on driving behavior [146]. Sensation

seeking
For example, sensation seeking is

a valid predictor of aggressive driving and speeding [114, 45].
Sensation Seeking is a personality trait and describes the tendency of a

person to gain new, exciting, intense impressions and experiences. In addi-
tion, there is the willingness to take risks in order to be able to make such
experiences [261]. It is, therefore, evident that personality traits influence the
intention to what extent an automated vehicle is used. Although sensation
seeking in manual driving leads to a riskier driving style [114], Payre and col-
leagues [107] found that sensation seeking can lead to an increased automation
usage [107].

This seems to be a conflicting finding, but sensation seeking can be defined
as the search for experience through risk taking [261]. This explains the risky
manual driving style but also explains the automation usage due to the feeling
of novelty. When novelty effects decay, sensation-seeking becomes a decreas-
ing predictor of high automation usage, and it is assumed that the effect will
reverse and that sensation seeking can then lead to a decreased usage of au-
tomation usage [107].

Impulsiv�
ity

Impulsivity is an important personality construct [36] and according to
Payre and colleagues, personality can affect driving behavior [107]. Impul-
sivity affects driving behavior negatively. Impulsive drivers are more likely to
be involved in accidents than less impulsive drivers [29]. A definition by Caci
and colleagues [36, p. 34] for impulsivity is "the tendency to act with a little
forethought, without deliberation and evaluation of consequences."

Besides sensation seeking, impulsivity increases risky manual driving [29].
Impulsivity can be defined as acting quickly without thinking about future
consequences [29]. Thus, it can be assumed that in automated driving, more
impulsive drivers disable the automation earlier than less impulsive drivers
in a safety-critical situation. The correlation between automation usage and
impulsivity & sensation seeking is shown in section 3.3.

Impulsiv�
ity and
driving

In the driving context, impulsivity can be defined as "the tendency to act
quickly and inaccurately or act quickly and accurately without considering
and elaborating on the future consequences while driving" [29, p. 220].

An underlying process of impulsivity is behavioral inhibition [49]. Tabibi
and colleagues [230] indicate that behavioral inhibition predicts driving viola-
tions, driving errors, and aberrant driving. Behavioral inhibition is "control-
ling one’s attention, behavior, thoughts and/or emotions to override a strong
internal predisposition or external lure" [51, p. 135]. Thus, inhibiting impul-
sivity could be a potential persuasive strategy to increase automation usage.

Measur�
ing
impulsiv�
ity

So far, impulsivity has been approached from the three perspectives: cog-
nitive, behavioral, and characterological [7]. Cognitive impulsivity is related
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to the delay of gratification, behavioral impulsivity is related to response in-
hibition, and characterological impulsivity is related to personality traits, like
sensation seeking and risk taking [29].

Go/No-Go
task

Behavioral and cognitive impulsivity can be measured by experimental
tasks like the Go/No-Go task [29]. Self-reported measurements (like ques-
tionnaires) can be used to measure the characterological perspective of impul-
sivity [29]. The Go/No-Go task consists of several trials. In each trial, a partici-
pant has to either respond to a go-stimulus or not respond to a no-go-stimulus.
Withholding to a no-go-stimulus hereby challenges the inhibitory control. A
higher number of errors is associated with lower impulse control [83] and a
lower inhibitory control [65]. Reaction times give further information about
the task performance [204, 230]. Sani and colleagues [204] as well as Tabibi
and colleagues [230] could show that this also applies to driving task perfor-
mance. Higher reaction times in the go-stimuli correlate with more driving
violations and driving errors.

Locus of
control

Locus of control LOC [14, 180] is the extent to which people seek the reason
for an event in external or internal factors. Individuals with a high internal
locus of control (LOC) tend to justify events in their own behavior, even if this
is not objectively the case. A high external LOC leads people to attribute the
reason for an event not to their own actions but to external causes. It is difficult
for these persons to take responsibility for an incident, even if they are clearly
responsible. Regarding driving Özkan and Lajunen [174] assume that drivers
with high internal LOC trust on their own competencies and thus are more
likely to avoid automation technology compared to drivers with low LOC.

To persuade drivers towards higher automation usage, tailoring the per-
suasive technique according to the personality trait could be an effective method.
For example, adjusting the driving style of the automation towards a desired
but safe level of aggressiveness could be effective among high sensation seek-
ers. The willingness to make quick and reckless decisions among impulsive
drivers may require a persuasive strategy that covers the fast, automatic, and
emotional parts of the decision-making process.

2.2 Definition of Persuasion

According to Fogg [66], persuasion can be defined as an attempt to change
attitudes or behaviors or both without using coercion or deception.The defi-
nition distinguishes whether there is an attempt to change or not. The word
attempt implies an intention to change, and an intention implies purpose. This
means that a change in behavior or attitude has to be purposeful to persuade
someone. Moreover, anything can lead to a change in behavior or attitude.
Each new information we process can influence subsequent actions and atti-
tudes. The differentiation between persuasion and no persuasion lies in the
word purposeful. Something that is not purposefully designed to persuade in a
specific way does not coincide with the definition of persuasive.

A technology that influences attitude or behavior is not necessarily a per-
suasive technology if the technology is not designed to influence someone’s
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attitude or behavior. Thus, technology that influences behavior or attitude
may not be a persuasive technology.

According to the definition, something that is deliberately designed to in-
fluence others is persuasive. One can further define its effectiveness by the
degree to which it influences someone. While it may be possible that a change
in attitude can be enforced by coercion, a persuasive behavior change hap-
pens voluntarily (but not necessarily consciously). Therefore, law enforcement
would not fall under the category of persuasive strategy. Deception means
that the influencing factor is based on false information. Behavior or attitude
change based on false information is not considered persuasive.

In summary, persuasion is a deliberate action; it must not be based on mis-
information and not enforcing another person with laws or threats. In further
context, the entity that persuades someone is called persuader. The person to
be persuaded is called persuadee.

2.2.1 Persuasion and Compliance

Other definitions of persuasion explicitly exclude change in behavior, stating
that behavior change is a form of compliance [41] and persuasion mainly af-
fects the change in an attitude. The decision of whether to include the actual
behavior change depends on the use case. Compliance can be understood as
a request for change in behavior [41]. This means that compliance requires
the communication to be presented as a request for change. Still, there are use
cases where the communication implicitly aims to change the behavior with-
out requesting it explicitly.

Implicit behavior change applies to several techniques investigated in this
thesis. For example, when the automation communicates the internal state
(e.g., it will not overtake a vehicle), it does not request that the driver also does
not do this. Moreover, the information given can lead to increased system
transparency, a shared situation representation, and acceptance of the automa-
tion decisions, leading to maintaining the automation.

Therefore, the system feedback is not an explicit request. Still, it is intended
to influence the driver not to disable the automation, which is why the defini-
tion by Fogg [66] which includes behavior change, is used in this thesis.

2.2.2 Persuasion and Usability

When it comes to persuasive technology, various principles match with HCI
guidelines to increase system usability, for example, to design easy-to-use sys-
tems [169] or to provide informative feedback [213]. The designer wants the
user to use the system and keep using it. This can be achieved by making
it pleasant and non-frustrating to use (which are HCI guidelines) [169, 213].
Thus, usability and persuasion are closely linked. In certain cases, usability
can be seen as a subcategory of persuasion, especially when the goal of per-
suasion is to increase usage.

For example, informative feedback is one of the Eight Golden Rules defined
by Shneiderman [213], which reflects a shared situation representation in a
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successful human-machine cooperation [243]. These rules are well established
in classic HCI.

However, some of the classic usability guidelines [213] seem not to apply
in driver-vehicle interaction, such as the reversal of actions or the principle
of being in control (e.g., disabling the automation). The latter can jeopardize
the passenger’s safety when emergency situations on the road occur: Drivers
should not be able to disable safety features such as the airbag. Moreover,
drivers should be nudged to use a seat belt, even if it is against the driver’s
choice. Similarly, on a roller coaster, the ability to open security hinges should
be prevented in endangering situations.

Another use case is shown in section 4.1 where the persuasive principle
of opt-out contradicts the interface design heuristic of user’s control and free-
dom [169]. Still, results indicate that several participants are willing to use
such systems.

SummaryIt seems that persuasion and usability share some rules and principles.
This can be explained by the fact that usability can be a persuasive strategy,
namely when system usage is the persuader’s goal. In this case, the principles
of persuasion and the principles of usability seem to be similar. However, the
questions remains of whether it is sufficient simply to apply the usability rules
to increase usage (in this thesis, to increase the usage of automated driving).
Moreover, because usability seems to be a subset of persuasion, there could be
more strategies and principles than the ones known from usability to achieve
this.

2.3 Heuristics and Biases

To explain how and why persuasion works, one must look at cognitive heuris-
tics and biases. A cognitive bias refers to a systematic, predictable deviation
from rationality in judgment or decision-making [82, 238]. Heuristics and bias
are often mentioned together. Heuristics are efficient cognitive processes that
ignore information [75]. A heuristic is a goal-oriented shortcut to ease the cog-
nitive load of making a decision [237].

An example of a bias is the anchor effect [39]. It is the irrational influ-
ence of random and non-informative initial values on the decision-making
process [238]. The anchor effect also applies when initial values do not relate
to the decision to be made. It has been shown that memorizing parts of the
social security number influences when estimating the values of price tags [8].
The anchor effect finds practical application, for example, in sales marketing
where the initial pricing of products affects the willingness to pay for a prod-
uct or service [172]. The persuasiveness of defaults can be explained partially
by the anchor effect, which is applied in section 4.1.

Cognitive biases, heuristics, and persuasive models and techniques are
closely intertwined. Anthropomorphism, for example, is listed as cognitive
bias [249], but it is also closely related to the social proof heuristic [41] and the
persuasive principle of social proof [66]. Causes of heuristics and biases seem
to emerge from experiments rather than explicative frameworks [90]. Several
lists of cognitive biases and heuristics exist, e.g., [249, 15, 55].
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The relation between persuasion and heuristics and biases is systematic
predictability. This means, if an effect of a certain situation is known, this
systematic predictability can be used to achieve certain goals. In the case of
persuasion, this goal is behavior or attitude change. Finding a heuristic or
bias to achieve a certain persuasive strategy is not always trivial. Therefore,
a top-down approach can be used where collections of persuasive strategies,
partially based on cognitive biases and heuristics, can be applied. Moreover,
heuristics and biases can be seen as a basis for persuasive principles.

2.4 Models of Persuasion

Models of persuasion describe the interaction between several factors (for ex-
ample, personal preferences and traits, system acceptance, or system usage).
They can be seen as a simplified representation of things and interactions. In
the following sections, the Elaboration Likelihood Model of Persuasion (ELM),
the Fogg Behavior Model (FBM), and the Technology Acceptance Model (TAM)
are explained.

2.4.1 Elaboration Likelihood Model

The ELM [179] assumes two different levels of information processing (similar
to Kahneman’s System 1 and System 2), a central (System 2) and a periph-
eral (System 1) route. The ELM is a model to describe the changes in atti-
tudes, which can lead to changes in behavior, and tries to predict how long
the changes will last. In the central route, persuasion results from a deliberate
confrontation with facts, a high level of elaboration is involved. The attitude
change is therefore enduring, resistant, and predictive.

In the peripheral route, persuasion is a result of peripheral cues, such as
affect and mood. The arguments and their quality are of secondary impor-
tance. The basis of persuasion is generally unrelated to the logical quality of
the stimulus.

Even the characteristics of the persuader are parts of the persuasion, such
as attractiveness and presumed competence. The peripheral persuasion can
therefore happen subliminally. The change in attitudes or behavior is generally
assumed to be less resistant and enduring via the peripheral route than via
the central route. However, the peripheral route does not require a deliberate
confrontation with factual knowledge.

The degree of elaboration in which information is processed can vary from
person to person. It depends on the message itself and the persuadee’s moti-
vations, abilities, opportunities, etc. The likelihood of persistence in attitude
and behavior change is higher in the central route than in the peripheral route.
Influencing factors in the ELM are distraction, repetition, individual relevance,
mood, and need for cognition.
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2.4.2 Fogg Behavior Model

In contrast to the focus on attitude change, the FBM [67] mainly targets be-
havior change. It encompasses three factors: motivation, ability, and trigger.
It states that motivation and ability complement each other. The more moti-
vation that exists for a behavior, the less necessary it is to have ability, and
vice versa. Ability and motivation exist on a continuum, with states occurring
between high and low. In contrast, trigger is a binary variable.

The model further states that behavior change will not occur without an
appropriate trigger, even if motivation and ability are high. Although the
model is highly controversial because it is not empirically validated, it is a
well-known and widely cited model. Fogg lists several elements of motiva-
tion: pleasure and pain, hope and fear, and social acceptance and rejection.

Simplicity is stated as the fundamental aspect of ability. The elements of
simplicity are time, money, physical effort, brain cycles (which can be inter-
preted as elaboration or workload), social deviance, and non-routine. The
model encompasses three types of triggers. Triggers can be understood as the
compensating factor for motivation or ability. When the motivation is gener-
ally low, a trigger can provide just the amount of motivation to start the be-
havior. When the motivation is high, but persuadee lacks ability, a facilitator
trigger can provide just the amount of ability to execute a specific target be-
havior. For example, when money is a limiting factor, an unscheduled money
boost can lead to a purchase decision. Finally, a signal can be a trigger. This
trigger works when ability and motivation are present. It can be understood
as a kind of reminder that tells the persuadee to perform the deliberate action.

The FBM and the ELM are different models that complement each other.
While the ELM focuses on the differences between peripheral and central route,
the FBM focuses on the three factors: motivation, ability, and trigger. In terms
of automated driving, an implication of the ELM could be to persuade drivers
via the central route that automated driving is more safe. The peripheral route
could be used to counteract the quick and reckless decisions of impulsive
drivers. In chapter 3.2, it is assumed that the use of automated driving is a de-
liberate and conscious decision. Therefore, persuasion on the peripheral route
may not be as successful as on the central route. The FBM argues that ability
and motivation are key factors of persuasion. Thus, increasing the motivation
by showing the benefits of the automation could be an appropriate strategy.

2.4.3 Technology Acceptance Model

TAMSystem acceptance is an important factor when it comes to persuasion. Ac-
cording to the TAM [47], an increased system acceptance leads to an increased
usage of a system. The TAM postulates that the actual system used depends
on the behavioral intention to use. The behavioral intention to use depends on
the perceived usefulness and the attitude towards using. The attitude towards
using depends on the perceived usefulness and the perceived ease of use. The
perceived usefulness and ease of use are dependent on external variables. An
external variable, for example, is social influence that has a direct effect on
the perceived usefulness. Examples include social media apps that create the
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perceived usefulness of participating in social networks. The extension of the
TAM is the Extended Technology Acceptance Model (TAM2) [242], which re-
places the external variables with other factors that influence the perceived
usefulness and the behavioral intention to use. These factors are subjective
norms, image, job relevance, output quality, result demonstrability, experi-
ence, and voluntariness. The Technology Acceptance Model 3 (TAM3) [241]
(see Figure 2.3) further adds factors that influence the perceived usefulness:
computer self-efficacy, perceptions of external control, computer anxiety, com-
puter playfulness, perceived enjoyment, and objective usability. An analysis
of TAM and TAM2 state that about 40% of technology usage can be explained
with these two models [135].
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FIGURE 2.3: Technology Acceptance Model 3 [241].

The Automation Acceptance Model (AAM) [74] extends the TAM to fit au-
tomation usage. The AAM also includes trust as a predictor of perceived use-
fulness and perceived ease of use. In the AAM, feedback mechanisms are also
considered where system acceptance and system usage influence each other
mutually and system usage influences trust. According to the AAM, the per-
ceived usefulness, perceived ease of use, experience with the system, person-
ality variables, and trust in automation influence the usage of a system. Based
on these models, behaviors such as automation usage can be explained and
also influenced.
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2.5 Persuasive Human-to-Human Communication
and Principles

As stated above, each information we process can influence further actions and
attitudes. Cialdini [42] defines six principles of persuasion, showing how in-
formation can be communicated to specifically influence actions and attitudes,
encompassing reciprocity, authority, liking, scarcity, social proof, and consis-
tency. In this thesis, social proof is investigated in the co-driver paradigm (see
section 3.1), where a virtual co-driver serves as a persuasive element.

Social proof means that observing other people’s behavior can increase the
likelihood of adopting the same behavior. If we see someone crossing the street
on a red light, we might be triggered to follow that person just because we see
someone else doing it.

The principle of liking is based on the fact that people tend to perceived
others as more credible when they are liked than those that are disliked. Fac-
tors of liking can be sharing the same beliefs, interests, or language, but it can
also be a superficial interest, such as physical attractiveness. Closely related to
liking is empathy, which is investigated in section 3.2.

Reciprocity describes the tendency to give something back if we get some-
thing in advance. Cialdini provides the following example [42]: The tip to a
waiter increased by 3% after the waiter gave a free mint. It increased by 14%
after the waiter gave two mints, and when the waiter left one mint with the
bill and returned offering a second mint, the tip increased by 23

Authority can be persuasive. Persuasion is achieved through social roles,
such as teachers, police officers, doctors, or scientists. It should be noted that
persuasion is also possible when there are no consequences associated with
the authoritarian role, for example, through the sole depicting of authority
figures. The persuasiveness of authority was famously shown by Stanley Mil-
gram in 1963 [156] to test the willingness of people to follow authoritarian in-
structions. An authoritarian experimenter instructed the participants to pun-
ish their counterparts with electric shocks if they performed poorly on a learn-
ing task (the subjects did not know that their counterpart was an actor who
only simulated the administered shocks).

Scarcity is when people want something because it is rare. It is closely
related to social proof in that scarcity suggests that others are willing to want
it. The inference arises: If there is little of something, it is because others desire
it, so it must be good. Another explanation is the fear of running out. When
we know that our supplies may run out, we want to replenish them.

Consistency can be described as commitment. Committing to an action
leads to a higher probability of actually performing the action because humans
want to be consistent in what they are doing. Closely related to commitment
is the foot-in-the-door technique [71]. An initial request that is easy to comply
with can lead to an increased likelihood to perform a larger request afterward.

The principles of human-to-human persuasion show that people’s deci-
sion-making is influenced systematically. In the next sections, it is shown how
computers can be used to influence decision-making.
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2.6 Anthropomorphism and CASA-Paradigm

Human perception and expression of affective states and emotions are impor-
tant in social interaction [3]. These also apply to interactions with comput-
ers [181] and robots [124] and thus can be factors of behavior when social in-
teraction with avatars are involved. Social cues can also have an impact on
driving performance. Matching emotional states between driver and vehicle
interface can improve driving performance regarding safety [166]. Anthropo-
morphism can enhance trust in automation [247].

Anthropomorphism can be defined as an imitation of human form [54] and
the tendency to attribute human characteristics to inanimate things [63]. It can
further be differentiated into appearance-based (for example, visual factors)
and behavior-based (for example, communication and social behavior) human
likeness [260].

Anthropomorphic cues can be persuasive [232]. This is demonstrated when
we treat computers as human beings. This principle is called the Media Equa-
tion [189] or the CASA paradigm [167]. In section 2.7, persuasion based on
anthropomorphic (or social) cues is described.

2.6.1 Social Actors

CASA means that technology can be designed to establish a form of relation-
ship with the user in order to apply socio-psychological rules, biases, heuris-
tics, and strategies to persuade users. Technology can create social interactions
or social responses that are not based on conscious beliefs that computers and
technology are human-like [167]. It has been shown that the social interac-
tion with computers and technology does not originate from disbelieve, ig-
norance, or social dysfunction but can be achieved with elementary mecha-
nisms [167]. Although there are several differences between human-human
interaction and human-machine interaction [99], common interaction patterns
exist [167]. Nass and colleagues [167] show that computer systems can be
designed to elicit a wide range of social behaviors. This also applies when
users know that the machines do not actually possess feelings or human mo-
tivations. Anthropomorphic cues usually utilize such responses [79] imple-
mented in the computer system [167], meaning that computer systems are im-
plemented with humanoid characteristics. However, the mere presence of an-
thropomorphic cues does not guarantee persuasion; for example, when an-
thropomorphic systems are perceived as uncanny (see next section), it can
have a negative effect on the overall perception and thus can confound pos-
sible persuasive effects.

Passen�
gers and
Avatars

Passengers seem to have an influence on driving behavior. It was found
that the presence of adult passengers, teenagers tend to decrease risky driv-
ing [216, 56].

Furthermore, a collaboration between driver and co-driver can lead to an
increase in safety [76]. Based on the CASA paradigm, it can be assumed that
this may not only apply to human co-drivers.

An avatar-based robot placed on the vehicle dashboard persuaded drivers
towards safer driving [252, 250, 251]. A similar work is NAMIDA [118], which
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stands for Navigational Multiparty based Intelligent Driving Agents. Here, a
group of three small avatars was designed to interact with each other based
on contextual information of the location. It was shown that the system led to
reduced workload and created a more enjoyable driving experience by social
bonding with the car.

In [258], a screen-based companion robot was used as a car interface. They
showed that humans seem to show more interest in interactive conversations
with affective robots than having informative interaction only.

2.6.2 Uncanny Valley

Humanoid characters can create the feeling of uncanniness. The uncanny val-
ley was first described by Mori in 1970 [161] and is depicted in Figure 2.4.
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FIGURE 2.4: The uncanny valley by Mori [161].

The uncanny valley describes the degree of similarity of an object to a hu-
man being and the emotional reaction to such an object. Moreover, the more
similar in likeness the object is to a living being (human or animal), the more
familiar it is until it becomes close to realistically looking beings. If the object
imperfectly resembles an actual living being, it becomes uncanny or strangely
familiar. If the appearance approaches a real living creature, less distinguish-
able from a human/animal being, the emotional response and empathy level
recovers until it approaches a human-to-human or human-to-animal level. Ex-
planations for the uncanny valley can be found in the theory of evolution [120].
For example, uncanny avatars can trigger cognitive mechanisms, originally
evolved to avoid potential pathogens by causing a disgust response [160]. Un-
canny entities can have a negative influence on trust and should therefore be
avoided in the design of anthropomorphic creatures if they should act as per-
suasive technology [148].
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2.6.3 Empathy

Empathy can be described as the capacity to understand another person’s af-
fective state or feelings [22]. It can be categorized as a behavior-based human
likeness and can be divided into two subcategories [210]: affective and cog-
nitive empathy. Affective or emotional empathy describes a "basic emotional
contagion system" [210, p. 617]. This means that emotions, like diseases, can be
contagious. It is the ability to feel the emotions of others. It describes sensing
and sharing emotions and feelings. Cognitive empathy comes from a "more
advanced cognitive perspective-taking system" [210, p. 617]. It is the cognitive
process to understand these emotions in a mental state. This is closely related
to the Theory of Mind [233]. Cognitive empathy is the understanding of our
emotions. The fact that we know that we feel another person’s feelings must
mean that we understand that these emotions are not ours.

Empathy is closely related to liking. Empathic persons are known to be
more likable and friendly [100, 188]. Therefore, empathy is a well-known per-
suasive strategy [211, 70, 37, 12, 11, 1]. It has also been shown that virtual
agents can increase their likability by showing empathy [194]. Likability is
also a well-known persuasive strategy [42, 66].

Prendinger and Ishizuka developed an empathic agent that can measure
and reflect a person’s affective state in a virtual job interview [183]. Skin con-
ductance and heart rate were measured and interpreted as affective states.
They could show that the empathic feedback had a positive influence on par-
ticipant’s stress levels. Becker and colleagues [19] implemented and tested a
virtual agent that utilizes auditory speech, facial and body gestures to reflect
an emotional state, for example, gestures like eye movements and breathing.
The agent was tested in four conditions: non-emotional, self-centered emo-
tional, negative empathic, and positive empathic while playing a Skip-Bo card
game. Empathy was expressed by showing happy emotions when the partic-
ipant won the party or showing sad emotions when the participant lost the
party. They could show that the positive empathic agent was rated signifi-
cantly more caring, more human, and more attractive compared to the other
conditions. Similarly, Pereira and colleagues [178] show that an empathic robot
was perceived as more as a friend than a neutral robot during a chess game.

The findings are in line with the CASA-paradigm [167] that states when
socio-psychological rules are applied, computers can be designed to establish
a form of relationship with the user (see section 2.7).

Misinterpreting or guessing a person’s affective state, on the other hand,
might be an ineffective strategy. It was shown that empathy has positive effects
only in situations when the user’s affective state is correctly matched [44, 173].

Niculescu and colleagues have shown that voice characteristics, such as
pitch, or language cues, like empathy and humor expression, influence inter-
action quality with social robots [168]. In their study, the effects of voice pitch,
humor, and empathy in interaction with a social robot receptionist were in-
vestigated. They found that a high-pitched voice had a strong positive effect
on overall appearance, voice appeal, behavior, and personality. This shows
that voice characteristics influence the perception of a robotic avatar. Nass and
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colleagues [166] show that driving performance can be increased by match-
ing the tone (either an energetic or subdued voice) of the interface with the
driver’s emotions. The studies above show that the voice of a social interface
can have an influence on the perceived personality of the social system, which
can affect driving performance.

2.7 Persuasive Technology

In this section, the persuasive principles by Fogg [66] are investigated. The
Func�
tional
Triad

Per-
suasive principles are approaches to execute behavior or attitude changes suc-
cessfully. Such principles can be derived from theoretical models or cognitive
biases that show systematic errors humans tend to follow.

Fogg divides persuasive strategies into three parts, the so-called Functional
Triad [66]: technology as tools, technology as media, and technology as social
actors. The Triad defines which role technology play regarding persuasion.

ToolsTechnology as persuasive tools aims to simplify tasks and to increase capabili-
ties. This is in line with the TAM’s perceived ease of use, the ability axis on the
FBM. It is also included in the definition of the design guidelines for usability
itself [225], which encompasses effectiveness, efficiency, and satisfaction. Es-
pecially efficiency implies simplicity, because it is a "measure or description of
how quickly and easily a goal can be accomplished" [58, p. 1].

MediaTechnology as persuasive media is divided into sensory and symbolic me-
dia. Symbolic media can be understood as a multi-media content provider. In-
formation is represented in different types, such as text, movies, images, and
others. Sensory media can be understood as providing experiences in the form
of sensory information, for example, VR or simulations in general. According
to Fogg [66], the sensory part is the more important part regarding persuasion.

Social
cues

Fogg proposes five primary types of social cues that can cause technology
to be perceived as social actors [66]: (1) physical, (2) psychological, (3) lan-
guage, (4) social dynamics, and (5) social roles. Physical cues (1) are visual
anthropomorphic cues, like bodies, faces, eyes, and movement. Psychological
cues (2) are based on interaction, communication, and expressions and can be
described as a social actor having a personality. It means that a social actor can
have preferences, humor, empathy, or feelings. Language (3) encompasses the
way a social actor can communicate with a person, and vice versa, for example,
if spoken language can be recognized or if spoken language is used. Social dy-
namics (4) are related to Cialdini’s persuasive principles [42], like reciprocity,
but also encompasses more social strategies, like cooperation or praise. Social
roles mean that the way a social actor presents itself can have an influence on
others. Similar to the social roles of humans, a teacher, a doctor, a teammate,
or a co-driver, influence us differently. These rules also apply when the social
roles are taken by artificial entities.

Credibil�
ity and
Comput�
ers

In addition to the Functional Triad with computers and technology as tools,
media, and social actors, Fogg also defines several principles regarding cred-
ibility and computers. Fogg equates credibility with believability, meaning
that computers have credibility when perceived as a believable information
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source [66]. He also states that computers are more persuasive when comput-
ers are more believable or credible. Furthermore, trustworthiness is stated to
be "a key factor in the credibility equation" [66, p. 123] meaning that a trust-
worthy computer is perceived as truthful, fair, and unbiased, but there is no
guideline for being trustworthy or being perceived as a trustworthy entity [66].
Arguing against their own interest can be a factor for being trustworthy [66]
because it shows that someone, or something, puts their own interests behind
those of another. Besides trustworthiness, expertise or perceived expertise is
another dimension of credibility [66]. Credibility can be achieved through so-
cio-psychological rules similar to the social actor paradigms. For example, by
impersonating social roles. Tesla’s autopilot implies such a role by framing the
automated system as a pilot. Entities can prove or disprove that they are trust-
worthy, for example, by having malfunctions [130]. The difference between
trust and credibility seems to be a matter of definition and personal attitude:
"In my lab, we have an even better solution: we simply never use the word
trust. We’ve settled on words that have more precise meanings to us, such as
dependable and credible." [66, p. 125]. Therefore, a precise definition or differ-
entiation between these terms is omitted.

The persuasive principles by Fogg can serve as a collection and inspiration
to implement and investigate persuasive systems. Therefore, the strategies of
the Functional Triad are listed and explained below. The Triad consists of the
three categories: tools, media, and social actor.

The category tools encompasses the following principles:

Reduction Reducing complex behavior leads to an increase of abil-
ity, which leads to a higher likelihood of performing the
desired action.

Tunneling Guides users through a process. It is similar to reduc-
tion. Here, the cognitive relief of guidance is a form of
simplicity.

Tailoring Tailoring systems to individual needs can be a persua-
sive strategy.

Suggestion Suggestions at appropriate moments can increase per-
suasiveness.

Self-Monitoring Tracking the performance can help to achieve goals.

Surveillance Being observed can lead to performing the desired be-
havior.

Conditioning Positive reinforcement can shape complex behavior.

The category media encompasses the following principles:

Cause and Effect Simulating cause and effect can lead to a change in be-
havior or attitude.
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Virtual Rehearsal The word virtual is key here. It means to provide moti-
vating environments where the rehearsal is pleasant.

Virtual Rewards Rewards are a fundamental aspect of operant condition-
ing [102] and can therefore be an effective persuasive
strategy.

Simulations in
Real-World
Contexts

Similar to cause and effect, this can motivate to change
a behavior or attitude by showing the impact of certain
behaviors.

The category social actors encompasses the following principles:

Attractiveness Visually attractive computer avatars or agents are likely
to be more persuasive.

Similarity Similarity has been proven to be a very persuasive strat-
egy; this also applies to computer agents. If we have
something in common, like a habit, an interest, hobbies,
or other things, we are more willing to comply with re-
quests from that person or entity.

Praise Similar to reward, praise is a form of operant condition-
ing.

Reciprocity Well known in social psychology, this principle also works
in human-computer interaction. If we get something
from someone, we want to give something back as com-
pensation.

Authority Users accept authoritarian roles of computer systems,
similar to human authority.

The category computers and credibility encompasses the following principles:

Trustworthiness Trustworthy entities have higher persuasive power than
untrustworthy entities.

Expertise Expertise consists of knowledge, experience, and com-
petence. Entities with expertise have increased persua-
sive power over non-expertise entities.

Presumed
credibility

This is a preconvinced notion about credibility based on
believability.

Surface credibility Firsthand impression of credibility.

Reputed credibility Third-party endorsement of credibility.

Earned credibility Credibility earned from consistent behavior or actions.

Near perfection Flawless systems have increased earned credibility and
therefore increased persuasive power.
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2.8 Defaults and Opt-Out as Effective Persuasive
Strategy

Defaults can be used when a decision between multiple options has to be
made. For example, granting or refusing permissions: one has to decide be-
tween approval and disapproval. If no option is already chosen and the user
has to select one, it is called opt-in. When a decision is already set, and the
user can either agree or disagree with this default, it is called opt-out. Opt-out
means approval or disapproval to the default choice, opt-in means that no de-
fault is set. Johnson, Bellman, and Lohse [112] showed that it is more effective
to get permission if a default choice is set and this choice is approved. Opt-out
is therefore known to be a persuasive strategy, and its effectiveness has been
confirmed in many areas like organ donations [113], privacy policies [112],
paper subscriptions [23], and retirement plans [165]. The persuasiveness of
defaults is based on several factors. Factors

of
defaultsSimplicity and easiness: Similar to the persuasive principle of reduction [66],

a default option makes the desired choice apparent. An action to perform
the desired choice is not necessary at all [23, 112]. Moreover, humans have a
tendency to avoid decisions [4] which increases with the number of choices
available [224]. A default is, therefore, more resource-efficient than making a
deliberate decision [112].

Endorsement: Having a pre-selected choice can be some kind of a recommen-
dation. This endorsement effect can be an explanation of the persuasiveness
of defaults. A default option can lead to the decision maker’s belief that it
is the recommended choice and, therefore, the best option [23, 112]. Further-
more, it is also assumed to be the most selected option, which leads to social
imitation [224].

Anchor effect: The anchor effect describes an irrational influence of random
and non-informative initial values or starting points on the decision-making
process [39]. A default describes such an anchor that affects the decision-mak-
ing process.

Omission bias: It describes the tendency of choosing the option that does not
require any action [16]. It is assumed that the default effect is grounded in the
value asymmetry of loss aversion [224]. Loss aversion is the tendency of being
more afraid of losses than potential gains when it comes to decision-making
[116]. It is assumed that the default option is viewed as one’s possession. Opt-
ing out would result in losing this option [224].

The default effect combines the persuasive principles of social proof, reduc-
tion, and suggestion, making it effective because it is based on the following
cognitive biases: omission bias, anchor effect, and loss aversion. Moreover,
its effectiveness has been shown in various areas. In the area of automated
driving. Hence, the default effect shows how persuasive strategies can effec-
tively make use of human cognitive biases and was therefore investigated in
automated driving to relieve the driver from the choice of activating the au-
tomation or not.
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2.9 Persuasive Principles in this Thesis

In this thesis, the persuasive principles transparency, timing, anthropomor-
phism, social actors, and opt-out are used. Transparency is closely related to
trust and trust calibration. Thus, trust calibration is also a persuasive princi-
ple investigated in this thesis. Transparency aims to increase acceptance and
trust [99] and is identified as a reason not to use an automation [105].

All experiments in this thesis have elements of transparency. In the Feed-
back/Avatar-study (section 3.1), the Empathy-study (section 3.2), and the Tim-
ing/Personality-study (section 3.3), the system provides feedback on why it is
not overtaking a vehicle. In the Opt-out-study (section 4.1), the system com-
municates when it is able to take control by actively taking control over the
vehicle.

Timing is a crucial factor regarding persuasion [66] and identifying the
right moment is therefore important. In the Timing/Personality-study, it is in-
vestigated whether feedback should be presented when environmental condi-
tions change or when users take actions.

Anthropomorphism through an artificial co-driver is investigated in the
Feedback/Avatar-study, empathic interface are investigated in the Empathy-study.
In the Opt-out-study, ease of use, comfort, and recommendation are underlying
principles of defaults and the opt-out paradigm.

2.10 Ethical Considerations

The act of deliberately influencing someone’s attitude or behavior should al-
ways be questioned in regard to ethical and moral consequences. Although the
basic idea of making traffic safer is characterized by inherently positive moral
values, there is always the aftertaste of consciously guiding or manipulating
people’s decision-making processes.

Thaler and Sunstein coined the term choice architect [137]. It means that
every designer (the designed thing can be anything that is used by others)
has the power to persuade their users. Furthermore, every design leads to a
certain behavior. It is not possible to design a system that does not influence
the behavior of others. The question is, what is the purpose, and what is the
objective of the persuasion. It is the responsibility of the choice architect to
design the system in an ethical way. One of their examples is the architecture
of a cafeteria at the university. The arrangement of the meals alone can have
an effect on the student’s purchasing behavior. This is turn, has an influence
on the student’s health. Setting healthy food on the eye-level or placing the
sugary dessert on an extra lane instead of the end of the bar leads to different
buying habits [137].

The definition for persuasion in this thesis explicitly excludes deception
and coercion. This creates an elementary ethical foundation excluding false
facts and preserves the freedom of choice.

The designer of an automation interface in automated vehicles is a choice
architect. Their design will have an impact on the usage habits of the system
in any case. Their responsibility is to design it as safe as possible. Therefore,
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the question is not should interface designs be persuasive but rather what should
the desired outcome of the persuasion be. ggggMoreover, the desired outcome and
the real outcome can differ. Therefore, it is crucial to test the designed systems
according to their outcome.

In view of these facts, the axiom in this thesis is defined that automated
driving is safer than human drivers. However, this does not represent the
current technological state. Automated driving is not proven to be safer than
human driving, but for the experiments conducted in this thesis, this was as-
sumed to be the case.

Finally, the implementation of the persuasive strategies itself can be faulty,
resulting in more traffic accidents instead of fewer. It is, therefore, a quick
fallacy to conclude that the concepts presented here will only lead to more
traffic safety.

For example, the section 4.1 discusses the opt-out principle where the au-
tomation enables itself in certain situations. There was one participant that
experienced mode confusion, which almost lead to an accident. One conclu-
sion of this research is that the implementation of the principle itself needs to
be non-confusing. That mode confusion needs to be eliminated before even
considering it as a practical, persuasive technique.

On the one hand, this has shown that even principles with good intentions
can lead to bad outcomes. On the other hand, it can be argued that it was a
coincidence that this participant participated at all. If the participant would
not have come to the study, such a finding may not have been discovered.
Hidden flaws may be contained in other prototypes, implementations, and
strategies.

It can also be argued that a safety-enhancing technology also creates cases
where accidents occur that would not have occurred without that technol-
ogy. For example, there are reported injuries caused by randomly deployed
airbags [195], but in summary, airbags prevented more harm than they caused.
Therefore every strategy has to be critically evaluated.

2.11 Summary

In this chapter, the theoretical background regarding persuasion was covered.
By definition, persuasion is the attempt to change attitudes, behaviors, or both.
This is possible because humans tend to have systematic cognitive biases, which
can be exploited. To achieve this, persuasive principles can be used. In this
thesis, technology (e.g., interfaces) is used to persuade drivers to use the au-
tomation in the vehicle.

Persuasion and usability have common principles, but designing persua-
sive systems is not equal to designing usable systems. Still, it can be one of
several strategies, especially when increased usage is the goal of persuasion.

When it comes to the special case of persuading drivers to use an automa-
tion, driver-vehicle cooperation is important because drivers and vehicles have
to cooperate in order to master the driving task effectively. Important as-
pects of driver-vehicle cooperation are a shared situation representation and
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calibrated trust. Therefore, transparency and trust calibration are persuasive
strategies in this context.

Moreover, some personality traits, like sensation-seeking and impulsivity,
can have an influence on automation usage. When designing persuasive sys-
tems, tailoring to individual personality traits can be a supplementary strategy.



38

Chapter 3

The Fog-Circuit Paradigm

The Fog-Circuit Paradigm (FCP) is used in various studies in this thesis. The
paradigm was slightly modified in each study in order to meet the respective
research questions. The first study where the FCP was used was the Feed-
back/Avatarstudy [98] (see chapter 3.1). Changes in subsequent studies are re-
ported in the appropriate sections.

The basic
setup

The idea of the paradigm is to create a scenario to investigate persuasive
strategies that aim to prevent driver initiated driver control (DIDC). This
means a persuasive strategy should aim to persuade the driver to maintain
the automation as long as possible. The route and conditions are designed in
such a way that the motivation to switch off the automation increases over
time. The DIDC is a proactive takeover situation where the driver decides to
take over control by disabling the automation. In this case, a takeover is not
necessary due to system boundaries or malfunctions but originates from the
driver’s willingness to change the vehicle’s behavior, in this case, to overtake
manually.

The ego-car initially drives in an automated mode. The track is a two-lane
road with a slight bend to the left. The left lane has oncoming traffic, and
overtaking is permitted on the whole circuit. After a while, a vehicle (lead
car) that drives slower than allowed approaches and slows down the ego car.
It is assumed that the FCP creates frustration and impatience leading to an
increased willingness to overtake the lead car. As time goes by and with in-
creasing visual range, the urge to overtake increases. The persuasive strategy
should convince the driver to maintain the automation as long as possible, but
it is expected that the participants overtake the car at some point because the
visual range will be high enough at the end. The fact that participants perform
an overtaking action at some point, therefore, does not mean the persuasion
does not work.

Reasons
for the
setup

The visual range is initially very short and should motivate the driver to ac-
cept driving behind the car ahead because overtaking requires the knowledge
of oncoming traffic, which is not given due to the dense fog. The visual range
increases over time in discrete steps by reducing the fog density. The discrete
steps were chosen above a gradually changing visual range to have clearly
separated situations where manipulations, like providing feedback, can be ap-
plied reasonably. This has the effect that overtaking becomes less dangerous
over time. The criticality of the situation decreases over time. The left lane
with potential oncoming traffic creates the critical factor because overtaking
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requires driving on this lane. Thus, the fog defines some sort of criticality mul-
tiplier. The left curvature is used to ensure that the fog is the only parameter
that limits the visual detection of oncoming vehicles and not the car ahead.
The curvature should be as slight as possible to ensure that the fog density de-
fines the visual range. A strong curvature could shorten the visual range and
reveal oncoming traffic too early.

Parame�
ters

The parameters are described for the initial study. Further changes of pa-
rameters are described in the corresponding sections. The use of discrete steps
instead of a continuously decreasing fog depends on the research questions. In
the Feedback/Avatar-study (see chapter 3.1), system feedback was timed with
the changing visual range. The speed limit was set to 100 km/h. This was
used due to the German sample where German traffic regulations define a 100
km/h speed limit on rural roads. The car ahead was caught up after 37 sec-
onds, slowing the ego vehicle down to 60 km/h. The speed of the car ahead
was set with two conflicting factors in mind. First, the car ahead should be
slow enough to trigger the urge to overtake. Second, the car ahead should be
fast enough not to overtake the car instantly. Slowing down to 95 km/h could
mean a speed difference that is too low, where drivers never deactivate the
automation. Slowing down to 30 km/h might be too slow, which could re-
sult in a premature overhaul. The 60 km/h was a result of explorative testing
and educated guessing. The initial visual range was 200 m and increased in
300-meter steps after 120 seconds every 40 seconds, resulting in the following
combination (seconds: visual range): 0 s: 200 m, 120 s: 500 m, 160 s: 800 m, 200
s: 1100 m. After 240 s, the course ended.

The visual range for overtaking the leading vehicle can be calculated by
the distance required by the ego-car to overtake plus potential approaching
oncoming traffic plus safety distances. The ego-car had a linear acceleration of
1.6 m2

s . It took about seven seconds to accelerate from 60 km/h to 100 km/h.
The exact length depends on the driving style, therefore, an approximation
was made by overtaking several times and measuring the distances and du-
ration. From the decision to take over until the overtaking maneuver was fin-
ished and the car was stable on the correct lane, it took 12 seconds on average.
This was calculated by performing several overtaking actions while not ex-
ceeding 100 km/h. During this time, the car traveled about 300 m. Within this
time period, and potential oncoming traffic would drive 335 m when driving
with 100 km/h. This summed up to a distance of 335m + 300m = 635m and
was also defined as the minimum visual range to pass the car ahead safely.

Incen�
tives

An intrinsic incentive to overtake may not be given because the trial al-
ways lasted 240 seconds. This means, driving faster would not result in finish-
ing earlier. Thus, a monetary incentive was used and coupled with the driven
meters. An early overtaking maneuver results in a higher average speed and,
therefore, a higher amount of total meters driven. By this, the reward increases
when overtaking early. The rewards were calculated so that driving automated
the entire time; 6 euros were paid. Participants were told that driving manu-
ally as early as possible and keeping 100 km/h was rewarded with 9 euros.
Everything in between was interpolated linearly and rounded up to the next
integer.

To ensure that participants realize potentially hazardous oncoming traffic,
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a vehicle on the oncoming lane approached at the beginning of the trial after 25
seconds. It was also told that speeding or creating accidents due to a manual
takeover would result in a minimum payout of 6 euros. Creating accidents was
very unlikely because there was only one car oncoming, but participants were
not informed about the frequency of oncoming traffic. The circuit diameter
was 3400 meters.

Limita�
tions

The paradigm may not be suited for multiple trials because participants
could learn that no oncoming traffic exists and that the fog is vanishing in a
predictable way. To counteract this, fog and oncoming traffic could be random-
ized. However, randomized or pseudo-randomized traffic could confound the
results regarding the persuasion because it remains unclear how the presence
and frequency of oncoming traffic affect the decision-making process of over-
taking the vehicle. Thus, the decision for a more controlled experiment was
chosen. A randomized visual range would lead to a whole different paradigm
because the duration of automation with decreasing criticality is the metric for
the persuasiveness of the system. A randomized or pseudo-randomized vi-
sual range would require a different metric. Nevertheless, a lack of repeated
measurements can negatively affect the robustness of the results. The lack of
having multiple trials also means that only the initial response is measured.

In section 3.3, the FCP was used with multiple trials, but participants stated
that they quickly discovered the repetitive and predictive nature of the track.
The limitations of measuring a single reaction are that only an initial response
to the interface and persuasive communication can be measured.

3.1 Feedback and Social Actors

The section is largely based on the following conference paper where
parts of this section were published [98]:

Hock, P., Kraus, J., Walch, M., Lang, N., & Baumann, M.
(2016, October). Elaborating feedback strategies for maintaining

automation in highly automated driving. In Proceedings of the 8th
International Conference on Automotive User Interfaces and Interactive Ve-
hicular Applications (pp. 105-112). https://doi.org/10.1145/3003715.

3005414. Reprinted with permission from ACM.

In this section, the first study that used the FCP is discussed. It is further
referred to as the Feedback/Avatar-study. The goal of this user study (n = 38)
was to investigate the persuasive effect of system transparency through au-
ditory feedback on maintaining the automation in potentially safety-critical
situations. It was further investigated if an anthropomorphic visual avatar can
increase the persuasive effect of auditory feedback. A VR driving simulator
was used to realize the visualization of the co-driver.

A between subject design was used with three conditions (none, audio, co-
driver. In the none condition, no feedback was given, in the audio condition,
spoken feedback was given, and in co-driver condition, additionally to audio
feedback, a virtual co-driver on the front passenger seat was displayed. It

https://doi.org/10.1145/3003715.3005414
https://doi.org/10.1145/3003715.3005414
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was found that system feedback can increase the willingness to maintain the
automation enabled, but the co-driver condition had no increased persuasive
effect on maintaining the automation enabled.

3.1.1 Research Questions and Hypotheses

This study was based on the hypothesis that system feedback provides trans-
parency and increases trust and acceptance in automation. The first research
question is:

Does system feedback have an influence on trust and acceptance
of the automation?

Because trust can affect behavior, this leads to the second research questions:

Does system feedback impact the user’s willingness to maintain
or abort the automation?

The co-driver was supposed to influence the continuation of the automation
further. The third research question is:

Does the co-driver have a greater effect on maintaining the au-
tomation than the auditory feedback?

According to the research questions and based on the literature, the following
hypothesis were derived:

H1a Trust is highest in the co-driver condition.

H1b Acceptance is highest in the co-driver condition.

H1c Trust is higher in the audio condition than in the none condition.

H1d Acceptance is higher in the audio condition than in the none condition.

H2a In the audio condition the automation is maintained longer than in the
none condition.

H2b In the co-driver condition the automation is maintained longer than in
the none condition.

H2c In the co-driver condition, the automation is maintained longer than in
the audio condition.

3.1.2 Method

Experiment Design

The experiment followed a between-subject design with N = 38 participants
in a VR-driving simulator setup. Three different feedback conditions were
used: In the none-condition, no feedback was presented (n = 12). In the au-
dio-condition, auditory feedback was played each time the fog situation changes
(n = 14). In the co-driver-condition, a holographic projection of a co-driver was
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shown along with the auditory feedback from the audio-condition (n = 12).
Feedback (none, audio, and co-driver) served as independent variable.

Dependent variables were: (1) trust in automation [111], (2) acceptance [240],
and (3) the time until the automation was canceled. Acceptance was measured
regarding the automation as well as in the system. Additionally, more person-
ality traits were surveyed exploratively.

Simulator sickness was measured before and after the trial in order to iden-
tify simulator sickness as a confounding factor. It was assumed that partici-
pants with high simulator sickness might behave differently than participants
without sickness symptoms. It could be the case that participants will not
overtake to minimize camera movements which can induce higher sickness.

In the co-driver condition, the appearance of the avatar was surveyed in
terms of uncanniness. A semi-structured interview was conducted after the
study. Participants were asked how useful the given feedback was.

Variables and Measurements

Table 3.1 shows the questionnaires and measurements used in the study. Vari-
ables are categorized in: dependent variables (measurements regarding the
research questions and hypotheses), personality traits and attitudes (to iden-
tify possible influences on automation usage that were not part of research
questions and hypotheses), and control variables (to compare samples and to
explain or understand effects).

Variable Measurement

Dependent variables

Automation cancellation time Logging of relevant data
Trust in automation [111]
System acceptance [240]

Personality traits and attitudes

Self-esteem SES [197]
Technical self-efficacy DES [101]
Self-efficacy ASKU [21]
Sensation seeking [104]
Intention to use [242]
A-priori acceptance [107]
Predispositional trust [154]

Control variables

Anthropomorphism Uncanny, threatening, strange, likable
Simulator sickness SSQ [121]

TABLE 3.1: Variables and according measurement used in the
study.
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As dependent variables, the automation cancellation time was measured
by logging the relevant data in the driving simulator software. System accep-
tance was measured by [240]. After the trial, trust in automaton was measured
by [111].

Personality traits and attitudes were measured by the following question-
naires: The Self-esteem Scale (SES) [197] was used in a translated German ver-
sion [43]. To assess self-efficacy, the Self-efficacy Beliefs scale (ASKU) [21] was
used. The Distance Education Survey (DES) [101] was used to assess tech-
nical self-efficacy. It could be shown that locus of control is closely related
to self-efficacy and self-esteem [115]. Therefore, a high score in self-esteem
and self-efficacy questionnaires can be interpreted as high scores for internal
LOC. To assess the construct of locus of control, the DES, SES, and ASKU ques-
tionnaires were used. Sensation seeking was measured by [104]. Intention to
use regarding the feedback system, as well as the automation, was measured
by [242]. Before the trial, predispositional trust was measured with the ques-
tionnaire by Merrit and colleagues [154]. A-priori system acceptance regarding
Advanced Driver Assistance Systems (ADAS) was measured by [107].

The following control variables were assessed: Simulator sickness was mea-
sured by the Simulator Sickness Questionnaire (SSQ) [121] Anthropomorphism
was measured to identify possible confounding factors due to uncanny val-
ley effects. Therefore, the properties uncanny, threatening, strange, and likable
were assessed using a self-developed questionnaire. Items were assessed on
a 7-point Likert scale as follows: "I perceived the virtual co-driver as <con-
struct>", where <construct> was one of: uncanny, threatening, strange, and lik-
able. Demographic variables were: age, gender, education, possession of driver’s
license, km driven by car by year, accidents in the last 5 years, usage of pc-games,
and experience with VR. The control variables had no significant influence on
the results.

Participants

In total, 38 participants were recruited. 25 female, 13 male, 0 diverse. Recruit-
ment took place via flyers and mailing lists at Ulm University. Participants
were 24 years old on average (SD = 3.54) and had a valid driver’s license for
6 years on average (SD = 3.00). Depending on their performance, 6 - 9 ewere
paid as a reward depending on when the car was overhauled. The study lasted
about 1 hour.

Apparatus

The VR-setup allowed for only having a driving wheel with pedals, head-
phones, and a VR-headset. A VR-setting was used with an Oculus Rift DK2
with a field of view (FOV) of around 100 degrees horizontally and vertically
and a resolution of 960×1080 pixels per eye. A Logitech G27 steering wheel
with pedals was used as an input device. The scene was implemented in Unity
3D. The VR-setting was needed because the virtual avatar could not be ren-
dered with other techniques. Therefore, VR was used to create an augmented
reality (AR) experience.
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3D sound was used to locate the co-driver avatar in virtual space. The
avatar was rendered with a shader that looks like a holographic projection
(see Figure 3.1). The holographic look was necessary because the vehicle was
already in a simulated and rendered scene. Rendering a humanoid co-driver
could otherwise lead to the confusion that the co-driver also simulates a hu-
man being. The co-driver should not be recognized as a human being but as
an artificial humanoid computer system, representing the automation. Ani-
mations were pre-captured using an Opti-Track motion capture system and
mapped onto the avatar to make a more lifelike appearance. Those animations
were mainly hand gestures and idle movements (see Figure 3.1).

Three test scenarios were executed before the trial to familiarize with the
VR-device, the study, environment, and overtaking cars. This included steer-
ing the vehicle, switching between manual and automated mode, and over-
taking a car ahead.

Video

FIGURE 3.1: The avatar used in the study (right) with Op-
ti-Track motion capture process (left). Right image taken
from [98]. Reprinted with permission from ACM. Video avail-

able at https://youtu.be/mi9SubRqdIY.

Procedure

In this study, the FCP as described at the beginning of chapter 3 was used with-
out further modification. At the beginning of the study, a demographic ques-
tionnaire was filled out, followed by an introduction to the study procedure in
written text. At the beginning of the trial, the system introduced itself (audi-
tory) and said to the participants that the system represents the autonomous
functionalities of the vehicle, and that relevant information is communicated
to the driver. In the co-driver condition, the participants were informed about
the presence of the virtual co-driver because of the limited FOV, the VR-device
prevented the recognition of the passenger when looking straight ahead.

When feedback was presented (audio, co-driver), it contained information
that and why the automation did not overtake. The meaning of the sentence
was all the same, but the wording was slightly altered. This was used to pre-
vent the appearance of an immature or poor quality system due to repetitive
and monotone feedback. A subtle change of the feedback should create the ap-
pearance of reevaluating the new situation instead of repeating the feedback

https://youtu.be/mi9SubRqdIY
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over and over again. The reasons did not contain calculations or exact visual
ranges and were formulated vaguely.

The first feedback (200 m visual range, 45 s) was: "The fog is too dense;
therefore, the automation will not overtake the car." Then (200 m visual range,
1.5 min): "The fog is still too dense; therefore, no overtaking maneuver will be
initiated." The third feedback (500 m visual range, 2 min) was: "The fog has,
in fact, declined, overtaking; however, it is still not safe." The fourth feedback
(800 m visual range, 2.6 min) was: "Sight has clearly improved; however, with-
out risk overtaking is not possible." The last feedback (1100 m visual range, 3.3
min) was: "Sight is barely restricted, but there is a certain risk potential; there-
fore, I will not overtake the car ahead."

3.1.3 Results

Cancella�
tion time

The cancellation time of the automation in the conditions none, audio, and
co-driver was analyzed. Participants in the none condition canceled the au-
tomation after 68.83 seconds on average (SD = 30.11s). The audio condition
was cancelled after 154.86 seconds (SD = 65.00s), and after 136.42 seconds
(SD = 67.02s) in the co-driver condition. Figure 3.2 shows the cancellation
times in the corresponding conditions along with the visual ranges and feed-
back. In Table 3.2, the percentage of participants that canceled the automation
in each condition and the visual range is shown. No significant differences
were shown. In the study, every cancellation was followed by an overtaking
action.
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visual range

Condition 200m 500m 800m 1100m no abort
none 92% 8% 0% 0% 0%

audio 29% 36% 7% 0% 28%
co-driver 50% 8% 17% 17% 8%

TABLE 3.2: Visual range where participants canceled the au-
tomation in relation to the conditions: none, audio, and co-driver.
Image and caption taken from [98]. Reprinted with permission

from ACM.

Regarding cancellation, the time difference between the audio and the none
condition was 86 seconds on average. A Shapiro-Wilk-Test for normal distri-
bution was significant (D(38) = .89, p < .01); hence a normal distribution was
not given, a Kruskal-Wallis-Test (χ2(2) = 14.15, p < .01, η2 = .38) reviled a
significant effect. A Bonferroni post-hoc test revealed significant differences
between the none condition and the co-driver condition (H(2) = −12.92, z =
−2.82, p < 0.05) as well as between the none condition and the audio condi-
tion (H(2) = −15.62, z = −3.58, p < 0.01). Between the audio and the co-driver
condition, no significant differences were found (H(2) = 2.70, z = 0.62, p = 1).

Trust, Ac�
ceptance,
Intention
to Use

Trust, acceptance, and intention to use were rated regarding the system
and the feedback. They were rated on a 7-point Likert scale (1 indicating low
values). It was expected that feedback leads to increased trust, acceptance, and
intention to use after the trials [47]. This connection could not be shown. No
significant differences regarding trust, acceptance, and intention to use were
found between the three conditions (see Figure 3.3 and Table 3.3). This could
indicate that the reason to maintain the automation in the none, and audio con-
dition was not influenced by trust, acceptance, or intention to use, but an un-
known factor.
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FIGURE 3.3: Trust, acceptance, and intention to use (after trial).
Error bars indicates standard deviation.
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none audio co-driver

Mean SD Mean SD Mean SD
Trust (feedback) 5.60 .53 5.43 .81
Trust (automation) 5.13 .82 5.35 1.00
Acceptance (feedback) 4.89 1.20 4.04 1.80
Acceptance (automation) 5.23 .77 5.31 .81 5.25 .84
Intention to use (feedback) 5.58 .83 5.35 1.24 5.47 1.25
Intention to use (automation) 5.35 1.14 5.07 1.57 4.58 1.89

TABLE 3.3: Trust, acceptance, intention to use.

Personal�
ity Traits

Correlations are shown in Table 3.4. No significant correlations were found
between the cancellation time and personality variables except for post-trial
trust in automation and cancellation time in the audio group (−.62). A negative
correlation indicates that high trust in the automation correlates with an earlier
cancellation (high trust⇔ early cancellation).

In all groups, a negative correlation between acceptance of the automation
and cancellation time was found (none: −.54, audio: −.53, co-driver: −.47). This
means acceptance of the automation leads to early cancellation. No significant
differences in personality traits between groups were found. This indicates
that the correlations are based on the manipulation, not inherent differences
between groups.

Simulator
Sickness
and Im�
mersion

Simulator sickness was expected to be a reason to maintain the automation
due to minimizing visual movement. To identify if simulator sickness could be
a reason for maintaining the automation, the feeling of discomfort was mea-
sured. The SSQ scores were not used to compare the groups because the SSQ is
stated to be a very insensitive method to measure simulator sickness, and the
discomfort item can be a more sensitive one [95]. A one-way ANOVA with
Bonferroni correction revealed no significant differences between the three
groups (F(2, 35) = 1.02, p = .37). The discomfort was generally rated low.
In the none condition with M = 1.92 (SD = 1.38), in the audio condition with
M = 2.29 (SD = 1.33), and in the co-driver condition with 2.75 (SD = 1.60).
This indicated that simulator sickness was not a confounding factor. Regard-
ing uncanniness, the avatar was rated also rated on a 7-point Likert scale.
Threatening was rated as 1.67 (SD = 1.23) on average, uncanny was rated
as 1.83 (SD = 1.03), and strange as 3.83 (SD = 1.19). It was rated as likable
with 4.42 (SD = 1.72) points.

3.1.4 Discussion

Recap hy�
potheses

In this study, the persuasiveness of auditory and visual feedback was investi-
gated. It was assumed that the persuasiveness has an effect on the cancellation
time of the automation (H2), where the audio group should maintain the au-
tomation longer than the none group (H2a), the co-driver group was supposed
to maintain the automation longer than the none (H2b), and longer than the
audio group (H2c).

Cancella�
tion time

Regarding automation cancellation time, a significant difference between
the none condition, and the audio condition was found where participants in
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cancellation time

Variable none audio co-driver
Self-esteem −.35 .00 .30
Self-efficacy −.26 −.04 .40
Tech. self-efficacy .47 .16 −.09
Sensation Seeking .53 −.09 −.08
Predispositional trust −.10 −.16 .24
A-priori acceptance −.32 −.13 .44
Trust (feedback) −.20 .16
Acceptance (feedback) −.23 −.10
Intention to use (feedback) −.44 −.03
Trust (automation) −.50 −.62? .05
Acceptance (automation) −.54 −.53 −.47
Intention to use (automation) −.26 −.51 −.03
Threatening .02
Uncanny −.17
Strange .26
Likable .07
Sickness .34 .15 −.05

TABLE 3.4: Correlations between variables from questionnaires
and automation cancellation time. Empty cells are missing data
due to the experiment design. Questions regarding feedback
are missing in the none condition because no feedback was pre-
sented. The questions regarding uncanniness could only be
asked in the co-driver condition. A star (?) indicates significant

correlations.

the audio condition maintained the automation longer than in the none condi-
tion. The maintenance of automation in the co-driver group was significantly
higher than in the none group. H2a and H2b could therefore be confirmed.
The duration of automated driving in the audio group was descriptively higher
than in the co-driver group but without significant differences.

Playback
time

The auditory feedback duration was about 5 to 7 seconds. An average dif-
ference of 1 minute and 26 seconds between overtaking the lead car in the none
group and the audio group indicates that the longer automation usage was not
only because participants waited until the feedback was played completely,
but the feedback itself had an effect.

Risk and
range

A visual range of 635 meters was necessary to overtake safely, indicating
that a range of 200 meters is highly risky, and a range of 500 meters may still
bear a certain risk while overtaking. A range of 800 meters could be consid-
ered a safe maneuver. Nevertheless, the decision to overtake the car ahead
was not made by the automation in order to test how effective the persuasive
strategy was when overtaking was safe at this point. Moreover, the assess-
ment of whether the situation is safe or not could differ between participant
and automation. The subject of the study was the effectiveness of persuasion.
Therefore, the subjects were not presented with an ideal system that overtakes
at the ideal time but with a scenario in which the effectiveness of persuasion
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can be tested. All participants in the none condition overtook the car in a po-
tentially dangerous situation, whereas participants in the two feedback con-
ditions acted in safer driving behavior. All in all, this means that there is ev-
idence that system transparency by giving feedback on why the automation
behaves the way it does can prevent manually overtaking in dangerous sit-
uations. The fact that the virtual humanoid avatar also had this effect could
be explained because the auditory feedback was also present and is the actual
cause for the behavior. Even though the uncanniness of the avatar was not
rated very high with 1.83 (SD = 1.03), and the avatar was rated as likable with
4.42 (SD = 1.72) points, the persuasiveness in the co-driver group was not in-
creased. This could be explained by the FOV of the VR-headset of around 100
degrees. In this setup, the avatar was not in the FOV when looking straight
ahead on the road. Participants had to look to their right deliberately to see
the avatar. It has to be pointed out that even though the uncanny rating was
low, interviews with participants reveal that the avatar was still perceived as
uncanny by some participants.

Trust and
accep�
tance

It was assumed that the reason for the persuasive effect is based on trust
and acceptance. For this, trust and acceptance, along with intention to use
were measured regarding the feedback (if present) and the automation itself.
Despite the fact that a persuasive effect in automation usage could be found
due to system feedback, trust, acceptance, and intention to use, scores did not
differ significantly between groups. All hypotheses regarding trust (H1a, H1c)
and acceptance (H1b, H1d) could not be confirmed. Neither the co-driver had
an effect on trust (H1a) or acceptance (H1b), nor the auditory feedback made
significant differences regarding trust (H1c) or acceptance (H1d). Feedback
had a persuasive effect on automation usage, but it is not directly related to
trust and acceptance.

Personal�
ity traits

Considering the correlation of personality traits (see Table 3.4), only one
significant correlation was found where trust in the automation was nega-
tively correlated (−.64) with the cancellation time in the audio condition. This
means that participants that trusted the automation also canceled the automa-
tion early. At first, this seems contradictory. Trusting the automation should
lead to higher usage. In this scenario, however, the automation did not have
to cope with very critical situations. The behavior of the automation was very
conservative and safe. Participants that trusted the automation and overtook
it manually could be more aware of the conservative and safe-driving nature.
A high rating on trust could therefore mean that participants were sure about
the automation to continue driving behind the lead car and therefore overtook
manually. This could indicate a lack of patience rather than a lack of trust.

Simulator
sickness

Generally, a high degree of simulator sickness could lead to a compulsive
reaction of finishing the study as soon as possible. On the other hand, reducing
movements to minimize visual stimuli, for example, by preventing to sheer
off for passing, could also be a strategy. However, the low sickness rating
along with a high immersion rating indicates that participants could identify
themselves as being in the scene sitting in the car and performing as well as
they could.
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3.1.5 Limitations

AvatarThe FOV of the VR-device was limited to about 100 degrees. The avatar was
not visible when looking straight ahead. This could partially explain why no
differences were found between audio and co-driver. The avatar itself was rated
as not very uncanny, but statements of participants after the trial reveal that the
low uncanny score does not reflect the overall mood regarding the avatar. One
reason could be that the values were not compared with other avatars. The
absolute values are therefore hard to interpret. A reason why the avatar was
perceived as uncanny could be that the face, hands, and feet were not animated
due to technical limitations. More statements after the trial indicate that the
link between auditory feedback and the avatar was not given. Thus, for some
participants, the role of the avatar was unclear despite clear instructions and
introduction.

TimingThe first feedback was given after the vehicle slowed down to 60 km/h.
The reason behind this was that the explanation of the behavior should come
after the behavior, which in this case, is to slow down and not overtake. The
timing of feedback might be too late, and participants already made their de-
cision.

SteeringLane-keeping was stated to be very hard. This was due to the generally
low centering spring and force feedback dead zone in the center position. The
perception of speed was generally distorted. Participants accelerated up to 170
km/h in their first test trial.

3.1.6 Conclusion

PatienceIn this study, the Fog-Circuit Paradigm (FCP) was first used to investigate per-
suasive strategies to increase automation maintenance. Results indicate that
feedback can be a persuasive strategy, but it is not based on trust or acceptance
of the automation or the feedback system. Moreover, there is evidence that a
lack of trust was not the reason for disabling but a lack of patience. The feed-
back may have had an inhibitory effect on participant’s patience. Feedback
leads to a shared situation representation, not calibrated trust.

This would also explain why the co-driver had no additional effect on au-
tomation maintenance because it was expected that the avatar would increase
trust. Moreover, trust was not increased in the co-driver condition, presum-
ably because the avatar was not very present due to the limited FOV of the
VR-device. It is assumed that the mere presence of an avatar may also not be
enough. Anthropomorphic characteristics could help to establish a persuasive
communication based on persuasive social strategies. This means an anthro-
pomorphic interface is a basis for an appropriate persuasive strategy based on
the CASA paradigm. Such a strategy could be liking. A likable or sympathetic
avatar could increase persuasiveness compared to a neutral avatar.

As a summary, it could be shown that system feedback leads to less risky
behavior by establishing a longer automation usage.
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3.1.7 Implications

AvatarIt is assumed that the auditory feedback had an effect on participant’s patience.
An effect of the co-driver was not found. It is further assumed that this was
due to the following reasons: (1) The FOV was limited, and the avatar was
only present when deliberately looking at it. An avatar that is more present
to the driver could have an increased persuasive effect. This could either be
achieved by changing the location of the avatar or changing to a wider FOV.
In VR, the FOV is limited by technical implementations. One option could
be to show the avatar in the mirror. Another option is to place the avatar on
the dashboard, but then, a humanoid and life-size avatar is not possible. (2)
The humanoid appearance alone as a persuasion strategy might not be suf-
ficient. Instead, anthropomorphic cues, like a humanoid appearance, enable
persuasive strategies known from human-to-human persuasive communica-
tion. Strategies like liking, reciprocity, authority, or other strategies could then
be applied. This would imply that the avatar should implement a persuasive
strategy on top of being humanoid, for example, by being likable or an author-
ity. The appearance could be changed by wearing a pilot or driver uniform or
by creating a likable character.

TrustThe persuasive effect could not be linked with an increased trust or accep-
tance. In this scenario, the feedback was not a measure of trust calibration but
a shared situation representation. The understanding of the actions could have
lead to decreasing impatience. A situation where a persuasive strategy-based
trust could be effective may require a situation where participants perceive the
situation as dangerously, but in fact, it is not. Feedback could then calibrate
trust appropriately.

Impulsiv�
ity

It was concluded that the feedback had an inhibitory effect on the par-
ticipant’s impatience or impulsivity. Measuring impulsivity and impatience
could give more insights into the assumption that feedback can inhibit impa-
tience or impulsivity.

3.2 Empathic Social Interfaces

In this study with N = 48 participants, the influence of empathy in social
interfaces using the FCP was investigated. This study is also referred to as
Empathy-study.

Anthro�
pomor�
phism

In the Feedback/Avatar-study (chapter 3.1), the avatar had no significant ef-
fect on the persuasiveness. It was assumed that the avatar, as a social actor,
is only persuasive when using a social persuasive strategy besides being an-
thropomorphic. Therefore, the effect on empathic anthropomorphic interfaces
as a persuasive strategy is investigated. The persuasiveness of empathy is ex-
pected to be influenced by the level of anthropomorphism.

ReasonPreviously, significant effects in both conditions, audio and co-driver were
found in comparison to the none condition. The feedback itself is therefore as-
sumed to have a very strong persuasive effect and that this may conceal other,
weaker effects, like anthropomorphism and empathy. Thus, the persuasive ef-
fect of the feedback itself could be mitigated by the explanation of why the
automation will not overtake. Mitigating the persuasiveness of the feedback
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could reveal effects between empathy and anthropomorphism on persuasion
that may be concealed by the feedback itself.

ResultsIt was found that an empathic interface was rejected by the majority of the
participants and, therefore, may not suitable as a persuasive strategy. Further-
more, it was found that several participants wanted a reason for the decisions
of the automation.

3.2.1 Research Questions and Hypotheses

It was shown in the previous study (section 3.1) that feedback had an influence
on the cancellation time. However, the reason why the feedback was persua-
sive could not be found. Furthermore, the co-driver was supposed to lead to a
longer automation usage than the audio condition alone, but this could not be
found.

EmpathyIt was assumed that the co-driver avatar was not persuasive because it
lacked a persuasive strategy besides being a social entity. The assumption was
that social entities themselves might not be persuasive themselves but should
implement a persuasive strategy based on persuasive social paradigms known
from human-to-human communication. In this case, empathy was used as a
persuasive strategy. Moreover, in section 2.6.3, it is shown that empathy can
be a persuasive principle. Therefore, the research question in this study is:

Has an empathic social interface more persuasive power than
a non-empathic interface to maintain automated driving in the
FCP?

Therefore, the hypothesis is:

H1 An empathic feedback leads to a later cancellation of the automation com-
pared to a non-empathic feedback.

Anthro�
pomor�
phism

Regarding the avatar of the previous study, the uncanny valley effect and a
lack of visual presence were assumed as possible reasons for not being more
persuasive than the auditory feedback alone. To counteract both in this study,
the co-driver paradigm was changed to a dashboard interface without human
visual representation. Instead, an abstract voice visualization was used. Be-
sides visual properties, auditory feedback can be more or less anthropomor-
phic by the way information is spoken. This was investigated in a pre-study
(see chapter 3.2.2). This means that lacking anthropomorphic attributes would
lead to a weaker persuasion when using social persuasive strategies. Thus, it is
assumed that a persuasive strategy based on empathy is more successful with
an anthropomorphic voice than a non-anthropomorphic voice; the hypothesis
is:

H2 An anthropomorphic voice giving an empathic feedback leads to a later
cancellation of the automation than a non-anthropomorphic and em-
pathic feedback.

ReasonRegarding the audio condition in the previous study, it was found that auditory
feedback was more persuasive than no feedback, but the reasons for this could
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not be identified. Koo and colleagues [129] show that the content of feedback,
especially communicating the action and reason for a specific automated reac-
tion, is important regarding safety. Furthermore, they argue that participant’s
preferences differ from the overall safest feedback type. The reason why the
automation behaves the way it does was preferred by the majority of partici-
pants. This implies that the reason why the automation acts the way it does is
more persuasive than feedback without a reason. Furthermore, feedback with-
out reason could reveal more insights between anthropomorphism, empathy,
and persuasion. According to this, the hypothesis is:

H3 Communicating the reason why the automation will not perform an over-
taking maneuver is more persuasive than not communicating the reason.

Taking the factors empathy, anthropomorphism, and reason together, the hy-
pothesis is:

H4 The automation usage is highest using empathic, anthropomorphic, and
reasoned feedback among all combinations.

3.2.2 Method

Experiment Design

The study design follows a 2 × 2 × 2 between-subject design. Independent
variables were empathy (empathy, no empathy), anthropomorphism (anthropo-
morphic, non-anthropomorphic), and reason why the automation did not over-
take the lead car (reason, no-reason). This results in the eight groups:

1. no-empathy, no-reason, non-anthropomorphic

2. no-empathy, no-reason, anthropomorphic

3. no-empathy, reason, nonanthropomorphic

4. no-empathy, reason, anthropomorphic

5. empathy, no-reason, non-anthropomorphic

6. empathy, no-reason, anthropomorphic

7. empathy, reason, non-anthropomorphic

8. empathy, reason, anthropomorphic

The empathy condition was achieved by adding empathic content to the
feedback, like: "I know you want to reach your destination faster." The reason
condition was achieved by adding a reason to the feedback, like: "The fog
is too dense," and anthropomorphism was reached by having a professional
speaker. The non-anthropomorphic characteristic was used by distorting the
voice. To achieve this, the audio was split into three identical audio tracks.
Each track was then manipulated individually and mixed together afterward.
The first track was pitched up by 20%. The second was pitched down by -5%,
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and a delay of 0.03 seconds was added to the third track with a fading factor
of 0.6%. The result was a robotic-like voice. Empathy and anthropomorphism
were tested in a pre-study, which is described below.

As a dependent variable, the cancellation time was used along with sev-
eral questionnaires reported in the section 3.2.2. For each situation where au-
ditory feedback was presented, a slightly different variation of the feedback
was used. For example, in the no-empathy, no-reason, anthropomorphic condi-
tion, the first feedback was: "I will not overtake." The next feedback was: "I
will not initiate an overtaking maneuver." Similar to the previous study, this
was used to prevent the system from appearing immature or of poor quality
due to repetitive and monotonous feedback.

Variables and Measurements

Table 3.5 shows the questionnaires and measurements used in the study. Vari-
ables are categorized in: dependent variables (measurements regarding the
research questions and hypotheses), manipulation checks (to verify the effec-
tiveness of independent variables and to identify possible confounding fac-
tors), and personality traits and attitudes (to identify possible influences on
automation usage that were not part of research questions and hypotheses)

Variable Measurement

Dependent variables

Automation cancellation time Logging of relevant data

Manipulation checks

Likability Based on [18, 159]
Anthropomorphism Godspeed [18]
Uncanny valley Based on [38, 91]
Empathy Self-developed

Personality traits and attitudes

Self-esteem SES [197]
Technical self-efficacy DES [101]
Self-efficacy ASKU [21]
Sensation seeking [104]
Intention to use [242]
A-priori acceptance [107]
Predispositional trust [154]
Trust in automation [111]
System acceptance [240]

TABLE 3.5: Variables and according measurement used in the
study.

The dependent variable was the cancellation time of the automation mea-
sured by log data from the simulator.

To check whether the manipulation in each group was successful or not,
the following manipulation checks were used: anthropomorphism, uncanny
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valley, and empathy. The likability scale was self-developed and based on [18,
159]. A semantic differential with the following poles were used:

• "unfriendly" ! "friendly"

• "loveless" ! "lovable"

• "unpleasant" ! "pleasant"

• "malicious" ! "nice"

• "rude" ! "courteously"

• "uncomprehendingly" ! "understanding"

• "bad-tempered" ! "cheerful"

• "unsympathetic" ! "likable"

. Anthropomorphism was measured by the Godspeed questionnaire [18]. To
measure the uncanny valley, items based on [38, 91] were developed. A se-
mantic differential from the following words and their negated counterparts
with "not" in front were used:

• "strange"

• "uncanny"

• "unpleasant"

• "frightening"

• "exciting"

Empathy was measured with a self-developed questionnaire consisting of the
following items:

• "The system is empathic."

• "The system is sensitive."

• "The system emanates warmth."

• "The system is sociable."

• "The system is emotional."

A five-item scale was computed with a Cronbach’s α = .73. The Cronbach’s
α is reported explicitly to emphasize the reliability of the self-developed scale.
Besides manipulation checks in the main study, a pre-study was conducted to
test the voices regarding anthropomorphism and empathy (see section 3.2.2).

Similar to the previous Feedback/Avatar-study in chapter 3.1, personality
traits and attitudes were measured by the following questionnaires: The Dis-
tance Education Survey (DES) [101] for technical self-efficacy. Predispositional
trust [154]. A-priori acceptance forADAS by [107]. For self-efficacy, the (ASKU) [21]
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was used. A translated version [43] of the Self-esteem Scale (SES) [197]. Sen-
sation seeking by [104]. System acceptance was measured by [240], and trust
by [111].

Besides questionnaires, a semi-structured interview was conducted after
the trial. Here, the following questions were asked: Why did participants dis-
able or not disable the automation at that specific point. How did participants
like the assistance system? How would participants rate the audio output?
What was good, what was bad. Any comments on the voice itself. Any fur-
ther comments on the drive or the system. A qualitative text analysis of the
transcribed interviews based on [151] was made.

Pre-study

Study
objective

To verify that the voices differ in perceived empathy and anthropomorphism,
a pre-study was conducted. The third dependent variable, reason, was not
tested because it was assumed that the reason why the automation did not
overtake would be clearly communicated and was recognizable as such with-
out pre-testing.

Partici�
pants

In an online questionnaire with N = 39 participants (30 female, 9 male, 0
diverse) respondents were interviewed. Recruitment took place via email invi-
tation. A 20eAmazon voucher was raffled among all participants as incentive
to participate. Their mean age was 32 years (SD = 11.2). 25% were students,
75% employees in various areas.

Study
design

The study followed a mixed design with the two groups anthropomorphic,
and non-anthropomorphic. Empathy was the within variable. The design was
chosen because it was expected that carry-over effects were strong among the
different voice styles. In each group, participants listened to eight audio sam-
ples, two from each condition: no-empathy, no-reason,no-empathy, reason, empa-
thy, no-reason, empathy, reason. In the main study, each of the eight conditions
had not only two but five different samples, a different one for every time feed-
back was given. The pre-study only tested two of them because the changes
of the dialogues were very subtle, and it was expected that small variations
in the messages, like "I will not overtake" versus "I will not initiate an over-
taking maneuver", would create similar ratings regarding the two dependent
variables anthropomorphism and empathy.

Proce�
dure

Each participant was randomly assigned to either the anthropomorphic or
the non-anthropomorphic group. After a greeting, filling out a consent form, a
sanity check (please select the answer 5 below), and an audio test had to be
passed to ensure that participants could actually hear the voices where partic-
ipants had to listen and repeat a 3 digit code. Then, the FCP was described
(rural road, automated driving in level 31, slow traffic ahead, fog, no overtak-
ing automatically, then a voice output that will be presented next), and partic-
ipants were told to imagine the scene and to put themselves into the scene.

After each audio sample, participants rated the sample on the following
scales: likability, trust, anthropomorphism, acceptance, uncanny valley, and

1It was not described as level 3 but the responsibilities and tasks in level 4 according to the
recommendation in [97].
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empathy (see section 3.2.2). Finally, demographic questions were asked, and
the raffle subscription was offered.

ResultsThe pre-study’s purpose was (1) to test whether the distorted voice was
perceived as less anthropomorphic than the unaltered human voice, (2) to test
whether the empathic samples sound were perceived as more empathic than
the samples without the empathic parts. A mixed ANOVA was conducted
to test for the mean differences above. As visible in Figure 3.4, the non-em-
pathy condition was perceived significantly less empathic than the empathy
condition (F(1, 37) = 101.66, p < .001, η2 = .73), while no significant differ-
ences were found between the non-anthropomorphism and the anthropomorphism
groups (F(1, 37) = 0.09, p < .001, η2 = .002). This means the manipulation
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FIGURE 3.4: Interaction between anthropomorphism and empa-
thy of voice (pre-study).

for empathy was successful. Furthermore, anthropomorphism had no effect
on the perceived empathy in both empathy conditions (no empathy, empathy).
This means that empathy itself is not perceived higher with a more anthro-
pomorphic voice and vice versa. This means that the empathic stimulus is
not perceived as more empathic because it is uttered by an anthropomorphic
voice. Therefore, the alternative explanation that the stimuli empathy was in-
fluenced by anthropomorphism can be ruled out. Hereafter, the influence of
anthropomorphism in combination with empathy regarding persuasiveness is
investigated in the main study.

Figure 3.5 shows the scales for acceptance, anthropomorphism, likability,
trust, and uncanniness for the distorted (low anthropomorphism) and the hu-
man voice (high anthropomorphism). It shows that the voices only slightly
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differ in acceptance, likability, trust, and uncanniness but strong in anthropo-
morphism. This means that the manipulation was successful for low and high
anthropomorphism while only slightly affecting acceptance, likability, trust,
and uncanniness.
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FIGURE 3.5: Mean ratings for acceptance, anthropomorphism,
likability, trust, and uncanniness in the groups no empathy and

empathy.

Participants

A total of N = 48 participants (19 female, 29 male, 0 diverse) took part in the
study with a mean age of 28 (SD = 7). Because five participants disabled the
automation before the manipulation could be tested, these participants were
excluded from the analysis. Half of the sample were students from Ulm Uni-
versity. The other half were employees in various areas. Recruitment took
place through flyers, mailing lists, and personal invitations. Participants had a
driver’s license for 10 years on average (SD = 6.94). Table 3.6 shows the group
sizes for each group after the outlier removal.

Apparatus

For this study, a modified version of the FCP was used. If not stated otherwise,
the same parameters were applied as described in chapter 3. In contrast to the
initial FCP experiment (see chapter 3.1), a non-VR setting was used in this
study. Because pre-tests showed that the fog was perceived differently and
less strong in the non-VR setting, parameters were adapted due to the change
from VR to non-VR. A single oncoming vehicle appeared after 17 seconds.
After 34 seconds, the slower lead vehicle appeared, and fog limited visibility
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to 200 meters. After 48 seconds, the lead vehicle was directly in front of the
ego car, and the visual range was limited to 70 m. Visual range changed in the
steps 70 m, 200 m, 350 m, 450 m, and 550 m. After each step, feedback was
given. Each new step started after 40 seconds.

In the previous study, a VR simulator was used only because the virtual co-
driver could not be rendered without using VR. Thus, the VR setup was not
necessary here. The drawbacks of having a limited FOV and display resolu-
tion in VR were also reasons for not using VR. The change from VR to non-VR
enabled the switch from the Unity 3D game engine to the Simulation Labo-
ratory (SILAB) driving simulator software, which is deliberately designed for
high-fidelity driving simulator studies, created by the Würzburg Institute for
Traffic Sciences GmbH. The FCP was therefore re-implemented using SILAB.
The interface voices were recorded by a male professional speaker. The simu-
lator consisted of a triple-screen setup with a combined display resolution of
5760 x 1080 pixels. As for the steering wheel, the Fanatec Clubsport Wheel-
base V2.5 was used with a 35cm (diameter) steering wheel along with a racing
seat for games. A touch-sensitive screen (1024 x 1280 pixels) on the right-hand
side was used to display the user interface. The elements were mounted on a
specially made aluminum frame. The hardware is depicted in Figure 3.6.

The user interface consisted of a voice visualization on the upper part of
the screen and a status display, and an on/off switch for vehicle automation at
the lower part of the screen (Figure 3.7).

The visualization was used to give the voice a visual embodiment. The
waveform changed in color and size based on the amplitude in different fre-
quencies. The visualization was visible as soon as the automation was enabled.
When the automation was deactivated, the red text "NOT active" appeared in
the status field.

Procedure

Participants were randomly assigned to one of the eight groups. The exper-
iment lasted about 30 minutes. Participants were rewarded with 4 e or 1/2
VPN-hours. Similar to the initial FCP, they could get up to 3 emore, depend-
ing on if they overtake early, late, or never. The additional money would be
gone if they create an accident or disobeyed traffic rules. Participants had to

empathy reason anthropomorphic n
no no no 6
no no yes 4
no yes no 7
no yes yes 5
yes no no 6
yes no yes 6
yes yes no 3
yes yes yes 6

TABLE 3.6: Group sizes for each group after the outlier removal.
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FIGURE 3.6: Hardware setup of the study. The interface was
displayed on the right side of the driver (red).

a b c

Video

FIGURE 3.7: User interface with voice visualization in differ-
ent states: (a) automation off, no voice visualized. (b) automa-
tion off, voice visualized. (c) automation on. Video available at

https://youtu.be/ldWfzvUof2g.

https://youtu.be/ldWfzvUof2g
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fill out a consent form. Then, they were briefed about the experiment, the
automation, and the vehicle controls. They were informed how the interface
works and that it will give auditory feedback. The automation was instructed
that it can handle every situation. Monitoring or takeover requests were not
necessary. This resembles a SAE level 4 automation. Two test drives ensured
that participants are used to the vehicle controls and practiced an overtaking
maneuver. Then, the simulator trial started. It was instructed to enable the
automation at the beginning, but if they deem it appropriate or disagree with
the automation, they could disable and drive manually. Also, they were told
to turn it on again if they please. The experimental drive took about 4 min-
utes. Before the vehicle was in motion, the feedback interface introduced itself
as a personal driving assistant. Depending on the conditions empathy and no
empathy, two different greetings were given. In the no-empathy condition, the
greeting was: "Hello, I am your personal driving assistant. I will communi-
cate relevant information about the vehicle to you.". In the empathy condition:
"Hello, I am your personal driving assistant. I will communicate relevant in-
formation about the vehicle to you. You can sit back and relax while I will
drive you fast and safely to your destination.".

After the drive, a semi-structured interview was conducted. Here, they
were asked about their motives for canceling the automation and their thoughts
about the feedback. Finally, questionnaires regarding the feedback as well as
demographic data were filled out.

3.2.3 Results
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FIGURE 3.8: Mean cancellation time in seconds for all condi-
tions. Ant = anthropomorphism, Res = reason, Emp = empathy. A
crossed-out word means the opposite condition. For example, a

crossed-out Ant means the non-anthropomorphic condition.
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To test the hypotheses H1 - H4, the mean cancellation time in each group
was compared. As test assumptions for the ANOVA were not met (Levene’s
test for variance homogeneity was significant F(7, 35) = 2.48, p < .05) the
non-parametric alternative, the Kruskal-Wallis test was used. No significant
differences were found between the conditions (χ2(7) = 7.16, p = .41). There-
fore, H1 - H4 could not be confirmed.

EmpathyIn order to ensure that the manipulation of empathy and anthropomor-
phism worked, a between ANOVA was performed to test whether there was a
difference in anthropomorphism (see Figure 3.10) and empathy (see Figure 3.9)
ratings of the interface between all groups. For perceived anthropomorphism,
a significant difference occurred (F(7, 43) = 2.98, p < .05, η2 = .37). A
Bonferroni post-hoc test revealed a significant mean difference of 2.7 points
between the anthropomorphism, reason, empathy-group and the no anthropomor-
phism, reason, no empathy group (p < .05). For the empathy condition, the be-
tween ANOVA revealed no significant differences (F(7, 43) = 1.42, p = .23).
A difference in the anthropomorphism group seems reasonable because anthro-
pomorphism and empathy were manipulated. However, no significant dif-
ferences regarding empathy were found, the Figures 3.9 and 3.10indicated a
successful manipulation.

In Figure 3.9, all conditions with empathy are ranked higher than all non-em-
pathy conditions. This indicates a successful empathy manipulation and is
therefore in line with the pre-study.

Ant Res EmpAnt Res Emp Ant Res EmpAnt Res Emp Ant Res EmpAnt Res Emp Ant Res EmpAnt Res Emp
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FIGURE 3.9: Mean empathy rating for all conditions. Ant =
anthropomorphism, Res = reason, Emp = empathy. A crossed-out
word means the opposite condition. For example, a crossed-out

Ant means the non-anthropomorphic condition.

Similar, in Figure 3.10, the groups with the human voice (anthropomorphism)
are ranked higher than the non-anthropomorphism-groups. This indicates that
the anthropomorphism manipulation also worked in the main study as well.
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FIGURE 3.10: Mean anthropomorphism rating for all condi-
tions. Ant = anthropomorphism, Res = reason, Emp = empathy. A
crossed-out word means the opposite condition. For example, a

crossed-out Ant means the non-anthropomorphic condition.

Interview
data

To further investigate possible effects, a qualitative text analysis of the tran-
scribed post-experimental semi-structured interviews was made. Interviews
were conducted after the trial regarding the following questions: "why did
participants cancel the automation", "why did participants re-enabled the au-
tomation", "how would participants comment on empathy in the system", "how
would participants comment on communicating the reason why the automa-
tion behaves as it does", and "how would participants comment on the voice
they hear".

Disabling
the au�
tomation

14 participants stated that they disabled the automation because the sight
was good enough to overtake. Two stated that they realized no counter traffic
would appear in this setup. Three participants stated that their decision to
overtake the car ahead was made as they realized the car would not overtake at
all. Two participants stated that the feedback came too often and that it would
make them aggressive or is annoying. Four Participants hesitated to overtake
because of the curvature, not the limited sight. One participant stated that
the automation was not disabled because it matched their own driving style.
Two participants stated that the distance kept to the lead car was too big. The
comments on disabling the automation indicate that disabling the automation
was mainly driven by the individual assessment of risk, which is based on the
visible range due to the fog, and based on possible oncoming traffic. Based
on the comments, it can be concluded that the discrepancy between the driver
and the system in the assessment of the situation leads to the cancellation of
the automation.

Re-en�
abling
the au�
tomation

All participants re-enabled the automation again right after they executed
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the manual overtake. Ten participants state that they re-enabled the automa-
tion because it was pleasant or relaxing to have one available. Nine partici-
pants stated driving on a rural road is boring, so that the automation should
drive. Two participants stated that they disabled the automation after the
overtaking maneuver due to boredom. Twelve participants stated that trust
in the automation was a reason to re-enable it after the overtaking maneuver.
Based on the comments, it can be assumed that the automation was perceived
as trustworthy and comfortable. Enabling the automation based on boredom
could eventually turn around. A longer drive with the automation could lead
to disabling it.

EmpathyTwo participants commented positively on the empathic feedback. It was
perceived as sympathetic and kind. All other comments (7) regarding empathy
were negative. It was asked how the system could know how the participant
would feel. One stated that it stresses them out. One stated that it is ridiculous
when the interface is empathic. Another one said that the system assumes a lot
about the participant and that it should not do that. The comments on empa-
thy indicate that empathy is not a suitable property a feedback system should
have. A persuasive strategy may not be effective if the system is generally
disliked.

ReasonTwelve participants from groups without providing a reason in the feed-
back stated that communicating the reason would be better. Two of them said
they would have kept the automation longer enabled for a reason. Seven par-
ticipants from groups with feedback said that the feedback is good. No nega-
tive comment on feedback was given. One participant said that giving a reason
indicates that the system really thinks about their decisions. The comments on
giving reasons or no reasons indicate that a system should communicate the
reason for their decisions.

Anthro�
pomor�
phism

Comments on the voice were rather scarce. Three participants in the non--
anthropomorphic groups stated the voice to be scary, unpleasant, and even
impolite. No negative comments about the voice itself were given in the an-
thropomorphic groups.

Individual
cases

Some statements by individuals were interesting. One participant stated
that the computer would probably calculate the safe overtaking distance very
conservatively, taking safety distances into account and no speeding. A hu-
man, on the other hand, can bend the rules slightly, speeding for a few seconds
or reducing the distance to the lead car.

One participant stated that the variations in the answers were good and
that it would feel more like an intelligent entity.

One participant liked that the system feedback was told from the first-per-
son perspective and that feedback with a demanding or ordering character
would be bad.

Another one said that every time he considered disabling the automation,
it gave feedback, just the right time. The participant disabled the automation
after 173 seconds. To compare this, the mean disabling time in the same group
was 139 seconds (SD = 68) and 126 seconds (SD = 67) on average above all
groups.
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3.2.4 Discussion

In the Feedback/Avatar-study (see chapter 3.1), the virtual co-driver had no
higher persuasive power than the voice only-strategy. It was assumed that
this was because: (1) the avatar was out the participant’s FOV, (2) the uncanny
appearance, and (3) the lack of a persuasive strategy based on social communi-
cation. This means being a visual agent alone is not a persuasive strategy. The
strategy on top of being anthropomorphic is necessary, for example, liking or,
in this case, empathy. To counteract the FOV (1), a dashboard avatar was cho-
sen. To counteract the uncanniness (2), a more abstract avatar was designed.
To counteract the lack of a persuasive strategy (3), and the empathic system
was designed.

Hypothe�
ses

The hypotheses H1 - H4 were based on the cancellation time, which had
no significant effects. Therefore, none of the hypotheses could be confirmed in
this study. A persuasive effect of the avatar was not found. A reason for this
may be the small samples in each group. A within-subject design would have
lead to larger group sizes, but because the trials would be very predictable, it
was assumed that order effects would occur. The manipulation of empathy
and anthropomorphism was tested in the pre-study, and manipulation checks
were made in the main study. Results indicate a successful manipulation of
empathy and anthropomorphism. Moreover, interview data indicates that em-
pathy is not an appropriate persuasive strategy to maintain automated driv-
ing. An extension of the experiment to obtain further samples was therefore
not carried out.

Inter�
views

The semi-structured interviews reveal several insights. The main reason
for disabling the automation was because of the good sight. Because the visi-
bility was constantly increasing, participants eventually decided to disable the
automation. The statements why participants canceled the automation were
therefore in line with the expected reasons. Moreover, the feedback tells partic-
ipants why it does not overtake. With increasing visible range, the discrepancy
between the driver and the system in the assessment of the situation increases
until it leads to the cancellation of the automation. However, it could be the
case that the sight was overall too good, so that a persuasive effect could not
be effective.

Re-enabling the automation was mainly driven by convenience and trust
in the system. A persuasive strategy that increases trust may therefore not be
very effective in this scenario because distrust in the system was not given and
therefore not the reason why participants disabled the automation but on an-
thropomorphic empathic feedback. However, interview data implies that em-
pathic feedback is not liked by the majority of participants. A plausible reason
given was that the interface could not know the wishes and feelings of the par-
ticipants. This is in line with the theory of Shamay-Tsoory [210] which states
empathy has an affective and a cognitive component. The affective component
mirrors the feelings and states of another person, and the cognitive component
is to explain the origin of the mirrored feeling; that it must be explained where
these feelings come from in order to be empathic.

A computer system has no affective mind, and it could therefore be strange
that a feedback system expresses empathy. The empathy then becomes fake
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and artificial, which leads to rejecting the system. Providing a reason was
demanded and liked by most participants. It was also stated by participants
that they would have enabled the automation longer if a reason would be pro-
vided.

Based on the interview data, providing a reason why the automation does
not overtake is important. Another promising persuasive strategy was discov-
ered accidentally, as one participant stated to have heard the feedback just the
right time, as he decided to deactivate the automation, leading to a very long
automation usage. The timing coincided purely by chance with the partici-
pant’s urge to disable but a system that could anticipate this urge may be very
persuasive.

Results show that participants were willing to use the automation and even
preferred it over driving themselves. Using or not using the automation is a
conscious decision. According to the ELM, this is on the central processing
route. This means that peripheral cues may not be very persuasive compared
to means that rely on conclusive reasons. In order to comply with the request
and to refrain from overtaking manually, the peripheral route may not very
effective. This might explain that empathy was rejected because it delivers
more but irrelevant information to make a decision while reason was preferred
among all groups.

Implica�
tions

The study was conducted based on the previous study Feedback/Avatar-study
(see chapter 3.1) to investigate the persuasiveness of empathic feedback sys-
tems. Though no significant effects could be found, interview data revealed
that empathy might not be an adequate persuasive strategy. Accidentally, the
timing of one participant’s feedback was perfectly matched with the intention
to deactivate the automation, which was stated to be very effective. The effect
of providing feedback at the right time, just before the decision to disable was
made, is the object of the next study.

Limita�
tions and
future
work

A strong limitation of the study was the small sample size in each group.
Because of the 2x2x2 design, the 48 participants were split into 8 groups. Some
participants had to be excluded, resulting in subgroup sizes of 3-7 participants.
The empathy, reason, non-anthropomorphic group had only 3 participants, and
the no-empathy, no-reason, anthropomorphic group had 4 only participants. This
can be a reason for non-significant results.

Moreover, the question of whether a reason should be given or not was
already answered by [129]. It was found that communicating the reason is
important for safety-critical situations and is in line with the answers of the
semi-structured interview data. Most statements (7/10) regarding the anthro-
pomorphic feedback were negative. Further investigations are necessary, espe-
cially in combination with personality traits, why users prefer or do not prefer
empathic feedback.

It is also possible that the implementation of empathy might be a reason
why people disliked it, not the concept of empathy itself. A real empathic
interface understands the user and reflects the user’s state. The empathic re-
action in this study was based on the assumption that participants want to be
faster, which may not be correct. A future study could: (1) not investigate if
communicating a reason is important because it seems very likely that this is
the case and thus, communicate the reason. (2) Implement a true empathic
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interface that reflects the internal state of the participant. This can be done by
performing manipulation checks. It is also possible to induce certain states,
like boredom, stress, or sleepiness, with appropriate stimuli.

These changes reduce the group size by half and also ensures that an em-
pathic system is used. Moreover, (3) having more participants in each group
are necessary. (4) investigating which participants like or dislike an empathic
interface based on personality variables and semi-structured interviews.

3.3 Timing and Personality

The aim of the studies in this thesis is to persuade drivers to use automated
driving. Thus, to maximize the persuasiveness of the communication. In the
previous studies discussed in chapter 3.1 and chapter 3.2, the reason to trigger
feedback was the change of visual range implemented by fog, thus an envi-
ronmental trigger.

In this chapter, the feedback trigger is the intention for action. The trigger
to playback a persuasive message can therefore be categorized by the source
of reactivity (e.g., workload, environmental, participant’s intention, or action).
Moreover, a different trigger source also implies different points in time when
a persuasive message is triggered and played. Thus, the source of reactivity
can also change the timing of the message.
The persuasiveness of system feedback has been shown in section 3.1 (Feed-
back/Avatar). Furthermore, the empathy study gave an indication that the time
when feedback is presented can be very persuasive. It further indicated that
the moment a driver decides to turn off the automation could be a very ef-
fective moment to provide persuasive feedback. Although this insight is only
based on the statement of an individual test person, chance plays a major role
here in order to link the timing of the feedback with the exact intention to
switch off.

This observation served as an inspiration for this study and raised the ques-
tion of what role the timing of feedback plays. More specific, which is more
specific: the moment when the fog changes or the moment a driver decides to
deactivate the automation? A detailed overview of the theoretical background
regarding timing and persuasion is shown in section 2.1.4.

This study (N = 47) investigates the differences in the persuasion of the
two timing strategies: when fog changes and before participants turn off the au-
tomation. To investigate this, three feedback strategies were used. Participants
received either no feedback (no feedback) as a control group, feedback based on
environmental conditions (environmental condition) similar to the feedback in
the two previous studies, or feedback based on the participant’s intention to
deactivate the automation (reactive condition). A modified version of the FCP
was used. It was assumed that the reactive nature of the feedback might have
an inhibitory effect on impulsive participants. Therefore, several personality
traits were assessed, including impulsivity and sensation seeking.

ResultsIn this study, the feedback strategies had no effect on automation usage
among all groups. However, evidence was found that sensation seeking and
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impulsivity influence automation usage. This study is also referred to as Tim-
ing/Personality-study.

3.3.1 Research Questions and Hypotheses

Based on the related literature, the following research questions and hypothe-
ses are formulated. The research questions are:

Can the results from the Feedback/Avatar-study be reproduced?

Is the reactive feedback more persuasive than the environmental
feedback?

H1a Participants deactivate the automation earlier in the no feedback condition
compared to the reactive and environmental condition.

H1b Participants deactivate the automation earlier in the environmental con-
dition compared to the reactive condition.

The next research question is, is impulsivity correlated to deactivation time.
For this, questionnaires (see section 3.3.2) and the Go/No-Go task were used.
Because personality influences risky driving, it is assumed that impulsivity
can be a predictor of risky driving and, therefore, might also predict early au-
tomation cancellations.

H2a A higher self-reported impulsivity is associated with an earlier deactiva-
tion of the automation than lower impulsivity.

H2b An earlier deactivation of the automation is associated with higher re-
action times to go-stimuli in the Go/No-Go task compared to a later
deactivation.

H3a The effect of H2a/H2b is larger in the no feedback condition compared to
the environmental and reactive condition.

H3b The effect of H2a/H2b is larger in the environmental condition compared
to the reactive condition.

Besides impulsivity, sensation seeking is a predictor of risky driving.

H4 Higher sensation seeking is associated with an earlier deactivation of the
automation than lower sensation seeking.

H4a The effect of H4 is larger in the no feedback condition compared to the
environmental and reactive condition.

H4b The effect of H4 is larger in the environmental condition compared to the
reactive condition.
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3.3.2 Method

Experiment Design

The study followed a one factorial within-subject design with repeated mea-
sures. Condi�

tions
Feedback was used as an independent variable with the three levels: No

feedback, where participants received no feedback while driving automated.
Environmental, where participants received the auditory stimulus when the vi-
sual range changed, (similar to the Empathy and Feedback/Avatar studies in the
sections 3.1 and 3.2). Reactive, where participants received feedback based on
their own action to deactivate the automation. Each participant received all
feedback types in a randomized order. As a dependent variable, the initiation
of a takeover was used. It was instructed to only deactivate the automation
when a takeover is about to be performed. Thus, a takeover initialization was
operationalized by deactivating the automation.

Variables and Measurements

Table 3.7 shows the questionnaires and measurements used in the study. Vari-
ables are categorized in: dependent variables (measurements regarding the
research questions and hypotheses), manipulation checks (to verify the effec-
tiveness of independent variables and to identify possible confounding fac-
tors), and personality traits and attitudes (to identify possible influences on
automation usage that were not part of research questions and hypotheses).

Variable Measurement

Dependent variables

Automation cancellation time Logging of relevant data

Manipulation checks

Feedback strategies Self-developed
Predictability of the system [147]
Reliability of the system [147]
Immersion Based on [140]

Personality traits and attitudes

Behavioral Impulsivity Go/No-Go task [142]
Characterological Impulsivity [155]
Sensation seeking [104]
Conscientiousness [32]
Extraversion [32]
Trust in automated systems [182]

TABLE 3.7: Variables and according measurement used in the
study.

The dependent variable was the cancellation time of the automation mea-
sured by log data from the simulator.

The following additional personality traits and attitudes were measured:
sensation seeking, impulsivity, conscientiousness, extraversion, and trust in
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automation. Impulsivity was measured by questionnaires and by using a
Go/No-Go task similar to [204]. To measure the characterological aspect of
impulsivity, a translated version [155] of the Barratt Impulsiveness Scale [17,
177] was used. Sensation seeking was measured by [104]. The behavioral com-
ponent of impulsivity is related to response inhibition [29] and was measured
with the Go/No-Go task [142] which originated from the Stop Task [142]. Con-
scientiousness and extraversion were asked using [32]. Trust in automated
systems was measured by [182].

Manipula�
tion
check

To check whether the feedback strategies were successfully manipulated,
it was asked for the perceived correlation between the feedback timing and:
road condition, weather condition, and own behavior . The three response
options correspond to the two feedback conditions environmental, and reactive
(listed as Feedback strategies in Table 3.7).

For this, six items regarding automation feedback were used. First, it was
asked whether feedback was heard or not: "Did you hear a system feedback of
the automation?" (in the no feedback condition, participants did not hear feed-
back and answered no, and no further questions were asked in this case). In
the other conditions, the following questions were asked on a 7-point Likert
scale: "The system feedback of the automation was dependent on the road
condition.", "The system feedback of the automation was dependent on the
weather.", "The system feedback of the automation appeared at regular inter-
vals.", "The system feedback of the automation was tuned to my behavior."
During the experimental trials, participants could deactivate the automation
to overtake manually. After an overtaking maneuver, it was asked verbally
what feeling of safety and frustration participants had. Two items were used
on a 7-point Likert scale:

• "How safe did you felt that you could overtake the preceding vehicle
without endangerment?"

• "How frustrated did you feel before the overtaking maneuver?".

A successful manipulation would mean that the weather is rated high as a rea-
son for the feedback in the environmental condition and that the own behavior
is rated high as a reason in the reactive condition. Road conditions were used
as a distractor.

Additionally, predictability and reliability of the system by [147] were mea-
sured to check if order effects occur due to the within-subject design. Immer-
sion based on [140] was used to assess the realism of the driving simulation.
Electrodermal activity (EDA) and heart rate (HR) was also measured using a
LiveAmp system by Brain Products.2

Participants

The sample consisted of N = 46 participants. (80% female, 20% male, 0%
diverse). Five participants had to be excluded due to technical issues with
either the driving simulator or data recording. On average, participants were

2The recording and evaluation of psycho-physiological data is not the scope of this thesis.
For the sake of completeness, this is reported in the methods section.
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24.50 (SD = 4.88) years old. They held a valid driver’s license for 7.17 (SD =
4.24) years on average. As compensation for participation, they received either
20 e or credits points (for psychology students only). They could also achieve
an additional incentive of up to 3 e depending on their performance during
the experiment, similar to the original FCP.

Apparatus

SimulatorIn the study, a fixed-base driving simulator was used as driving simulator soft-
ware SILAB by the Würzburg Institute for Traffic Sciences GmbH was used.
The hardware consisted of three projection screens with a height of 2.10 m and
3.30 m in width each. The projected scene has a resolution of 5760 x 1080 pix-
els and a FOV of approximately 190 degrees. Participants were seated in a seat
box that visually resembles a car but is made of an iron frame with a fabric
cover (see Figure 3.11).

FIGURE 3.11: Driving simulator seat box with projection
screens.

Sensor
and
interface

A touch screen to the right (1024 x 1280 pixels, 33.9 x 27.15 cm) served as a
display for the user interface. The reactive feedback was implemented using
an ultrasonic sensor build on a Raspberry Pi 3. The sensor was placed 20 cm in
front of the screen in order to create the feedback before the touch screen was
touched (see Figure 3.12).

The software could detect incorrect, missing, and repeating values so that
in case of a sensor failure, the touch screen automatically served as a backup
system. When the sensor failed, a touch on the screen triggered the feedback.
A seconds backup system was also installed where the experimenter could
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pre-touch sensor

20 cm

sensor area

touch screen

FIGURE 3.12: Left: simulator seat box with ultrasonic sensor
(red). Right: schematic cross section of the sensor placement.

manually trigger the feedback with the aid of a small camera which was di-
rected to the touch screen. The display was evaluated by several HCI experts
in usability and readability. Contrasts and font sizes were also considered. All
experts concluded that the fonts were big enough, and the contrasts were high
enough to see all information clearly.

The interface with the different states is shown in Figure 3.13.
TrackThe track can be divided into multiple parts. As the participants had to

drive all three conditions, the track was divided into three identical parts where
only the feedback differed; these parts are called conditional parts (see Fig-
ure 3.14. Each conditional part had a start (2000 m, 636 m radius) where over-
taking was prohibited. After that, the circuit started, which was a topological
loop where new segments were added while driving. The slight bent created
the appearance of a loop, but theoretically, the track could also be a straight
line. After each segment, the track could either be continued as a topological
loop, or the loop could be broken, and a new trial could be initiated. This was
necessary because participants had to drive a certain amount of time in the
loop independent of their speed (caused by a slow lead car). Depending on
overtaking the car or driving behind the slow lead car, a different amount of
segments were necessary. Therefore, the scenario could not be implemented
using a static course. After the circuit had ended, an intermediate segment
was added that connected the old conditional part with the new one. The new
conditional part started again with a start segment where overtaking was pro-
hibited (2000 m, 636 m radius) followed by the topological loop. The third con-
ditional part ended with a 1000 m straight ending segment where stop signs
indicate that the trial was over after 500 m. Oncoming traffic only appeared in
the start segment and the intermediate segment. The slow lead car appeared
on the start segment.

Start
segment

The visual range on the start segment was 840 m. The no-overtaking rule
was visualized by a traffic sign, a continuous line, and a small no-overtaking
sign on the dashboard. If participants oversaw all three rules (which hap-
pened) and tried to disable the automation (which was briefed to be allowed
only to overtake), a warning sound was played, and the no-overtaking sign on
the dashboard began to blink. Three approaching vehicles on the contraflow
lane were used to show that contraflow could occur in the experimental drives.
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a b c

d e f

Video

FIGURE 3.13: The automation interface with the different states:
(a) the automation is disabled, and overtaking is prohibited. (b)
The automation is enabled, overtaking prohibited. (c) The au-
tomation is enabled, overtaking is allowed. (d) A participant
is touching the unlock button; the unlock button is showing a
blue radial progress bar that is slowly filling counter-clockwise
within 5 seconds. (e) The progress bar is almost filled. (f) The
disable button is unlocked for 5 seconds; a driver can now de-
activate the automation. If nothing is pressed within 5 seconds,
the interface is set to (c), otherwise (a) (with or without the over-
taking prohibited sign). The interface was identical in all condi-
tions. Note that the visual representation in reality differs. Espe-
cially font sizes and contrasts. During the experiment, font sizes
and contrast were much larger and clearly visible. Video avail-

able at https://youtu.be/xjRA0D3mvJ8

https://youtu.be/xjRA0D3mvJ8
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FIGURE 3.14: The track of the main study.

After 50 seconds, the slow lead car (60 km/h) appeared. The automation fol-
lowed the vehicle because of the ban on passing. Loop

segment
40 seconds after the lead car

appeared, the fog became denser, limiting the visual range to 100 m. Simulta-
neously, the ban on passing disappeared, and the circuit segments started. The
visual range changed four times every 40 seconds until a visual range of 400
m was reached (0 s: 840 m; 90 s: 100 m; 130 s: 175 m; 170 s: 250 m; 210 s: 325 m;
250 s: 400 m). Interme�

diate
segment

After each conditional part, an intermediate segment was used
to transition between the three conditions. If participants did not overtake the
lead car, the lead car accelerated very fast and disappeared when out of sight.
Thus, no lead car was present in the intermediate segments. This segment was
1600 m long, had a 600 m straight part, and a 1000 m right turn part with a 635
m radius (Figure 3.14, details). An oncoming vehicle indicated that oncom-
ing traffic was still possible. Overtak�

ing visual
range

A minimum visual range of 478 m was necessary
to overtake the car ahead. This was assessed by recording several overtaking
maneuvers where one maneuver lasted approximately 10 seconds, where the
ego-car traveled about 200 m. An approaching vehicle with 100 km/h drove
278 m; this adds up to 478 m.

Procedure

The procedure is depicted in Figure 3.15 Participants were welcomed and had
to sign a consent form. An introduction of the driving simulator was given,
followed by 2 familiarization trials. The first trial was a manual drive, and
the second was an automated drive. The purpose of the training was based
on [96]. The manual trial aimed for the adoption of the vehicle dynamics,
familiarization with the interior, and reduction of simulator sickness. The au-
tomated trial aimed for familiarization with the interface and the transition
between manual and automated mode, reducing novelty effects and learning
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the capabilities of the automation. Each familiarization trial lasted about 3.5
minutes. Before the actual trials, a Go/No-Go task was performed as a base-
line measurement. Then, electrodes for HR and electrodermal activity (EDA)
were mounted. Then, the experimental trials were performed. Here, every
condition (no feedback, environmental feedback, reactive feedback) was tested in a
randomized order. In each of the three trials (Figure 3.15: trial repetition),
participants were tested with the same feedback three times (see Figure 3.14:
conditional part 1 - 3). This means a participant could encounter the follow-
ing trials: reactive, reactive, reactive, no feedback, no feedback, no feedback, environ-
mental, environmental, environmental, but not environmental, reactive, no feedback,
environmental, reactive, environmental, reactive, no feedback, no feedback. Each trial
took 20 minutes. This means participants experienced the FCP 9 times. Pure
driving time was 67 minutes (3.5 + 3.5 + 20 + 20 + 20).

welcome

consent form

introduction

familiarization (manual) trial I

familiarization (automated) trial II

Familiarization

feedback questionnaire

Go/No-Go task

one of [no | environmental | reactive] feedback

Trial repetition

interview

debriefing

questionnaires

Post TrialGreeting

Go/No-Go task

mounting of electrodes

Pre-Trial
3x

FIGURE 3.15: Study procedure.

After participants had overtaken the vehicle (which was possible 9 times in
total, 3 times for each condition), they were asked verbally about their feeling
of safety to overtake and about their frustration prior to the overtaking ma-
neuver. After each trial, a questionnaire regarding the perception of the feed-
back timing was asked (Figure 3.15: feedback questionnaire). After each trial,
a Go/No-Go task was performed. After all trials, more questionnaires were
asked (see section 3.3.2), and a semi-structured interview about conspicuities
during the study, their impression of the automation, and the reason why they
decided to overtake the vehicle was conducted. The study lasted about 2.5
hours.

3.3.3 Results

Takeover
time

Then intention to take over the lead car was measured by deactivating the
automation because the deactivation was instructed to be only allowed when
participants want to overtake. The deactivation times were measured from
the moment the overtaking ban was lifted. The duration of an active automa-
tion in all three conditional parts was averaged. The point in time the lead
car began to accelerate to disappear was the end of the duration measurement
if participants did not overtake at all. Order

e�ects
Initially, a within-subject design with

repeated measures was used. Because the relevant situation was repeated 9
times, one goal of the post-trial interviews was to identify if the scenario was
predictable. Interviews revealed that 54% of the participants stated that the
scenario was predictable. Moreover, participants could foresee that no on-
coming traffic in specific parts was implemented and that this influenced their
behavior. Despite a randomized order of conditions, a hierarchical analysis
revealed that the automation was deactivated significantly earlier in each trial
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independent of the condition (β = −.32, t(91) = −3.87, p < .001). In the first
trial: M = 128.26 (SD = 68.01), in the second trial: M = 107.04, (SD = 72.07),
in the third trial: M = 104.23 (SD = 73.18). To counteract this, only the first
condition of each participant was analyzed. Therefore, a between-subject de-
sign was used in hindsight.

Sensor
error

During the course of the experiment, it turned out that the ultrasonic sensor
was malfunctioning. It was assumed that the results might be confounded
by false positives, and participants may have heard feedback without initial
reaction. This only affects results encompassing the reactive condition because,
in the other conditions, the sensor data was ignored.

There were several reasons why the sensor was not identified as faulty in
an early state. Before the experiment started, the sensor was tested over 8
hours without showing any errors. During this time, no false positives could
be measured. Therefore, no sensor error was initially assumed during the ex-
periment. Because the sensor produced only correct data or false positives,
and the subjects’ hand gestures were difficult to see from the seat on which
the experimenter was sitting, the sensor error had not been directly identified.
Several tests of the sensor between the collection of subjects showed no un-
usual readings, and the errors appeared to occur only in subjects. Therefore,
findings were limited to observations during the study. In addition, it was
not until late in the study that it was recognized that there might be prob-
lems with the sensor. Eventually, sensor errors occurred even in subjects who
showed no movement. Afterwards, the sensor was deactivated and replaced
by a camera system in which the experimenter manually triggered an event as
soon as a hand movement towards the interface was observed. However, the
changeover occurred very late, so that it was only possible to ensure that no
sensor error occurred in 4 subjects.

The reason why and when the sensor produced false positives was never
found. To prevent further issues while pre-detecting touch inputs, intensive
testing for false measurements in real study conditions is important. Another
solution is to use a camera-based system where pre-touch is detected by obser-
vations. Although, this relies on the assessment of the observer and may not
be equal among all participants.

Manipula�
tion
check

In the feedback conditions, participants received feedback either based on
the visual range (environmental) or based on their own behavior (reactive). To
test if participants recognized what the reason for the feedback trigger was, it
was asked for the reason for the feedback. The options road condition, weather
condition, and own behavior were possible answers. The road condition was a
distractor. A successful manipulation required that participants perceived the
timing in the environmental condition as depending on the weather conditions
and in the reactive condition depending on their individual behavior. Rating
of the weather conditions-related item should be higher for the environmental
feedback compared to the adaptive feedback. For the reactive feedback, the
rating of the individual feedback item should be higher compared to the envi-
ronmental feedback. As a control, the mean values for the traffic condition item
should not differ significantly.

A paired-samples t-test was used to test the differences between the two
groups. For the weather item, the rating for the environmental feedback (M =
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6.60, SD = 1.01) was significantly higher compared to the reactive feedback
(M = 5.76, SD = 1.46), (t(41) = 3.43, p = .001). For the individual be-
havior item, the reactive feedback (M = 3.88, SD = 1.97) was rated signifi-
cantly higher than the environmental feedback (M = 1.90, SD = 1.27), (t(41) =
−5.76, p < .001). No significant difference (t(41) = 0.92, p = .36) in the of the
road conditions item was found (environmental M = 5.38, SD = 2.08; reactive
M = 5.10, SD = 1.94), This implies that the manipulation was successful.

H1a, H1bIt was assumed that the automation is maintained longer in the conditions
with feedback compared to the condition without feedback (H1a) and that the
reactive feedback leads to the longest automation usage (H1b). Figure 3.16
shows the automation usage in seconds for each condition. The automation
was maintained longest in the environmental condition (M = 136.80, SD =
72.99), shortest in the no feedback condition (M = 120.21, SD = 61.36) and in
between was the reactive condition (M = 130.28, SD = 73.85). An ANOVA
revealed no significant difference between the three conditions (F(2, 43) =
0.21, p = .809). H1a and H1b could not be confirmed.
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FIGURE 3.16: Automation deactivation time (in seconds) for
each condition. Error bars = SD.

Impulsiv�
ity

It was assumed that impulsive participants canceled the automation earlier
than less impulsive participants (H2a/b). This could be tested using a self-re-
ported impulsivity rating (H2a) or the Go/No-Go task (H2b). It was further
assumed the feedback has an inhibitory effect on the impulsivity, and there-
fore, the effect of H2a and H2b is larger in the no feedback condition compared
to the feedback conditions (H3a) and that the effect is larger in the environmen-
tal condition compared to the reactive condition (H3b). It could be shown that
more impulsive drivers were expected to disable the automation earlier than
less impulsive drivers (see Figure 3.17). For this, a linear regression was used.
Impulsivity was used as the predictor, and the criterion was deactivation time.
The linear regression was significant, (β = −.35, F(1, 44) = 6.16, p < .05). H2a
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could be confirmed. High impulsivity predicts an early deactivation of the
automation.
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FIGURE 3.17: Linear regression for impulsivity (questionnaire)
and automation usage.

Go/No-Go
task

To compare the scores from the Go/No-Go task with the self-reported im-
pulsivity ratings, a linear regression was used. Impulsivity was used as the
predictor, and the criterion was the reaction time in the Go/No-Go task. The
linear regression was not significant. To test H2b (high impulsivity assessed
with the Go/No-Go task results in early automation deactivation) a linear re-
gression was used with impulsivity (measured as reaction time in the Go/No-Go
task) as the predictor, and deactivation time as the criterion. The linear regres-
sion was not significant. H2b could not be confirmed. It was further assumed
that the effects described in H2a and H2b are larger in the no feedback condi-
tion compared to the environmental and reactive condition. A linear regression
for both the self-reported impulsivity as well as the Go/No-Go task was not
significant. H3a could not be confirmed. Comparing the environmental and re-
active conditions regarding automation cancellation and impulsivity measured
with the Go/No-Go task, a linear regression for both the self-reported impul-
sivity as well as the Go/No-Go task revealed no significant effect. H3b could
not be confirmed.

Sensation
seeking

Besides impulsivity, similar effects were assumed to occur with sensation
seeking. Thus, H4 states that it was assumed that participants that score high
on sensation seeking (sensation seeker) canceled the automation earlier than
participants that score low on sensation seeking (non-sensation seeker). More-
over, the effect of H4 is larger in the no feedback condition compared to the
feedback conditions (H4a), and that the effect is larger in the environmental
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condition compared to the reactive condition (H4b). It could also be shown that
sensation-seeker deactivates the automation earlier than non-sensation seeker.
On average sensation seeking was M = 4.57 (SD = 1.06). There was descrip-
tively a negative association between sensation seeking and the deactivation
time (see Figure 3.18). A linear regression revealed that sensation seeking sig-
nificantly predicted the deactivation time (β = −.36, F(1, 44) = 6.42, p = .015).
H4 could be confirmed. A significant difference between the no feedback con-
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FIGURE 3.18: Linear regression for sensation seeking and mean
deactivation time.

dition and the environmental and reactive condition (H4a) could not be found.
Also, a significant difference between the environmental and reactive condition
(H4b) could also not be found.

3.3.4 Discussion

SensorBecause the sensor very likely produced false positives during the experiment,
results regarding the reactive group should be interpreted with caution. This
means H2a, H2b, and H4 are not affected by the sensor failure. H2a and H4
could be confirmed in this study. Furthermore, the sensor error only resulted
in giving more feedback, never less. This means feedback was always pro-
vided when participants were about to deactivate, but also on random events.
Therefore, the effects that compare the feedback versus the non-feedback con-
ditions where the environmental and reactive feedback was merged is less af-
fected by the error. The hypotheses H1b, H3b, and H4b have a direct compar-
ison between environmental and reactive feedback. The hypotheses H1a, H3a,
and H4a have such a merged comparison. Reasons for the sensor failure could
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not be found in tests after the study. One explanation was that the sensor
was implemented correctly but placed too close to the steering wheel. An arm
movement on the steering wheel could then falsely be interpreted as a deac-
tivation attempt. However, the experimenter reported false positives when
participants did not move at all. Another explanation was electromagnetic
interferences in the driving simulator when the simulation and psychophys-
iological data recording were active. Identifying the reason would therefore
require more investigation.

Impulsiv�
ity and
sensation
seeking

High impulsivity seems to predict an early deactivation of the automation
in the FCP. This is in line with the findings of [29] that could show that im-
pulsivity influences the driving behavior in manual driving negatively. Fur-
thermore, sensation seeking also seems to predict an early automation deac-
tivation. A similar finding in manual driving was also found [114]. Payre
and colleagues [107] found a positive correlation with sensation seeking and
automation usage but argue that this was the result of a novelty effect.

TimingNo significant differences were found regarding deactivation times and
the different feedback conditions no feedback, environmental, and reactive. This
seems at first to be in contradiction to the Feedback/Avatar-study in chapter 3.1
in which feedback influenced the maintenance of the automation. Both studies
differ in the baseline conditions where no feedback was presented. In the ini-
tial FCP-study, most participants disabled the automation on the first fog level.
In the current study, participants maintained the automation until the fourth
fog level. An explanation could be that the visual range and, therefore, criti-
cality was generally perceived as less compared to the Feedback/Avatar-study.

Reactive
feedback

A difference between the environmental and reactive conditions could not be
found, and results are possibly confounded by the sensor errors. However,
interviews revealed the feedback in the reactive condition was already too late.
It can be explained by the Rubicon model of action phases by Heckhausen
and Gollwitzer [85], that describe the decision-making process in 4 phases: (1)
the pre-decision phase, (2) the pre-action phase, (3) the action phase, (4) and
the post-action phase. Participants that decide to cancel the automation are
already in the action phase, and their decision to deactivate is made. Some
participants stated that the timing of the feedback was too late and that they
perceived it as irritating. They stated that it was provided when their decision
was already taken. The idea of this study emerged from the Empathy-study,
where one participant received the feedback by chance at the opportune mo-
ment and did not disable the automation. However, that moment may have
been in an earlier phase of action. This indicates that the hypotheses H1a and
H1b are not confirmed even if the experiment is repeated with a correct sensor.

Manipula�
tion
check

High standard deviations in the manipulation check regarding the reason
for the feedback indicate that participants had difficulties attributing the cor-
rect reason for the feedback that was presented. This especially applies to the
reactive feedback. Even though the feedback could not be attributed by every
participant correctly, the reactive feedback may have been perceived subcon-
sciously. It is up to future research whether the instruction that the feedback is
triggered by an actual action of the participant leads to different effects.
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3.3.5 Limitations

The within-subject design was reported to be predictable by participants and
thus is likely to create order effects. A hierarchical analysis confirmed that. The
validity of the second and the third trial was limited. To achieve a non-predic-
tive design, the scenario could be varied between the trials. Oncoming traffic
could be applied sporadically in the trials. Because the ultrasonic sensor trig-
gered false positives (feedback without any movement), the study could be
repeated with a more robust measurement. However, interviews show that
the feedback timing might already be too late to have a persuasive effect. The
sample composition was unbalanced with mostly young female participants.
The impulsivity score was overall low and within a small range. A stronger
correlation may emerge if the sample would have a larger variance with re-
spect to impulsivity.

3.3.6 Conclusion

In this study, the FCP was used to investigate two persuasive feedback strate-
gies against a baseline (no feedback) condition without feedback. The feedback
differed by the reason what triggered it and, therefore, also by the time when
it was triggered. In the environmental condition, the feedback was triggered
by the change of the visual range, similar to the Feedback/Avatar-study and the
Empathy-study in the chapters3.1 and 3.2. In the reactive condition, the feed-
back was triggered as soon as a participant reached out the hand to disable
the automation. Due to a sensor malfunction, the interpretation of the results
was limited, but interviews suggest that the timing to present the persuasive
feedback must be applied earlier than in the middle of the action to disable.
Furthermore, a correlation between an early cancellation of the automation
and sensation seeking as well as between an early cancellation of the automa-
tion and impulsivity was found. This indicates that in order to establish a
persuasive strategy to delay or prevent disabling the automation in such risky
overtaking situations, personality traits like sensation-seeking and impulsivity
should be taken into account.

3.4 Chapter Conclusion

In the avatar study, it was found that the persuasive factor of the feedback was
not trust but transparency and thus a shared situation representation, which is
a key factor for human-machine cooperation. Furthermore, the gain in system
transparency by communicating the reason for the automation behavior was
assumed to lead to an inhibition of the urge to cancel the automation. In this
study, the co-driver avatar was not more persuasive than the feedback alone.
Possible reasons for this were identified: (1) the FOV was too small, and thus
the avatar was not visible when not explicitly looked at. (2) The avatar was
perceived as uncanny. (3) The avatar had no persuasive strategy except being
present. The latter was investigated by adding a social strategy to the avatar.

In the first follow-up study, empathy was used as a persuasive social strat-
egy. However, participants did not like the idea of empathic interfaces, and
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most participants rejected the concept. It was discovered that the timing itself
could be a promising persuasive strategy because, incidentally, one partici-
pant received the feedback in the opportune moment, just before disabling the
automation. Another finding was that communicating the reason to disable
the automation is important and demanded by the majority of participants.
Furthermore, it was concluded that using an automation or not is a deliberate
decision, which requires a persuasive strategy that targets conscious decisions
by providing useful information necessary to decide for or against enabling
the automation.

A second follow-up study was conducted that covered both the inhibitory
nature and impulsiveness of participants as well, as the alternate timing strat-
egy was investigated that is based on the participant’s reaction, not on environ-
mental conditions. It was found that measuring participant’s arm movement
towards the disable button for the automation is a point in time where partici-
pants already made their decision, and persuading to disable the automation is
unlikely to be successful at this moment. Identifying a later point in time, how-
ever, is very hard or maybe even impossible. The study could also show that
impulsiveness and sensation seeking can predict an early automation cancel-
lation. Conclusively, personality traits like impulsivity and sensation-seeking
should be considered in persuasive strategies.

In the follow-up studies, the results from the initial study Feedback/Avatar-study
(see chapter 3.1) could not be reproduced. No significant differences were
found regarding automation cancellation in the follow-up studies. A possi-
ble explanation could be due to the small sample size in each condition. Due
to a more complex study design, the group sizes were smaller in the follow-up
studies compared to the initial study. Another explanation could be the envi-
ronment. While the initial study was set in VR, the follow-up studies were in
a low-fidelity and high-fidelity driving simulator. The use of VR could lead
to a higher immersion, but also could have several other side effects, such as
a different perception of the visual range due to the resolution of the image
(Oculus Rift: 1080 x 1200 pixels per eye vs. other simulators: 5760 x 1080 pix-
els in total) and the distance between the image and the eye. The use of VR
also required the use of different simulator engines (Oculus Rift: Unity 3D vs.
other simulators: SILAB). The different rendering of the scenes could have led
to a different perception of the criticality of the situation. Finally, the simulated
vehicles had different vehicle dynamics. A different velocity of the vehicle can
lead to a different perception of the criticality. Therefore, a direct comparison
between the results cannot be made.

To sum it up, feedback is a persuasive strategy to increase automation us-
age in safety-critical situations. The persuasiveness of the feedback is based on
establishing a shared situation representation, not on increasing trust. How-
ever, it was also discovered that the FCP is not suited to investigate trust-based
persuasive strategies due to a lack of complexity of the situations. Communi-
cating the reason why the automation behaves as it does is very important.
Using anthropomorphic cues is not necessary and can even be perceived as
uncanny. Furthermore, empathy is not recommended as the persuasive strat-
egy in this case because it is likely to be perceived as disturbing. Identifying
when participants are about to disable may even more persuasive but turns
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out to be very hard.
The initial study aimed to use the FCP to identify trust as a persuasive

factor and a strategy that increases trust. However, the paradigm itself does
not involve risky or difficult situations for the automation. Therefore, trust was
not discovered as a persuasive factor. To identify persuasive strategies that
calibrate trust, the FCP may not be the appropriate paradigm. Furthermore,
this would require situations where participants perceive the situation as hard
to handle for an automation. The feedback would aim to convince the driver
that it can be handled and thus, increasing trust in the automation.
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Chapter 4

Presence and Trust

The studies described in the chapter 3 were based on the Fog-Circuit Paradigm.
The previous chapter 3 concludes that for a persuasive strategy based on trust
calibration, the FCP may not be suited. It was assumed that investigating cal-
ibrated trust may require a certain risk for the participant. Moreover, the au-
tomation has to face difficult situations were handling the situation may not be
possible for the automation. In this chapter, studies and artifacts are presented
that aims to increase the validity of studies involving calibrated trust as a per-
suasive strategy to increase automation usage in simulated environments.

A first study (Opt-out) investigates the persuasive approach of a self-en-
abling automation via the opt-out paradigm. Trust was expected to be in-
creased by the recommendation character of the feedback. It was found that
the opt-out paradigm has the potential to increase automation usage but can
only be safe when eliminating mode confusion. In the study, trust was gen-
erally very high even when situations were risky and complex, and it is as-
sumed that the inherently safe environment could be the reason for possible
unrealistic risk perception, and therefore, persuasive strategies based on trust
calibration might not be investigated properly with this setup. The following
sections in this chapter present the concept of WheelchairVR, a platform that
aims to increase presence by adding kinesthetic forces through real motion in
VR. It could be shown that (CarVR-study) real motion in VR can increase pres-
ence, which in turn might increase risk perception.

Subsequently, a first study using WheelchairVR is presented to investigate
the influence of real motion on VR on trust in automation and risk perception.
Finally, the concept of a user study to investigate trust calibrating persuasive
strategies is presented. Here, the design space of WheelchairVR is discussed
with possible augmentations for the platform.
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4.1 Self-enabling Automation

The section is largely based on the following conference paper where
parts of this section were published [93]:

Hock, P., Babel, F., Kraus, J., Rukzio, E., & Baumann, M. (2019, Septem-
ber). Towards Opt-Out Permission Policies to Maximize the Use

of Automated Driving. In Proceedings of the 11th International Confer-
ence on Automotive User Interfaces and Interactive Vehicular Applications (pp.
101-112). https://doi.org/10.1145/3342197.3344521. Reprinted with
permission from ACM.

In this section, a novel approach is presented that uses the opt-out paradigm
to increase the usage of automated driving. In this case, opt-out means that the
automation is able to activate itself in certain situations. Drivers are informed
that the automation is about to be enabled automatically. The persuasiveness
of opt-out and defaults is discussed in section 2.8.

The implementation of opt-out resulted in three possible actions. Partici-
pants were given a choice to (a) do nothing and let the automation enable itself
after 10 seconds, (b) to stop the process of enabling the automation by clicking
a button, or (c) to instantly activate the automation by clicking a button. Note
that this only describes the opt-out condition, neither the opt-in condition nor
control condition are described, which are explained in section 4.1.2.

The Timing/personality-study (see chapter 3.3) investigated a reactive au-
tomation where the automation reacted to environmental and behavioral changes
of drivers. This study examines a proactive system where the system proac-
tively activates itself without the need for user intervention. In a user study
(n = 19) with a mixed design, participants drove on three different tracks (city,
highway, rural).

Three different interface concepts (opt-out, opt-in, control) were used to in-
vestigate the effects on automation usage, trust, and acceptance. The variable
track was the within factor, and the interface concept was the between fac-
tor. Semi-structured interview data indicated that the opt-out interface might
have the potential to increase automation usage, but this was not reflected in
the qualitative data. Moreover, it was found that the opt-out implementation
can lead to mode confusion, which has to be addressed when considering the
implementation of self-enabling automation interfaces and systems.

Similar to the Timing/personality-study (see chapter 3.3), the persuasive feed-
back serves as suggestion technology [66] that provides the persuasive stimu-
lus for a behavior change at opportune moments. In this case, feedback aims
to persuade drivers to enable the automation, which is in contrast to the pre-
vious studies where feedback aimed to maintain the automation. This study is
referred to as Opt-out.

https://doi.org/10.1145/3342197.3344521
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4.1.1 Method

Experiment Design

A 3x3 mixed design was used with the independent variables permission pol-
icy (opt-in, opt-out, control) and the track type (highway, rural road, city). The
track-type was the within, and the permission policy the between factor. Hence,
this resulted in three groups: The opt-out group with n = 6 participants, 3 male,
3 female, 0 diverse. The opt-in group with n = 7 participants, 2 male, 5 female,
0 diverse. The control group n = 6 participants, 1 male, 5 female.

A detailed explanation of the different groups, their specific interfaces, and
tracks are discussed in section 4.1.2.

Dependent variables were: (1) trust in automation [111] and (2) accep-
tance [240], and (3) the time until the automation was canceled.

Participants were randomly assigned to one of the three groups. The road
types were presented in randomized order. The dependent variables were:
the extent of automation usage, system acceptance, and trust in the automated
system.

Variables and Measurements

Table 4.1 shows the questionnaires and measurements used in the study. Vari-
ables are categorized in: dependent variables (measurements regarding the
research questions and hypotheses), and personality traits and attitudes (to
identify possible influences on automation usage that were not part of research
questions and hypotheses).

Variable Measurement

Dependent variables

Automation cancellation time Logging of relevant data
Trust in automation (post-trial) [111]
Trust (mid-trial) Based on [89]
System acceptance [240]

Personality traits and attitudes

Self-esteem SES [197]
Self-efficacy ASKU [21]
Intention to use [242]
Intention to buy ADAS [9]
A-priori acceptance [107]
Predispositional trust [154]
Paternalism, persuasion, comfort Self-developed

TABLE 4.1: Variables and according measurement used in the
study.

Dependent variables were the cancellation time of the automation mea-
sured by log data from the simulator, trust in automation, and acceptance of
the system. Based on the method described by Hergeth and colleagues [89],
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participants were asked about trust in the system by the experimenter during
the drive. In each trial, the experimenter asked the participant how much they
had trusted the system on a 5-point Likert scale: (I trusted the system: 1–not at
all to 5–completely). The answer was spoken by the participant and noted by
the experimenter.

To assess self-efficacy, the Self-efficacy Beliefs scale (ASKU) [21] was used.
To measure system acceptance, the following questionnaires were used: A-pri-
ori acceptance regarding ADAS was measured by [107]. To measure accep-
tance of the system after usage, the acceptance scale by Van Der Laan and
colleagues [240] was used.

Personality traits and attitudes were measured by the following question-
naires: The Self-esteem Scale (SES) [197] was used in a translated German ver-
sion [43]. Trust in automaton was measured by [111]. Intention to use the
system was measured by [242]. Intention to buy ADAS was measured by [9].
Furthermore, a self-developed questionnaire also covered the variables pater-
nalism, persuasion, and comfort. A 7-point Likert scale with the following
items was used:

Persuasion:
• "The system persuaded me to use the automation."

• "The system has NOT influenced me in my decision to use the automa-
tion."

• "The system guided my decision to use the automation."

• "Although I wanted to drive manually, the system convinced me to switch
on the automation."

• "The system recommended that I switch on the automation."

• "The system was trying to convince me to turn it on."

Comfort:
• "I found it convenient how to turn on the automation."

• "I found it convenient how to turn off the automation."

• "I had enough time to decide whether to use the automation."

Paternalism:
• "I felt patronized by the system."

• "I felt restricted in my handling by the system."

• "The system took control of the vehicle from me without my consent."

• "It was pleasant to be able to transfer control to the system."

• "The system took me by surprise."

• "The automation became active, although I didn’t want it to be."
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The self-developed scales had a Cronbach’s α = (.79, .85). The Cronbach’s
α are reported explicitly to emphasize the reliability of the self-developed scale.
Regarding paternalism and persuasion, the items for comfort did not correlate
because of limited variance in the data.

A semi-structured interview about the reasons why the automation was
used was performed after the trials.

4.1.2 Research Questions and Hypotheses

The following research question and hypotheses are formulated:

How much do people use, accept, and trust an automated vehicle
in different driving situations and on different road types de-
pending on the way the automation can be enabled (opt-in, op-
t-out, control)?

The following hypotheses are formulated:

H1 The average automation usage is higher in the opt-out group compared to
the opt-in and control group due to the default effect.

H2 System acceptance is lower in the opt-out group compared to the opt-in and
control group as the opt-out feature might be perceived as patronizing
and persuasive.

H3 Trust in automation is higher in the opt-out group compared to the opt-in
and control group as the suggestiveness of the opt-out feature might in-
crease trust.

Participants

Twenty-two participants were tested. Three of them were excluded due to
technical problems. The final sample consisted of 6 males and 13 female par-
ticipants (n = 19). All participants were students at Ulm University. Their
mean age was 23 years (SD = 3). They all had a driver’s license for 6 years on
average (SD = 3). Fifteen participants drove between 5.000 and 10.000 km in
the last year. Participants reported little to no experience with ADAS or with
driving simulators (13 participants did not have any experience). Recruitment
took place via email, social media, and flyers displayed on campus. As com-
pensation for participation 8e per participated hour or an equivalent in course
credits were used.

Apparatus

The study took place in a fixed-base driving simulator at Ulm University. The
same simulator as in the Timing/personality-study in chapter 3.3 was used with
an older software version (5.1) of SILAB. Each of the three different tracks (city,
rural road, highway) lasted about 10 minutes, and each had three mode switch
situations (MSS).

A MSS was defined as a potential transition from manual to automated
driving. To ensure that manual driving was enabled before each MSS, a TOR
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at the end of each (but the last) MSS forced the driver to manual driving before
the next MSS. Different MSS were used per track to measure the effectiveness
of the persuasive interfaces repeatedly.

A MSS was designed to be either safety-critical (e.g., overtaking on a rural
road) or be perceived as boring (e.g., traffic jam). A MSS has four phases: (1)
a notification that the automation is available, (2) a mode switch offer where
the stimulus is presented dependent on the group (opt-in, opt-out, control), (3)
a TOR because of one of four system boundaries, and (4) the system boundary
where manual driving is required. Possible system boundaries were a zebra
crossing, construction workings, and no road markings. This was indicated as
icons in the user interface, depicted in Figure 4.1. The reasons for the mode

no road
markings

Construction workingsZebra crossing

FIGURE 4.1: UI-icons for the TOR.

switch offers were speed camera, long waiting time, complicated road situation, traf-
fic jam ahead. Also indicated by a small icon on the screen (see Figure 4.2). A
mode MSS lasted about 2.5 minutes on average (SD = 1.6) ranging from 1 up
to 5 minutes.

Speed camera 

Complicated road situation Traffic jam ahead!

Long waiting time

FIGURE 4.2: UI-icons for the MSS reason.

All tracks started and ended on a parking lot. The rural track continued
on a two-lane road and approaches a t-crossing (see Figure 4.3), which was
the first MSS. A lot of cross-traffic prevented the vehicle from turning into the
main road so that the message long waiting time was displayed. The track con-
tinued to the left. Automated driving ended with a TOR because of the system
boundary no road markings. The next MSS then started because of a perma-
nently installed speed camera and ended again with the TOR due to a lack of
road markings. The last MSS was an overtaking scenario where a truck drove
slightly slower than allowed but overtaking was impossible without perform-
ing a hazardous driving maneuver. The track ended in a parking lot.

The city track started on a parking lot and continued on a to 4-way crossing
with the rule right before left and three vehicles approaching on all open ends
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Mode switch situation I:

T Junction with traffic

Mode switch situation II:

speed camera

Mode switch situation III:
overtaking rural road

1 Notification "Automation available"
2 Mode switch offer
3 Notification "System boundary"
4 System boundary (No road markings)
Speed camera

3 4 1 2 3 4 1 2

1

2

FIGURE 4.3: Rural track with three MSS. Image taken from [10].

simultaneously (see Figure 4.4). The icon complicated road situation appeared
as an indication for a MSS and ended by a zebra crossing as system boundary.
The second MSS was a traffic jam caused by a traffic light combined with heavy

P

1 Notification "Automation available"
2 Mode switch offer

Mode switch situation I:

intersection

3 Notification "System boundary"

3

4 System boundary (zebra crossing)

4

Mode switch situation II:
traffic light jam

1 2 3 4 1 21 2

Mode switch situation III:
Left turn on bending main road

P

FIGURE 4.4: City track with three MSS. Image taken from [10].

traffic. Long waiting time appeared as a reason for the MSS. Again, a zebra
crossing ended the automated mode. The last MSS was a left turn on a bending
main road, indicated by a complicated road situation message. The track ended
in the automated mode if participants did not disable it on a parking lot.

The highway track started on a rest area on the highway. The highway had
two lanes for each direction. The first MSS was caused by a slow-moving truck
and heavy traffic on the left lane, causing a longer waiting time to overtake.
Construction workings forced participants to manually take over to end the
MSS. The second MSS was caused by a stop-and-go traffic jam until the jam
had cleared itself. The last MSS was a truck race. One truck slowly overtook
the other one blocking the whole road and forcing others to slow down. The
track is shown in Figure 4.5.

A touch-sensitive screen (1024x1280 pixels) on the right (see Figure 4.6)
hand side was used to display the user interface to control and display the au-
tomation states (shown in Figure 4.7). The interface had four different states,
connected to the state of the MSS: (a) not available, (b) mode switch oppor-
tunity, (c) automation active, and (d) takeover request. The automation status
was displayed in the upper part of the interface and could be one of the fol-
lowing: not available, active, activating, off, and takeover.

Depending on the state of the condition, different interaction strategies
were presented (see Figure 4.7 b). In the opt-out condition, a countdown indi-
cated that the automation enabled itself after 10 seconds, shown as a progress
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PP

1 Notification "Automation available"
2 Mode switch offer

Mode switch situation I:

overtaking highway

3 Notification "System boundary"

3

4 System boundary (construction site, No road marking)

4

Mode switch situation II:

stop-and-go

1 2 3 4

Mode switch situation III:
truck race

1 21 2

FIGURE 4.5: Highway track with three MSS. Image taken
from [10].

FIGURE 4.6: HMI with an activated automation. Image and cap-
tion taken from [93]. Reprinted with permission from ACM.

Video available at https://youtu.be/otQ98Cuz1YI

https://youtu.be/otQ98Cuz1YI
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bar inside the activate button. Before the countdown ended, the participants
could stop the countdown with each of the two buttons. The red NOT activate
button caused the automation to stay off. The blue activate button enabled the
automation immediately. In the opt-in condition, the countdown was mapped
to the NOT activate button. With the end of the countdown, the automation
remained deactivated. If participants did not react during the countdown, the
automation also remained off, but the activate button was still shown. The
opt-in condition seems counterintuitive because the countdown timer did not
have any effects. The automation state remains off. This condition was cho-
sen to investigate the influence of the countdown timer itself, independent of
what the countdown timer triggers. In the control condition, no countdown
was shown, and the NOT activate button was hidden because the automation
was already off at this point. The automation could be deactivated and not
activated the entire time in all conditions.

Auditory
feedback

Additionally to the visual feedback of the interface, auditory feedback was
played by a female (generated text-to-speech) voice in phase 2 (mode switch
opportunity) of every MSS. It announced that automated mode was avail-
able on this part of the track. In the opt-out condition, the voice additionally
said that automated driving would automatically be enabled after 10 seconds.
When the automation was enabled or off, a confirmation sound was played.

TORA TOR was announced by the same female voice with the information
that the driver was required to regain control within the next 10 seconds. A
takeover could be initiated by waiting until the timer is counted down, by ac-
tively pressing the Deactivate button, or by softly pressing the acceleration or
brake pedal.

Automation
Status: active

Deactivate
automation

Automation
Status: not available

Automation
Status: takeover
manual driving in 7 s

Deactivate
automation Construction

 workings

Automation
Status: OFF

activate
automation

Traffic jam
 ahead!

deactivate
automation

Automation
Status: OFF

activate
automation

NOT activate
automation Traffic jam

 ahead!

manual driving continues in 7 s

Automation
Status: activating

activate
automation

NOT activate
automation

automated driving in 7 s

Traffic jam
 ahead!

a c d

control opt-in opt-out

condition

b

FIGURE 4.7: States of the interface depending on the current sit-
uation. Font slightly increased compared to the real apparatus
for better visibility. Image taken from [93]. Reprinted with per-

mission from ACM.
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Procedure

Participants were welcomed and had to sign a consent form. The reason for the
study was initially concealed by means of a cover story, as it was assumed that
the participants would change their behavior if the true reason for the study
would be revealed. A full explanation of the experimental manipulation was
provided once the experiment was finished. It was explained that the purpose
of this study was to investigate the driver’s preferences for using automated
driving. Participants had to fill a pre-experimental questionnaire where de-
mographic data, ADAS experience, personality variables, and predisposition
to trust in automation [154] were asked. Figure 4.8 illustrates the procedure.

Introduc�
tion

Participants received information about the automated car. The explana-
tion of the automation was the same for all three groups. It was explained
that the automation could handle all situations, except for system boundaries.
Participants were informed that they would always have the choice to either
drive automated or manually whenever they wanted. The only exception was
that the automated model was not always available. In this case, participants
had to drive manually. Participants should decide based on what they thought
was best. Instructions were given to follow the local traffic regulations, includ-
ing speed limits. To prevent violations of traffic rules, participants were told
that they would be excluded from the study if they violated the rules. This
was necessary because pretests showed that disobeying traffic rules and acci-
dents occurred without this information. Exclusions because of this were not
necessary and did not happen during the entire experiment.

Test
trials

Before the experimental trials, participants had to perform two test drives.
In the first test drive, participants could familiarize themselves with the simu-
lator, the vehicle dynamics, and the interior. The second test drive’s purpose
was to teach the usage of the automation interface by driving through an ex-
emplified MSS which was slightly different from the ones in the experimental
trials to have a genuine reaction to all experimental MSS. Between the two test
trials, the experimenter explained the interface and ensure the participant’s
understanding of the system by asking four questions about several functions
(e.g., "what do you have to do if you want to enable the automation?").

Second
test drive

The second test drive encompassed a platooning scenario of slow-moving
trucks on a rural road where overtaking was prohibited. The participants had
to enable the automation in order to test it. The system boundary no road mark-
ings ensured manual driving at the end of the MSS and to train the TOR. The
second training trial lasted about five minutes. The experimental trials began
only when the participants declared that they had understood the interface
and the driving scenario.

Experi�
mental
trials

The three experimental trials (city, rural, highway) were presented in a ran-
domized order. Each of the three trials lasted about ten minutes. In each trial,
the experimenter asked the participant how much they had trusted the system
on a 5-point Likert scale: (I trusted the system: 1–not at all to 5–completely).

Post-ex�
periment

The post-experimental questionnaire was about paternalism, persuasive-
ness, and comfort (self-developed), and trust in automated systems [111]. Fi-
nally, a semi-structured interview about reasons for the automation usage (ac-
tivation or no activation, depending on the behavior) in each of the nine MSS
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was conducted. To recall the situations, pictures of the scenes were shown.
The answers were later categorized using a frequency analysis based on the
Mayring [151].

Q pre
Test drive 1  
(simulator 

familarization)

Interface 
instructions

Test drive 2 
(automation + 

interface)

t1 t3t2   DebriefingInterviewQ post

FIGURE 4.8: Study procedure. Q pre = pre-experimental ques-
tionnaire, Q post = post-experimental questionnaire, t1-t3 = ex-
perimental trials (randomized: city, rural, highway). Image and
caption taken from [93]. Reprinted with permission from ACM.

4.1.3 Results

Automa�
tion
usage

It was assumed that automation usage is higher in the opt-out group compared
to the other groups (H1). Figure 4.9 shows the average automation usage. It
can be seen that automation usage was high over all groups and road types.

A 3 × 3 mixed ANOVA was conducted. The conditions for the ANOVA
were met. The assumption of normally distributed data was met according to
the Shapiro-Wilk test (control group: W = 0.87,p = .30; opt-out group: W =
0.90, p = .40; opt-in group: W = 0.95, p = .74). The Levene-Test indicated
equal variances between the groups (F(2, 15) = 3.4,p = .06). The ANOVA
revealed significant differences between the groups (F(2, 45) = 3.30,p < .05).

A Bonferroni post-hoc test revealed a difference between the control and
the opt-in group. Between the track types, no difference was found (F(2, 45) =
0.75,p = .80), and therefore H1 could not be confirmed.
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FIGURE 4.9: Average automation usage per track and overall
tracks. The bar chart depicts percentages of track-driven auto-
mated. Mean values for the groups per track are presented. Er-
ror bars indicate ± 2 standard errors of the mean. Image and
caption taken from [93]. Reprinted with permission from ACM.
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Accep�
tance

It was assumed that participants perceive the self-enabling automation as
patronizing, and therefore acceptance is lower in the opt-out group compared
to the other groups (H2). To test this, assumptions were checked for paramet-
ric testing of group differences. Figure 4.10 illustrates the system acceptance
ratings.

The normality assumption was tested with the Shapiro-Wilk test and was
not met for paternalism (W = 0.76, p < .001) but for persuasion (W = 0.96,
p = .60) and comfort (W = 0.93, p = .20). The homogeneity of variance
assumption was tested with the Levene-Test and could not be assumed for
persuasion (F(2, 16) = 3.70, p < .05) and paternalism (F(2, 16) = 3.45,p = .06)
but for comfort (F(2, 16) = 0.46, p = .64). Therefore, a Kruskal-Wallis test
was used for persuasion and paternalism, and a one-way ANOVA was used
for comfort. The interface in the opt-out group was perceived as significantly
more persuasive compared to the other groups (χ2(2) = 8.00, p < .05). No
differences between all groups regarding paternalism (chi2(2) = 5.50, p = .06)
and comfort (F(2, 16) = 0.51, p = .61) was found.

Descriptively, the paternalism ratings were higher in the opt-out group
compared to the other groups meaning that opt-out might be perceived as more
patronizing than the other interfaces. Furthermore, paternalism was highly
negatively correlated with the intention to use the automation (r = −.60, p <
.05). This means that participants that perceived the automation as paternalis-
tic, used it less compared to participants that perceived the automation as not
paternalistic. H2 could not be confirmed, but there seems to be a trend that
indicates H2 might become significant with a larger sample size.

Paternalism Persuasion Comfort
Control 1,8 2 6
Opt-Out 2,7 3,9 6
Opt-In 1,5 2,7 5,9
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FIGURE 4.10: System acceptance scores per group for the three
subscales Paternalism, Persuasion, and Comfort (0: low, 7:
high). Error bars indicate ± 2 standard errors of the mean. Im-
age and caption taken from [93]. Reprinted with permission

from ACM.

TrustIt was assumed that trust in automation is higher in the opt-out group com-
pared to the other groups (H3). Trust in automation was measured before,
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during, and after the trials and was high overall groups and situations (see
Figure 4.11). A Kruskal-Wallis-Test revealed that trust in automation before
and after the trials did not differ between the groups (predisposition to trust:
chi2(2) = 4.0, p = .13; post-experimental trust in automation: chi2(2) = 0.02,
p = .99). A mixed ANOVA revealed no significant differences between groups
for the trust values while driving overall MSS (F(2, 7) = 0.33, p = .72). As-
sumptions for the mixed ANOVA were met (Mauchly’s Test: chi2(35) = 48.0,
p = .10). Therefore, H3 could not be confirmed.
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FIGURE 4.11: Reported trust per driving situation. Rural road
scenarios: T Junction, Speed camera, OvertakingRural. High-
way scenarios: OvertakingHighway, Stop-and-go, Truck race.
City scenarios: Intersection, Traffic Light, Left Turn. Trust scores
(0: low, 5: high). Error bars indicate ± 2 standard errors of the
mean. Image and caption taken from [93]. Reprinted with per-

mission from ACM.

Individual
cases

For one participant, mode confusion occurred in the opt-out group. The
situation was on the highway track at the traffic jam situation. The partici-
pant drove on the highway at 100 km/h towards the traffic jam tail. Then,
the auditory notification informed the participant that the system will be en-
abled within the next ten seconds. The Interview revealed that the participant
thought the automation was already active. The participant could execute an
emergency brake to avoid a collision.

In the truck race scenario where two trucks block the entire road, another
participant was about to perform a lane change to the left. Simultaneously, the
automation activated itself and changed back to the right lane. The participant
later stated that this had not bothered him/her that the car took control.

For one participant, the automation went active in the bending main road
situation of the city track. The interview revealed that the participant was
surprised and annoyed by the activation because s/he was concentrating on
the traffic and the road situation. Because of the complex situation, both the



Chapter 4. Presence and Trust 97

auditory and visual notifications were ignored. The participant said that it
did not matter that the automation enabled itself because the situation was
handled well by the automation. In the same situation, another participant
stated that the opt-out feature annoyed and frustrated him/her because s/he
felt that the system accuses him/her of not being able to drive.

The following statements suggest that the opt-out feature leads to cognitive
relief and that the suggestive character was perceived positively: "[I enabled
the automation] because it was suggested to do so , and I was not sure about
who had the right of way" (opt-out). "[I did not stop the activation of the au-
tomation] because I had to concentrate on the road and it was, therefore, more
comfortable" (opt-out). "Because the system recommended enabling the au-
tomation" (opt-out). "I did not need to decide what to do" (opt-out). "[I did not
activate the automation] because the situation was clear, I just had to wait. It
was neither boring nor complex. If the automation became active by itself, I
would use it more often" (opt-in).

The opt-out feature enabled activating the automation in two different ways,
either by waiting for the countdown or by manually activating it before the
countdown finished. One participant has let the timer run down completely,
the other 5 participants in the opt-out group activated the automation manually
and did not wait before the count down.

After the trials, participants were asked why they used or did not use the
automation. Results are shown in Table 4.2.

Control Opt-in Opt-out Total
It was comfortable to give up control/ responsibility. 1 3 0 4
Because the system suggested it. 0 1 0 1
Because the automation was available. 1 1 1 3
I did not need to decide what to do. 1 2 3 6
It was comfortable not having to look for the speed/safety distance myself. 0 3 2 5
I expected time for relaxation. 0 1 1 2
I think the car could gauge better when it was safe to overtake than I could. 2 1 2 6
I thought that the car could drive better than I. 1 2 2 5
Because I needed support/advice to handle the situation. 2 1 3 6

TABLE 4.2: Participants’ statements about reasons for the au-
tomation usage.

4.1.4 Discussion

In this study, the persuasive power of a self-enabling automation (opt-out) was
investigated. It was assumed that the opt-out interface would reduce accep-
tance but increase trust and usage. An overall high usage of the automation
with limited variance was observed. No statistical evidence could be found
that an overall usage of automated driving was increased by an opt-out au-
tomation interface, but it was accepted less by the participants. Most of the
participants enabled the automation as soon as possible and kept it active.

An increase of trust by the opt-out interface could also not be observed.
There were both positive and negative reactions to the opt-out feature. How-
ever, none of the hypotheses could be confirmed.
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Regarding automation usage, a significant difference between the opt-in
and control group was found with the higher usage in the control group. More-
over, descriptively the automation usage was highest in the control group and
lowest in the opt-in group.

One explanation could be that the interface was straightforward in the con-
trol group, having only one button and no countdown timer. Thus, the deci-
sion-making process was easier in the control group than in the experimental
groups. This could result in higher automation usage. The opt-in interface
might be the most confusing one because of the timer, which had no effect on
the automation status. This might result in confusion which in turn leads to a
cognitively demanding choice, leading to the least automation usage. More-
over, the suggestiveness also applies for this group, meaning that the default
of not activating the automation in the opt-in group might be the reason for the
lowest usage.

In turn, this could mean that the default has a suggestive and persuasive
character of the automated driving. The interviews show that not all partic-
ipants reject the idea. Some appreciate the suggestiveness and the cognitive
relief that opt-out provides. This means that drivers that are uncertain about
the abilities of the automation and encounter a cognitively demanding situa-
tion opt-out might persuade drivers to enable the automation. The different
reactions show that it is important to find out beforehand who wants to benefit
from the advantages of opt-out and who generally reject the idea.

In the opt-out group, the timer was aborted in all except one of the cases,
meaning that the countdown timer did not run down until the automation was
activated. However, this does not mean the opt-out feature had no persuasive
effect. The recommendation to enable it might have lead to an early activation.

Mode
confusion

Another issue of the opt-out interface was that mode confusion occurred
by one participant. To discuss the effects of mode confusion, a critical view of
the interface (Figure 4.7) is necessary, encompassing readability and ambiguity.
The automation had five different modes: (1) not available, (2) OFF, (3) active,
(4) takeover, and (5) activating. It can be assumed that the complex nature of the
interface, especially the ambiguity of the Status field, may have led to mode
confusion. This issue is discussed in the following:

Status: not available This status meant that the automation was not available
and manually driving was necessary. No buttons were available. The not avail-
able status was only visible when driving manually and precedes a TOR (and
at the very beginning of each trial), where participants had to regain control
over the vehicle actively. Thus, it is assumed that the not available status was
clear and unambiguous. Also, no participant showed signs of confusion while
being in this state.

Status: active This status meant that the automation is active and manual
driving is not necessary. In this state, the Deactivate automation button was
available. This status clearly represents the internal state of the system, and it
is therefore assumed that it was clear and unambiguous. Moreover, no partic-
ipant showed signs of confusion while being in this state.

Status: takeover This status meant that the participant had to perform a take-
over, meaning that the automation was disabled once the 10s time budget run
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out. In this state, the Deactivate automation button was available. If the driver
clicked on the Deactivate button or slightly pressed the acceleration or brake
pedal, the automation was disabled before the count down. The consequence
what happens after the countdown was displayed: manual driving in x s (with
0 <= x <= 10). This raises two potential flaws: (1) the status does not indicate
that the automation was still active (e.g., status: active), and (2) there was no
call to action (e.g., please takeover control). Although this could be interpreted as
design flaws, no participant had problems understanding the TOR. Thus, even
though the status was not clearly communicated (that the automation was still
active), no participant showed signs of confusion while being in this state.

Status: OFF This status meant that the automation was off but could be turned
on when pressing the activate automation button. In this state, when no MSS
was active, only the activate automation button was visible. When a MSS was
active, the interface differed depending on the condition: In the control condi-
tion, only the contextual information and sign were displayed (e.g., Traffic jam
ahead!). In the opt-in condition, the NOT activate automation button was visible
with a progress bar filling the button with a red color (10 s). After the count-
down, the state remained the same as before. The consequence what happened
after the countdown was displayed: manual driving continues in x s (with 0 <=
x <= 10). This interface seems confusing, especially when nothing happens af-
ter the countdown except that the button NOT activate automation disappears.
However, to identify whether the presence of the timer or the consequence
of the timer (automation active in opt-out, remains off in opt-in) had an influ-
ence on the behavior, this condition was necessary. Moreover, no participant
showed signs of confusion while being in this state. In the opt-out condition,
the status changed to activating.

Status: activating This status meant that the automation was going to enable
itself after the countdown. This action was indicated with the text: automated
driving in x s (with 0 <= x <= 10). In this case, one participant experienced
mode confusion, thinking that the automation was still active. Even though
the status of the automation can be derived from the text (automated driving in
x s), it can be argued that the ambiguous status: activating lead to this confusion
and a clear state: Status: OFF might have prevented this.

Even though the interface was briefed and trained before the trials, mode
confusion occurred. It remains unclear whether the ambiguity of the interface
or the opt-out paradigm itself was responsible for the mode confusion. Nev-
ertheless, this case clearly demonstrates the importance of simple and unam-
biguous interfaces when applying the opt-out paradigm even more. Moreover,
it is not shown that an unambiguous interface will not lead to mode confusion.
Furthermore, this shows that due to the opt-out paradigm and the associated
complexity, a well-thought-out and sufficiently tested user interface is critical
for driving safety. To further maximize driving safety, the automation could
already be active when it is in the state of being activated by itself.

Another explanation for mode confusion is that the lack of a deliberate and
proactive action might be the cause. Nevertheless, if opt-out has a chance to
be implemented in vehicles, the potential of mode confusion has to be elimi-
nated completely. Thus, a possibility to further minimize mode confusion but
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to integrate the suggestiveness of it would be to implement a deliberate action
of the driver and combine it with a suggestive system. For example, the au-
tomation could inform the driver that the automation is available and maybe
even recommend to enable it, but drivers must then enable it itself.

4.1.5 Limitations

Limitations in this study are the sample size and the sample homogeneity. The
small sample size (n = 19) limits statistical testing and the generalization of the
results. The homogeneity and composition of the sample could be the reason
for the overall high automation usage.

Advertising the study with the keyword automated driving could be a pos-
sible selection bias of participants that are interested in automated driving and
therefore curious and willing to experiment with the automation rather than
having their usual driving style.

An overall high trust score indicates that participants felt safe during the
trials. Combining the trust scales with observations directly from the exper-
iment, it could be observed that participants tend to assess dangerous situa-
tions as less dangerous during the experiment. One assumption is that in the
simulator, participants can put themselves in the driving scene. Still, the inher-
ently safe environment of a simulator makes it difficult to establish a realistic
hazard perception. The dangerousness of the situation might be too abstract.
The high trust scores further indicate that persuasion based on calibrated trust
could not be assessed in this experiment because trust was overall very high
and therefore could not be manipulated by the opt-out stimulus. Finally, the
ambiguity of the interface might have led to mode confusion, which was ob-
served on one participant.

4.1.6 Conclusion

In this study, a novel approach to increasing automated driving usage by using
an opt-out policy was investigated. Neither a persuasive effect nor an increase
in trust could be found. However, opt-out was significantly perceived as more
persuasive and patronizing compared to the other conditions. Few partici-
pants could be persuaded to activate the automation, and some participants
liked the general idea (based on qualitative interview data) of an opt-out pol-
icy. Thus, it is assumed that an opt-out feature can increase automation usage
in situations where drivers are in a cognitively demanding situation and are
uncertain about the automation’s abilities: "[I enabled the automation] because
it was suggested to do so and I was not sure about who had the right of way",
"[I did not stop the activation of the automation] because I had to concentrate
on the road and it was, therefore, more comfortable". "I did not need to decide
what to do". The study indicates that the idea of a self-enabling automation
may be accepted by several users. A follow-up study could investigate what
reasons lead to accepting an opt-out policy. For example, personality traits
could correlate with acceptance of the system. Moreover, the automation us-
age was very high. It is assumed that the sample did not need further incen-
tives or strategies to increase their automation usage significantly. To further
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increase automation usage with an opt-out policy, a sample that generally dis-
likes automated driving could be used. A pre-selection phase could identify
participants that prefer to drive manually. Opt-out could then be a strategy to
convince them to use the automation.

Another finding of this study is that opt-out potentially increases mode
confusion. However, this could be based on a confusing interface, not clearly
prompting the state of the automation while transitioning to the automated
mode. Nevertheless, it shows the importance of clear and unambiguous infor-
mation display. If an opt-out policy is ever implemented in a vehicle, mode
confusion has to be addressed and eliminated completely before implement-
ing it in a production vehicle. The overall high trust scores indicate that in-
vestigating persuasion based on calibrated trust lacks external validity in this
setup. In the next section, a setup is proposed that addresses trust and validity
in driving simulators.

4.2 WheelchairVR – Concept

In the previous studies Feedback/Avatar (see section 3.1), Empathy (see section 3.2),
Timing/Personality (see section 3.3), and Opt-out (see section 4.1), elaborating
trust and the persuasive potential of calibrated trust in driving simulators was
limited. In the studies using the FCP, it was found that the paradigm is not
primarily designed to investigate persuasive strategies based on trust calibra-
tion because the vehicle has a very conservative driving style (no overtaking)
and the scenario itself has no difficult situations where trust in the automation
is challenged.

The Opt-out study raised the question of whether the inherently safe envi-
ronment of driving simulators and the abstract construct of hazard and risk
perception in a simulator limits the validity of studies on persuasive strategies
based on calibrated trust. To investigate this, the concept of WheelchairVR is
presented in the following sections.

It is assumed that high presence during a simulator experiment leads to
an increased external validity of the propensity to trust and risk perception in
automated driving simulator experiments (see section 4.2.1). WheelchairVR is
an apparatus that aims to increase presence and thus make persuasion based
on calibrated trust in automation measurable. The increase in presence is
achieved through real motions in VR with a remote-controlled wheelchair (see
Figure 4.12).

In section 4.2.1, the theoretical background and related literature are pre-
sented, followed by a description of the apparatus in section 4.2.2. Section 4.3
reports a preliminary study (CarVR) that shows that presence in VR can be
increased by adding kinesthetic forces through real movements. To investi-
gate the influence of presence on trust and risk perception, a first study us-
ing WheelchairVR is described. and referred as WheelchairVR – Evaluation
(section 4.4). Sketched as an example of future work, a follow-up study is
described that investigates persuasive strategies based on calibrated trust us-
ing WheelchairVR; it is referred to as WheelchairVR – Experiment Outline (sec-
tion 4.5).
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VR scene

Modified wheelchair

Real movement

FIGURE 4.12: The concept of WheelchairVR. Real movements of
the wheelchair in combination with a virtual scene via an HMD.
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4.2.1 Theoretical Background

This section takes a closer look at concepts that are specifically relevant to the
conceptual idea of WheelchairVR. In particular, the following concepts are ex-
amined: presence, immersion, trust and validity, proprioception, integration
of motion, simulator sickness, and validity in driving simulators.

Presence and immersion

PresenceSheridan defines presence as the "sense of being physically present with visual,
auditory, or force displays generated by a computer" [212, p. 120], the "feel-
ing like you are present in the environment generated by the computer" [212,
p. 121]. Weibel and Wissmat state that it is the feeling of being located inside
a virtual environment (VE) [248]. Sheridan defines three determinants of pres-
ence: (1) The extent of sensory information, meaning that information from
the real-world domain is transferred to the virtual domain. (2) The control of
relation of sensors to the environment, meaning that a person can modify their
viewpoint, positions, or head, causing sensory information to change (for ex-
ample, moving the head enabling a parallactic shift). (3) The ability to modify
the physical environment, meaning to move virtual objects or manipulate con-
trol elements. Heeter [86] further distinguishes between personal, social, and
environmental presence. Personal presence is the feeling of being part of the
VR. Social presence is the extent to which other beings exist in the VE. Heeter
describes environmental presence as "the extent to which the environment it-
self acknowledges and reacts to the person in the VE" [86, p. 262]. Schubert,
Friedmann, and Regenbrecht [206] specify presence in VR as a mental model of
the virtual space. They conclude that presence consists of the following three
main components: Spatial presence is the sense of being in a VE, the feeling as if
one is located in the VE. Involvement is the degree of attention and awareness
to the VE. Realness is the person’s judgment of the realness of the VE compared
to the actual reality.

Immer�
sion

Schuemie and colleagues define immersion as "the extent to which the
senses are engaged by the mediated environment" [207, p. 184]. Slater and
Wilbur [223] differentiate between presence and immersion as an objective de-
scription of aspects of the system such as field of view and display resolution
whereas presence is a subjective phenomenon, it describes the sensation of be-
ing in a VE. The prevailing definitions [26, 207] for presence and immersion
can be summarized as follows. Immersion is more objective; it describes the
sensory experience of being there. Immersion can be seen as the sophistication
of the simulation. Presence is more subjective. It describes the feeling of being
in and interacting with a VE. Presence can be seen as a psychological response
to immersion [87].

Factors
causing
presence

Furthermore, Sheridan’s definition of presence seems to describe a subjec-
tive feeling, while the three determinants of presence describe an objective,
sensory experience that fits more to the definition of immersion. Thus, it could
be argued that, according to Sheridan, immersion is a determinant of pres-
ence. Schuemie and colleagues [207] list several factors that cause presence
based on [253, 220, 212, 143, 228]: High quality, high-resolution information,
consistency across all displays, interaction with the environment, virtual body,
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the representation of the user’s body in the VE, effect of action should be antic-
ipated, control factors, the control the users has, sensory factors, the richness of
the displayed information, and consistency across displays, distraction factors,
how much the user is distracted from the VE, realism factors, pictorial and so-
cial realism of the VE, the extent of sensory information, control of relation of
sensors to the environment, ability to modify physical environment, the form
in which the information is presented, the content of the information, user
characteristics, vividness (refers to the ability of technology to produce a sen-
sorial rich mediated environment), interactivity (refers to the degree to which
users of a medium can influence the form or content of the mediated environ-
ment), user characteristics (refers to the individual differences in users).

Trust and
validity

According to Thielmann and Hilbig [234], trust is based on uncertainty,
risk, expectations about another’s trustworthiness, and personal vulnerability.
This implies that these factors need to be addressed when conducting stud-
ies. Especially risk and vulnerability may not be represented enough in the
user studies presented in this thesis. Riva and colleagues [192] show that high
presence can lead to more arousal, which can increase the likelihood of pro-
cess information more effectively. Salanitri and colleagues conducted a driv-
ing simulator experiment in VR, showing that the perception of presence in-
fluences the propensity to trust [201] while driving. The influence of presence
on trust leads to the assumption that highly immersed participants with high
presence have a more realistic feeling of trust. This indicates that increased
presence in VR could lead to an increased external validity of trust. This, in
turn, could show if persuasive strategies based on trust are successful using
simulator experiments.

Proprio�
ception
and
Presence

The connection between presence and proprioception has already been in-
vestigated. Hendrix and Barfield [88] found that head-tracking and stereo-
scopic cues can increase the sense of presence. Slater and colleagues [218] have
shown that body movement increases presence in VR. Here, the height of trees
was altered so that participants had to bend down sometimes while given the
task to count the diseased leaves. Compared to the control condition where
the tree height was not altered, the reported presence was positively associ-
ated with the amount of body movement. Slater, Usoh, and Steed [222] could
show that walking without forwarding locomotion (walking in place) while
being in VR increases the sense of presence compared to a pointing device
movement technique. A follow-up study [239] showed that real walking as a
third condition was rated higher than walking in place and pointing regarding
presence.

Measur�
ing
immer�
sion

Hein and colleagues [87] identify four different methods to measure pres-
ence. (1) Analysis of the user’s behavior, (2) physiological measures, (3) ques-
tionnaires, and (4) interviews. In the behavioral approach, the focus is on
whether the participants in the VE behave as if they were in the physical envi-
ronment under similar conditions. Sanchez-Vives and Slater [202] suggest that
the VE requires features that trigger bodily responses. For example, dodging
flying objects. Slater and Steed [219] introduced the concept of breaks in pres-
ence. Participants reported situations where they had broken out of the state
of presence. Such a break could be a collision with real-world objects, highly
unrealistic effects, or sounds emerging from the real world. Rosakranse and
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Oh [196] reviewed presence questionnaires from 1998-2012 and identified five
canonical questionnaires: (1) Slater-Usoh-Steed Presence Questionnaire [221],
(2) Presence Questionnaire [253], (3) Igroup Presence Questionnaire [206], (4)
TC-Sense of Presence Inventory [138], and (5) Lombard & Ditton Question-
naire [144].

Hein and colleagues [87] reviewed presence questionnaires used in research
in 2016 and 2017 and analyzed the frequency of use. They found that 38 out of
41 papers used some kind of questionnaire to measure presence in VR. They
also found that most papers (71%) gave no reason why the specific method or
questionnaire was used. In cases a justification was found, 43% of the justifi-
cations referred to the fact that the questionnaire was commonly used. Studies
that used the E2I questionnaire (e.g., [191]) by Lin and colleagues [140] ex-
plained their choice because they investigated enjoyment. The E2I was also
used for the CarVR study because the setup was evaluated as an in-car VR
entertainment system.

Motion

Motion
integra�
tion

Motion integration means the approach to integrate real movements in virtual
environments. For this, several approaches exist. A widespread technique is
to use motion-based platforms that are in sync with VE, integrating vestibu-
lar and sometimes haptic information to a simulation. A known use-case is
motion base driving and flight simulators where a real vehicle or cockpit is
placed on a motion platform. Such platforms are commonly based on the
Gough/Stewart platform [229], providing six degrees of freedom (DOF) where
lateral, longitudinal, and vertical linear movements and pitch, roll, and yaw
rotations are possible. Berger and colleagues [25] had shown that visual ac-
celeration combined with pitching the platform leads to the most realistic feel-
ing of forwarding motion. The Gough/Steward platform can further be aug-
mented with a motion table providing X-Y-axis movements (e.g., the Rexroth
Motion System [33]) Another approach is to use an industrial robot arm (e.g.,
the CyberMotion Simulator [149]) or a cable suspension system (e.g., the Ca-
bleRobot Simulator [149]) instead of the Gough/Stewart platform.

Such motion platforms are limited by their operational space. To keep the
platform within the operational limits, the simulated motion might be lim-
ited. Thus, so-called washout algorithms are used [164, 244]. Furthermore, a
washout filter is also used to return the simulator to a neutral position. Ide-
ally, a washout filter achieves this without being noticed by the user by using
accelerations below the human perception threshold [78].

Wheelchairs
and VR

Bruder and colleagues [35] investigated the perceptual detection thresh-
olds for redirected driving in VR by utilizing an electrical wheelchair that is
manually operated by the participant in the wheelchair. Redirected driving
is analogous to redirected walking [186, 185], or redirected touch [126, 127].
It means that motion in VR differs from a motion in reality. In terms of redi-
rected touch, the rendered movement of the arm was altered. In VR, different
buttons were reached while, in reality, the same button was actually touched
multiple times. Similar to redirected touch, redirected walking alters the ren-
dered motion path. The motion in VR could, for example, be rendered as a
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straight line while, in reality, a person is walking in a circle. This allows for
endless moving in a virtual straight line without reaching a physical border.
Redirected driving adapts this concept to driving in a vehicle. The concept
of redirected motion allows for traveling in large-scale VE while the physical
movements are limited to a much smaller space. Redirected steering extends
the idea of redirected driving by using a remote-controlled wheelchair. They
could show that detecting manipulations of physical driving directions is less
accurate when driving slowly (0.33 m

s ) compared to driving faster (0.54 m
s ).

The detection threshold was reached at a circular radius of fewer than 5.76 m
when driving slowly and 16.52 m when driving faster. Redirected driving is a
possible technique for WheelchairVR. The findings of redirected driving and
steering are important starting points when integrating such features.

Vehicle in
the Loop

Bock and colleagues [31] developed Vehicle in the Loop (VIL). A platform
"developed for the safe, reproducible and resources-saving test of driver assis-
tance functions" [31, p. 612]. The idea is to combine a real vehicle with an opti-
cal see-through head-mounted device (HMD) providing a virtual, augmented
reality test environment. The HMD allows for rendering objects into the user’s
FOV while driving. Thus, critical scenarios can be tested in a safe environment
while driving in a real vehicle with real vehicle dynamics. The paper also com-
pares the driving behavior in real traffic to the driving behavior in simulated
traffic. The metric of the behavior was the performance in different driving
tasks, such as breaking, maintaining distances, reaction times, etc. For this, a
real lead vehicle and a virtual lead vehicle were compared. One hypothesis,
for example, was "the distance of standstill behind the real and virtual stand-
ing vehicle respectively is the same" [31, p. 615]. It was found that test drivers
showed a similar driving behavior in both conditions.

In contrast to the WheelchairVR system that aims to increase presence and
immersion to increase behavioral validity in terms of decision making in auto-
mated vehicles, the VIL was designed to test driving performance in a manual
driving scenario. The VIL also utilized augmented reality, whereas Wheel-
chairVR utilized VR. The VIL was developed further to be used with VR by
Berg and colleagues [24] but focuses on the technical implementation. Here, a
differential global positioning system (DGPS) was used to measure the vehicle
position. This rather expensive position determination method is not suitable
for the low-cost approach of WheelchairVR.

The validity of the VR-VIL was investigated by Karl and colleagues [119]
with a focus on longitudinal driving maneuvers. They could show that the
VR-VIL platform is well suited for testing and evaluating ADAS. However,
participants showed longer reaction times and made more smoothly acceler-
ations. This could be due to the presence of simulator sickness. Participants
mentioned a more difficult estimation of distances in VR. It was further shown
that VIL causes less simulator sickness compared to normal driving simula-
tors.

The VIL concept is a similar approach as WheelchairVR, but the main dif-
ference is that VIL was designed for manual driving and measuring driving
performance. WheelchairVR aims to increase behavioral validity by increas-
ing presence through VR, especially in terms of trust in the automation.
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Simulator sickness

Sensory
con�ict

About 30% of the population is high, and 5-10% extremely susceptible to mo-
tion sickness [162, 131]. It is assumed that about 5% of the population never
adapts to motion sickness [46]. Motion sickness is an illness caused by being
within a moving environment [187]. Symptoms typically include dizziness,
cold sweat, nausea, and vomiting [131].

The prevailing theory is the sensory conflict theory [187]. It states that if
information from the visual system conflict with information from other sen-
sory systems, motion sickness can occur. It is further assumed that there are
two major categories of motion sickness. The conflict between the angular and
linear vestibular systems, also known as Canal-Otolith mismatch, and the con-
flict between the visual and vestibular systems, also known as visual-vestibu-
lar mismatch [30].

The vestibular system is located in the inner ear. It measures inertial mo-
tion (rotational changes) via the Semicircular Canals and acceleration via the
Otolith organs. This information is supplemented by information from the
visual system and the somatosensory system, which handles motoric actions
and proprioception [27] When motion sickness occurs, the signals contain con-
tradictory motion information [187]. Furthermore, the likelihood and severity
of motion sickness increase with a greater discrepancy of sensory informa-
tion [187].

A sensory conflict itself could be a reason to experience motion sickness.
It is also assumed that nausea arises from an evolutionary process to protect
ourselves from poison [236]. The combination of nausea and conflicting infor-
mation from the vestibular and visual systems has proven to be an advantage
because it may be induced by poison. Thus, animals that transport poison
out of the body by vomiting have an evolutionary advantage. The mismatch
of information from motion sickness might be similar to the mismatch from
poison.

Other
factors

Other theories and findings complement the incomplete picture of motion
sickness. It was shown that acceleration and deceleration without viewing the
road ahead can cause motion sickness [30] as well as lateral and vertical oscil-
lations between 0.1 Hz and 0.5 Hz [103]. Motion sickness can also be caused by
head movements [77]. It occurs in yaw motions, for example, when a car turns
while a passenger rotates the head. The subjective vertical conflict theory [30]
states that motion sickness arises when the reference point of gravity changes
while the determination of the reference point is challenged.

Motion,
Simula�
tor, VR

Simulator sickness, motion sickness, and VR sickness have common com-
ponents [123]. One component of simulator sicknesses is the illusion of self-
-motion, or vection, that causes visually induced motion sickness [123]. In
motion sickness, the visual information of standing mismatches the vestibular
information of moving. In simulator sickness, the visual information is mov-
ing while the vestibular system reports no movement.

McGill and colleagues [153] describe three new ways in which the com-
bination of and VR headset and real motion can trigger VR sickness Motion
sickness / inverse vection occurs when physical motions are perceived but no
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visible motion. Contradictory vection occurs when vestibular and visual mo-
tion is present but contradicting. Magnitude of vection describes the presence of
both physical and visual self-motion but at a different magnitude. For exam-
ple, when a real car accelerates very subtly, but in VR, the vehicle accelerates
fast. This concept is described as force shifts in [95]. Motion sickness is in-
fluenced by three components. (1) The characteristics of the stimulus, (2) a
person’s individual susceptibility, and (3) the total exposure time [187].

Mitiga�
tion

To mitigate motion sickness, controlled breathing or listening to music [203]
is a known strategy. Especially in vehicles, an artificial horizon can be used [231].
Another way to mitigate motion sickness is to minimize head movements [28].
Driving simulators tend to induce simulator sickness. VR devices induce VR
sickness, and being in a moving vehicle can induce motion sickness. Wheel-
chairVR is a moving VR simulator, thus can potentially create all three kinds
of sickness. On the other hand, the combination of motion and simulation can
reduce sickness because, according to the sensory conflict theory, if vestibular
and visual information is congruent, sickness will not occur.

Validity

Perfor�
mance vs
behavior

Driving simulators are an inherently safe environment. Exposing participants
to real danger is considered unethical. Thus, simulators are a necessary tool to
conduct user studies. In situations where participants would be in danger in
real-life situations, driving simulators are essential tools [48, 96]. The high de-
gree of experimental control is another advantage over real-world driving [64],
for example, by controlling variables like weather, traffic, and lighting, which
allows for repeated conditions. Despite their necessity, the downside of driv-
ing simulators are their inability to fully replicate real-life in every aspect [48].

The behavior of participants can differ in driving simulators [64], which
can easily be shown by simulating crashes. A real crash has a greater im-
pact on drivers resulting in injuries, costs, psychological trauma, and other
consequences in real life that are not comparable to a simulated crash. Thus,
crash-related reactions are likely to be completely different in a simulator com-
pared to reality because there is no real danger. However, a simulated crash
can also cause a psychological effect on participants [64, 130]. A known prob-
lem in driving simulators is that driving simulators are good at measuring per-
formance but not behavior [163, 184, 64]. It means that measuring the quality
of driving skills can be measured accurately, such as reaction times, whereas
measuring, for example, decision-making processes in a simulator, can be very
different from reality. For example, the willingness to overtake a vehicle in a
dangerous situation can be higher in a simulator compared to a real-life situ-
ation [98]. This does not mean that studies regarding such behavioral aspects
are not valid. Here, the concept of absolute and relative validity is important.

High absolute validity describes a low gap between results in a laboratory
experiment and the potential results in reality [246, 64]. A study with low
absolute validity can have high relative validity. It describes a direction of
change that remains the same in both a simulator and in reality [64]. Absolute
and relative validity can be categorized as behavioral validity. "Behavioral
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validity refers to the extent to which the simulator induces the same driving
behaviors that occur when driving in the real world" [157, p. 75].

Trust and
risk

It has been shown that a failure of the automation leads to a decrease in
trust [130]. Because trust in automation can be categorized as behavior rather
than performance, it is expected to have relative validity but not necessarily
absolute validity. It means the decrease in trust can be observed but may be
stronger in a real-life situation. Furthermore, this means research relying on
behavioral validity can be investigated in a simulator [117, 246, 200] but needs
to be carefully interpreted in terms of absolute and relative validity [96].

A common practice to improve validity is replacing components that are
removed by the simulation through incentives and instructions [64], like a
reward/penalty system. However, this generally improves relative validity,
not necessarily absolute validity [64] because consequences for the participant
cannot be the same as on the road. Nevertheless, the behavior of a specific
situation in a simulator should be as close as possible to the same situation
in reality, and achieving this is not easy[96]. Accidents can have devastating
consequences, like injuries and death. Moreover, there are not only immediate
consequences. An accident caused by a failure of the automation can change
the attitude towards the automation itself. On the other hand, trust in simula-
tor studies seems to quickly recover after a failure [130].

Incen�
tives

Incentives can be distinguished into three categories [64]: (1) Intrinsic in-
centives arise from the participant’s willingness to perform. (2) Extrinsic in-
centives are commonly monetary rewards in user studies. (3) Consequential
incentives lead to real-world consequences. An example could be aptitude
tests, where the poor performance in the simulator leads to failure to pass an
exam. The performance in the simulation could lead to revoking permission
to operate on machines in reality [96].

Due to ethical issues, this cannot be applied in simulator studies. There-
fore, simulator studies mainly rely on intrinsic and extrinsic incentives, but
there are approaches to add consequential incentives. Winning in a raffle is
such an example when combined with driving performance [96]. Poor driving
performance lowers the chances to win in the raffle. In essence, however, this
strategy is more of a monetary and thus extrinsic nature.

Reducing
the gap

WheelchairVR aims to reduce the gap between relative and absolute va-
lidity by increasing the presence in the simulation. A high presence in the
simulation, especially through real movements, can also be a kind of conse-
quential incentive because consequences could be perceived as more real. If
an accident in the simulation occurs, participants could transfer this to the real
world because they also move in real life.

Conclu�
sion

The combination of real and virtual movement aims to increase presence
in the VE. The increased presence is assumed to increase behavioral validity
regarding trust. It has to point out that this approach is not the only solution
to address this. It rather provides one approach that aims to address this issue
as a low-cost alternative. Here, the purpose of the system is that it serves as a
supplemental platform with which trust calibrating persuasion can be investi-
gated.
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4.2.2 Apparatus

Wheelchair

As a basis for the wheelchair, the model Eltego from Bischoff & Bischoff was
chosen (see Figure 4.13). The wheelchair has a maximum weight load of 120

FIGURE 4.13: Wheelchair, unmodified.

kg and a maximum speed of 6 km/h. It has two 24 v/50 w electric motors con-
nected to the rear axles. Rotations are achieved by applying different torque
on one of the rear axles. This allows for rotation on the spot.

While testing, the front wheels turned out to cause an unstable movement
path when the movement direction of the wheelchair changed. When driving
forward, the front wheels rotate towards the rear axle. When reversing, they
rotate 180 degrees forward (see Figure 4.14).

The rotation causes a slight wobble in the path of motion, which could
break the immersion and presence. Therefore, omnidirectional wheels (model
OC100, https://omnitrack.com/) are used to compensate for this (see Fig-
ure 4.15).

Controller

To remote-control the wheelchair, the controller (Figure 4.16 a) is connected to
an Arduino Uno (Figure 4.16 b), which sends signals to the joystick pins, em-
ulating a second virtual joystick. A switch (see Figure 4.16 b, small silver rod
next to the green circuit board) allows for either direct steering via a hardware
joystick or remote-controlled driving. In order to intervene in the electronics
of the control unit in as few places as possible, the Arduino is externally con-
nected via a power bank. The Arduino has a 2.4 GHz WiFi shield that enables
remote access and control.

VR integration

https://omnitrack.com/
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motion direction

FIGURE 4.14: Unstable movement when changing the direction
of motion. When driving backwards, the front wheels are ro-
tated towards the front. When the motion path changes (motion
direction), the wheels rotate 180 degree. During this transition,

a slight wobble in the motion path occurs.

To integrate the forces from the simulation into VR, several conceptual map-
pings between the two systems (real movements by the chair; virtual move-
ments visualized in the simulation) are possible:

Exact mapping of movement where every movement in the simulation matches
exactly the movements of the chair (such a mapping is used in section 4.3.4).
Such a mapping requires the same space as the simulated road system.

Factorial mapping of movements where speed, velocity, and rotations can be
manipulated by a factor. This means the movement in the simulation matches
the movement of the chair but can be altered by factor. An acceleration in the
simulation can be higher than the acceleration made by the wheelchair. If the
simulated car accelerates by 3 m/s from 0 to 100 km/h, the chair could only
accelerate by 1 m/s from 0 to 6 km/h. The same applies to driving curves (a
90-degree curve in the simulation could be a 180-degree turn by the chair. This
concept is known as redirected driving [35]. Such an implementation requires
less space than the exact mapping.

Inertial mapping where occurring inertial forces are translated to the move-
ments of the chair. This means that only acceleration and rotational forces
in the simulation are translated to the chair. If the simulated car drives at
a constant speed and is not accelerating or decelerating, the chair would not
move at all. This can be applied because, in contrast to acceleration or rotation,
movement cannot be sensed by the vestibular system [259, 5]. Such an imple-
mentation implies having some kind of idle position and rotation, where the
chair slowly travels back when no forces are applied. Simply spoken, the chair
would slowly move to an idle position if it is not in the idle position, and no
forces should be rendered by the chair. Such mechanisms are also applied in
moving-base driving simulators, where the motion platform slowly recovers
into an idle position when no (or low) acceleration forces occur.
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FIGURE 4.15: Omnidirectional wheels prevent the wheelchair
from wobbling when changing directions.

Combinational mapping where all mappings state above are combined.

For WheelchairVR, inertial mapping is used. For this, the mapping be-
tween the simulated movements and real movements can completely be de-
coupled. Initially, the chair does not move when the virtual vehicle moves.
The movements of the chair are then applied based on the acceleration and
rotational forces of the vehicle. Moreover, the movement of the chair must not
influence the rendering of the virtual scene, but the location of the chair must
be captured in order to identify if a movement can safely be performed and to
move into an idle position.

For the localization of the chair, a 6 DOF VR system can be used. It allows
for measuring the position and rotation of the HMD and the controllers. The
position and rotation of the chair can be calculated by attaching one controller
to the chair (note that the HMD itself can be used for the location, but not the
rotation since head movements are also applied).

The simulation can send virtual joystick commands to the chair to move it,
dependent on the measured movements.

Safety concept

To ensure a safe operation with participants, the wheelchair has several safety
mechanisms. The wheelchair itself is medically approved, has an integrated
seat belt (see Figure 4.17) and a low center of gravity that prevents it from
falling over.

The steering signals from the real and virtual joystick are redundant. If the
signal on one pin is different from another, the chair stops. The remote-con-
trol commands are stateless, meaning there is no command such as forward
until stop. Such a command would require a successfully received stop com-
mand in any case. If the command is not received, the wheelchair will not
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a

b c

FIGURE 4.16: PG Drive VS controller of the Eltego wheelchair
(a). An Arduino Uno is connected to the controller to remote-
control the chair (b). A cable connects the controller and the Ar-

duino, sending virtual joystick signals (c).
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FIGURE 4.17: Seat belt prevents participants to fall out of the
wheelchair.

stop. Therefore, the commands are stateless. If no continuous forward com-
mand is received, the wheelchair will not move further. Additionally, a wired
emergency stop is planned to be implemented before user studies start. The
emergency stop would be connected directly to the power connection between
the battery and the motors. An operator can then disconnect the power supply
to the motors by a kill switch.

4.2.3 Discussion

WheelchairVR’s approach is to increase behavioral validity through real move-
ment. Real movements that match movements of a virtual car in VR adds
kinesthetic forces to the simulation. By this, presence and immersion are in-
creased (see section 4.3). It is expected that this leads to an increased percep-
tion of risk, leading to an increased validity regarding trust in automation and
risk perception. An experiment to investigate this is presented in section 4.4.

Simula�
tors and
other ap�
proaches

Besides WheelchairVR’s approach, other approaches exist. The nature of
in-vehicle driver-vehicle communication is that it takes place in the vehicle.
Furthermore, automated driving studies require vehicles capable of automated
driving, or at least the illusion for the participant that it is an automated vehi-
cle. For this, several possibilities exist. Although automated vehicles still have
shallow market penetration, production vehicles capable of SAE [108] level 2
already exist (more on SAE level in chapter 2.1.1. Vehicles of a level 3 automa-
tion were announced to be released in 2020, but those plans were discarded in
mid-2020 [205, 227].

On-road
studies

Nevertheless, user studies on modern high-end vehicles with automated
drive systems, whether level 2 or 3, is associated with several problems. Putting
participants into the danger of prototyped interfaces and vehicles on the road
has its ethical considerations. It is shown (see chapter 4.1) that some interfaces
can lead to mode confusion which in turn leads to dangerous situations [93].
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Availability simply due to high acquisition costs is another factor. It is then
questionable if the vehicle can be manipulated the way the study demands it.

Some setups require the construction of a specific track with controlled
weather conditions, for example, a circuit with predefined visual ranges. Even
if all conditions could be met, higher automation levels than the car has been
impossible. State-of-the-art prototypes of automated vehicles may have more
sophisticated automation, but most of the drawbacks remain. Furthermore,
the prototypical nature of the automation requires the presence of two safety
drivers in some labs. Studies regarding trust in automation could be con-
founded with the presence of two safety drivers present.

WoZ carsA Wizard of Oz (WoZ) automation (e.g., [158, 245, 80]) could be used to
fake an automation without the participant’s knowledge. In this case, a driver
is hidden somewhere in the vehicle, given the impression of an automated ve-
hicle. Thus, enabling a very versatile and safe illusion of an automation. How-
ever, not all study designs are possible with a WoZ automation. For example,
the aforementioned circuit with specific weather conditions, like in [98], are
not possible in reality. Therefore, driving simulator studies are the most ver-
satile, most available, safest, and therefore most ethically sound environments
for conducting automated driving studies.

Adding real motion and kinesthetic forces to a virtual scene is similar to a
moving base driving simulator. Therefore, the basic concept of WheelchairVR
is not new. There may be other approaches that could lead to similar or bet-
ter results. Another alternative to moving base simulators and WheelchairVR
are WoZ cars, where real drivers are hidden from participants. Thus, Wheel-
chairVR aims to provide a low-cost alternative to currently established systems
that may not be available for researchers. WheelchairVR is expected to create
an increased risk perception compared to fixed base driving simulators, en-
abling the investigation of the correlation between trust calibrating persuasive
strategies and the perception of risk and safety in simulated environments. To
investigate this, two fundamental questions arise:

How to implement the synchronization between real and simu-
lated movements?

What is the influence of real motion regarding presence?

These two questions are answered in the following section.

4.3 Kinesthetic Forces to Increase Presence

The section is largely based on the following conference paper where
parts of this section were published [95]:

Hock, P., Benedikter, S., Gugenheimer, J., & Rukzio, E. (2017, May).
Carvr: Enabling in-car virtual reality entertainment. In Pro-
ceedings of the 2017 CHI Conference on Human Factors in Computing Sys-
tems (pp. 4034-4044). https://doi.org/10.1145/3025453.3025665.
Reprinted with permission from ACM.

https://doi.org/10.1145/3025453.3025665
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In this study (n = 21), real vehicle movements were mapped to move-
ments in a VR simulation (see Figure 4.18). This allowed the user to actually
feel kinesthetic forces during the VR experience. In the VR simulation, the
participants did not drive in a vehicle but flew in a helicopter.

In the study, a VR simulation was implemented and coupled with a moving
vehicle to match the kinesthetic forces one to one. The system was compared
to a baseline condition where a non-moving vehicle was used where no kines-
thetic forces were applied. It was shown that the perceived kinesthetic forces
caused by the movements increased engagement, enjoyment, immersion, and
presence, and also decreased general discomfort significantly compared to the
stationary VR experience. Because this system may be not only useful for user
studies but also for in-car entertainment, the design space of real kinesthetic
forces in an in-car VR entertainment application is explored, and design con-
siderations for practitioners are derived. This study is referred to as CarVR.

FIGURE 4.18: A participant is sitting on the front passenger seat
playing the game while the car is moving. Kinesthetic forces
caused by the car match the movements in VR. Image and cap-
tion taken from [95]. Reprinted with permission from ACM.

Video available at https://youtu.be/oVJVr88a_D8.

4.3.1 Experiment Design

The study followed a within-subject design with repeated measures. The ve-
hicle movement was used as an independent variable with two levels: driving,
and parking. In the driving condition, the experimenter drove along a prede-
fined route. The virtual environment was designed to match the real route
(see Figure 4.26). In the parking condition, the car was not moving. In both
conditions, the virtual route was identical.

Variables and Measurements

Table 4.3 shows the questionnaires and measurements used in the study.

https://youtu.be/oVJVr88a_D8
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Variable Measurement

Dependent variables

Engagement E2I [140]
Enjoyment E2I [140]
Immersion E2I [140]
Presence E2I [140]
Simulator sickness SSQ [122]
General discomfort Self-developed

TABLE 4.3: Variables and according measurement used in the
study.

Dependent variables were engagement, enjoyment, immersion, presence,
simulator sickness, and general discomfort. Engagement, enjoyment, immer-
sion, and presence were measured by the E2I questionnaire [140]. Simulator
sickness was measured using the Simulator Sickness Questionnaire (SSQ) [122].
Besides the SSQ, general discomfort was measured with a self-developed scale
(single item) because the SSQ was expected to be less accurate in measuring
simulator sickness. Thus, the questionnaire was used as a supplement for the
SSQ. The assumption was based on the fact that the SSQ was designed for
extreme situations in military aviation scenarios for pilot candidates. Thus, se-
vere symptoms that are asked by the SSQ, like headache, sweating, fatigue, or
burping was not expected to have high variance during the study. It was fur-
ther assumed that the SSQ might be good to measure the presence of simulator
sickness, but a comparison between two or more systems where only some of
the symptoms occur, the SSQ might be inaccurate. The SSQ had no significant
differences in other research, whereas other questionnaires showed significant
results [257, 62]. The self-developed questionnaire used a 7-point Likert scale
and had one item: "How much did you feel physically uncomfortable while
using the system?".

4.3.2 Research Questions and Hypotheses

Based on the literature discussed in section 4.2.1, the research question in this
study was:

Can matching kinesthetic forces (moving vehicle to a virtual ve-
hicle) in VR increase engagement, enjoyment, immersion, and
presence, and also reduce simulator sickness and general dis-
comfort?

The following hypotheses were formulated:

H1 Participants report more engagement, enjoyment, immersion, and pres-
ence in the driving condition compared to the parking condition.

H2 Participants report less simulator sickness in the driving condition com-
pared to the parking condition.
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H3 Participants report less general discomfort in the driving condition com-
pared to the parking condition.

4.3.3 Participants

Participants (N = 23; 5 female, 18 male, 0 diverse) were recruited by means of
flyers, social media advertising, and direct contact with possible participants
on campus. They were between 19 and 44 (M = 26.17, SD = 5.04) years
old. The recruitment methods resulted in a predominantly student sample.
Two participants had to be excluded, resulting in a final sample of (n = 21)
participants. One participant was excluded due to severe simulator sickness
during the parking condition; one due to an outlier score (more than 3 SD) in
the SSQ during the driving condition. It was later found that the car had to
drive backward at the beginning of the scenario, which was not appropriately
mapped into virtual movements and resulted in the simulator sickness.

Participants spent 3.17 (SD = 1.42) hours on average driving in a vehicle
and 1.43 (SD = 1.43) hours per week as a passenger. To compensate for the
participation in the study, 5 ewere paid.

4.3.4 Apparatus

HardwareThe hardware consisted of a GearVR VR HMD, an on-board diagnostics (OBD)
II reader to retrieve the speed of the vehicle, and inertial measurement unit
(IMU) to retrieve the rotation of the vehicle (an x-IMU in this case). The setup
is depicted in Figure 4.19. The OBD interface is a standardized port to read
diagnostic information. Retrieving the speed may also be possible by GPS,
but OBD turned out to work properly for the use case. The x-IMU has three
orthogonal gyroscopic sensors for the detection of rotating movements in the
x-, y-, and z-axis. With the help of the speed, the position of the vehicle can be
determined via dead reckoning. An IMU is also built in the VR headset, but
to distinguish between head rotations and vehicle rotations, the x-IMU was
placed in the car.

The rotations of the x-IMU represent the car’s rotations and are directly
mapped to the cockpit. The participant’s rotation was not parented to the car
because the VR headset already measured the car and the head rotation and
cannot distinguish between them.

All x-IMU rotations (yaw, pitch, and roll) were delegated to the cockpit.
The yaw-axis was used for the direction. The pitch and roll axis in the car
changed because of the inertia. In a helicopter, the axis is actively manipulated
to steer and is inverted compared to the car (see Figure 4.20).

In pretests, a roll, as well as an inverse roll rotation, were reported as real-
istic but interpreted differently. An inverted roll rotation was reported to feel
more like flying, which is reasonable because an airplane or helicopter would
also roll towards the curvature. An inverted pitch rotation was stated to be
unrealistic and uncomfortable. Thus, the yaw and pitch axis were mapped
directly; the roll axis was inverted.
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OBD 2 port GearVRx-IMU OBD 2 reader

FIGURE 4.19: Schematic view of the position of devices and peo-
ple involved in the apparatus. The driver acts as a normal driver,
following a route to a destination. The co-driver is playing the
game on the font-passenger seat with a Samsung GearVR at-
tached. An x-IMU measures the vehicle’s inertia. An OBD-II
reader attached to the car’s diagnostic port is used to measure
the car’s velocity. Image and caption taken from [95]. Reprinted

with permission from ACM.

left turnbrake accelerate

FIGURE 4.20: Effects of vehicular rotation while braking, accel-
erating and turning. The weight transfer due to inertia in a car
forces the car to rotate forward when braking, backward when
accelerating on the pitch axis, and towards the outside of a curve
when turning on the roll axis. The rotation in a helicopter be-
haves inversely. Image and caption taken from [95]. Reprinted

with permission from ACM.
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The mapping of the x-IMU to the cockpit and not the head rotation resulted
in a horizon-fixed (see Figure 4.21) view. This was chosen because it is applied
as best practice in VR to reduce simulator sickness.

Horiz
on

Cockpit

Horizon

Cockpit

FIGURE 4.21: Two approaches of visualizing roll rotation. Left:
the cockpit and the camera rotates along the roll axis. Right: only
the cockpit rotates along the roll axis (horizon-fixed, used in the
study), the camera’s roll rotation stays in line with the horizon.
This concept also applies for the pitch axis. Image and caption

taken from [95]. Reprinted with permission from ACM.

Dead reckoning is known to suffer from accumulated errors. This leads to
an ever-increasing difference between the actual location and the calculated
location [215]. Combining multiple sensors, like GPS, IMU, and OBD, could
reduce possible accumulated errors.

The x-IMU data rate was set to 64 Hz. The OBD data rate was set at 10 Hz.
The x-IMU’s internal algorithm was set to Attitude Heading Reference System
(AHRS). To prevent lags, missing data points were interpolated linearly. A
Samsung GearVR with a Samsung Galaxy S6 Edge mobile phone was used as
the VR device.

SoftwareIn the study, a helicopter was flown through a valley where participants
were instructed to play a rail shooter game. In this case, a rail shooter was
used with a predefined route. A rail shooter is a game where the movements
of the helicopter are out of the player’s control. The player’s freedoms are
limited to aiming and shooting.

This seemed to be an appropriate solution because the route of the vehicle
had to be the same for every participant and thus predefined. The player’s task
was to shoot at balloons. The purpose of shooting at targets was chosen as an
element of gameplay and to reduce boredom. Balloons as targets were chosen
to minimize graphic violence. Aiming was achieved by gaze; a gamepad was
used for triggering a laser gun (see Figure 4.22).

Because the sensor data was directly mapped to the movements of the he-
licopter, the level design was restricted to three possible options: (1) A prede-
fined route where every turn is previously defined and fixed. An unplanned
turn could result in moving through walls or obstacles. Flying through a
canyon or driving on a highway could be such a design. (2) A direction in-
dependent level design where the route is not predefined. Spontaneous turns
without a predefined map are possible. Flying through space or in the air
could be such a design. (3) A reactive and dynamic route that creates new
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paths depending on the current course. This requires a very complex level de-
sign because every unplanned or spontaneous turn has to be represented in
the game and has to be represented on the map.

FIGURE 4.22: The view from inside the cockpit. A balloon is
shot through aiming via gaze and shooting via button press on

a game controller. Image and caption taken from [95].

In total, there were 35 balloons a participant could shot at. A counter
showed the hit/left ratio (see Figure 4.22). To support aiming, a target lock
was implemented. A target lock locks on to the target when the gaze direction
is near the target. Without the target lock, the game turned out to be frustrat-
ing in pretests due to the subtle movements of the car. Furthermore, this could
confound the results because, in the control condition, the car was not moving.
The map (see Figure 4.23) was generated by choosing a route first (a).

a b c
FIGURE 4.23: Route generation based on predefined route. (a)
The trajectory is extracted from the topology, (b) A depth map
based on the trajectory is generated. (c) The terrain according to
the depth map is generated. Image and caption taken from [95].

Reprinted with permission from ACM.

A heightmap was created along the route (b). A heightmap defines the
terrain height by a grey-scale top-down image of the scene. The final terrain
resembles a valley (c). Textures and details were then applied on the blank
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terrain (see Figure 4.24). The final map had several details: a river, a train, a
flock of sheep, a town, and a castle.

FIGURE 4.24: The scene the player is flying through. The map
is a valley with different highlights (a train, sheep, houses and
a castle). The five small images show the view from the ego
perspective but without the cockpit. Image and caption taken

from [95]. Reprinted with permission from ACM.

The map has a total of 810 km2. To increase the perception of movement,
snowflakes were added. Acceleration was additionally supported by a warp
effect (see Figure 4.25). To reduce simulator sickness, the graphical represen-
tation was designed for performance. High frame rates are generally known
to reduce simulator sickness [128]. The VR scene was implemented with the
Unity 3D game engine.

The track (see Figure 4.26) consisted of six 90-degree curves, three left-hand
and three right-hand, as well as three 360-degree turns (two left-hand and one
right-hand). The start of the track was at a parking lot (a), followed by three
right-hand curves until a 360-degree turn (b) was reached. The track continued
with a right-hand curve and a second 360-degree turn (c). After a left curve,
the first 360-degree turn was reached again (b). Three left-hand curves had
gto be driven until the parking lot was reached again (a). This took about five
minutes from start to end.
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FIGURE 4.25: The warp effect can be used to visualize acceler-
ation. Image and caption taken from [95]. Reprinted with per-

mission from ACM.

4.3.5 Procedure

In both conditions, participants were seated in the vehicle on the front passen-
ger seat. They were informed about the study’s purpose, and procedure and
a consent form had to be signed. A short introduction of the game followed
along with a correct adjustment of the VR HMD. The order of the conditions
was randomized. To get used to the game mechanics, participants had to shoot
at three balloons before each trial. Over-ear headphones were used to isolate
participants from surrounding noises. The questionnaires regarding simulator
sickness, presence, and immersion were filled out after each trial. Before the
second trial, participants could readjust the VR headset. Each trial took about
five minutes. The study lasted about 40 minutes in total.

4.3.6 Results

It was assumed that the kinesthetic forces create more engagement, enjoyment,
immersion, and presence compared to trials without kinesthetic forces (H1).
To test this, the total score and the subscale scores (presence, enjoyment) of the
E2I were used (see Figure 4.27). It can be seen that the driving condition had
higher values in all three scores (total, presence, and enjoyment) compared to
the parking condition (see Table 4.4). A paired-samples t-test was used to test
for significant differences. Preconditions for the t-test were met (see Table 4.5).

total presence enjoyment

condition mean sd mean sd mean sd

parking 3.64 1.01 3.67 1.00 3.60 1.32
driving 4.53 .73 4.28 .73 4.90 .88

TABLE 4.4: Means and standard deviations of the E2 I score and
subscores. Table and caption taken from [95].
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FIGURE 4.26: The route of the study. Image taken from [95].
Reprinted with permission from ACM.

Shapiro Wilk
Statistic df Sig.

E2 I Total Score (Parking) .929 21 .134
E2 I Total Score (Driving) .973 21 .792
E2 I Presence Score (Parking) .974 21 .825
E2 I Presence Score (Driving) .985 21 .976
E2 I Enjoyment Score (Parking) .946 21 .290
E2 I Enjoyment Score (Driving) .911 21 .058

TABLE 4.5: Results of the Shapiro Wilk Test for the E2 I score
and subscores showing that all scores were distributed normally.
Table and caption taken from [95]. Reprinted with permission

from ACM.
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The t-test revealed significant differences in each case (total: t(20) = −5.84,
p < 0.001; presence: t(20) = −4.11, p = 0.001; enjoyment: t(20) = −6.30,
p < 0.001), therefore, the H1 was confirmed.

It was further assumed that simulator sickness is reduced if kinesthetic
forces match the visual forces in VR compared to trials without kinesthetic
forces (H2). To evaluate this, the SSQ score was used. Because the data were
not normally distributed, a Wilcoxon Signed-Ranks test was used. It revealed
no significant differences (T = 58, Z = −.520, p > 0.05, Mdnparking = Mdndriving
= 11.22). Thus, H2 could not be confirmed.

However, a questionnaire regarding physical discomfort (see Figure 4.27
d) was used to test whether participants experience less general discomfort
in the driving condition compared to the parking condition (H3), which was
added because the SSQ can lead to insignificant differences (see section 4.3.1).
Discomfort was stated to be lower in the driving condition (Mdn = 2) com-
pared to the parking condition (Mdn = 3). A Shapiro-Wilk test indicated a
non-normal distribution (p < 0.05). A Wilcoxon signed-ranks test revealed
a significant difference between the conditions (T = 84, Z = 2.72, p < .01,
r = .60). This result confirmed H3.
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FIGURE 4.27: E2 I total score (a), subscale scores (b, c) for the two
conditions parking and driving, and discomfort score (d). It can
be seen that the rating for driving in all three scores (total, pres-
ence, and enjoyment) is higher than for the parking condition.
The effects are significant. Error bars (a, b, c) represent one stan-
dard deviation. Comparison between general discomfort in the
parking condition and the driving condition (d). Images taken

from [95]. Reprinted with permission from ACM.

Impres�
sions

During the experiment, the experimenter and the participant were seated
next to each other. Therefore, the experimenter could capture some statements
and impressions during and after the trials. Participants stated that the move-
ment and visualization felt realistic during the driving trial and that real move-
ments enhance the feeling of flying. The results are in line with the findings
by Slater and colleagues [222, 221, 218] which also show that matching move-
ments and visual representation increase the feeling of presence. Furthermore,
participants stated to lose their sense of location in the real world completely,
and participants could not tell the path of the vehicle afterwards. Locomotion
without kinesthetic forces was reported as unpleasant during curves and accel-
eration. Two participants stated that both conditions were equally enjoyable.
Some participants mentioned the wish to engage in the traffic situation be-
cause the front passenger seat would imply participation and attention. Being
in VR prevents this, leading to the dissonance between the urge to participate
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in the traffic and being immersed in VR. Braking was reported as the situation
that creates the most discomfort.

4.3.7 Discussion

E2IIt was found that engagement, enjoyment, immersion, and presence were sig-
nificantly higher in the driving condition compared to the parking condition.
Based on the results of the E2I questionnaire, H1 could be confirmed. A basic
premise of WheelchairVR is that real movement increases immersion, which
could be confirmed.

SicknessThe difference in the SSQ score measuring simulator sickness was not sig-
nificant. However, it was assumed that the questionnaire cannot measure
simulator sickness accurately enough to compare the values because the SSQ
was designed for extreme situations in aviation. The self-developed question-
naire regarding general discomfort differed significantly, which means that
H3 can be confirmed. The finding is in line with the sensory conflict the-
ory [187] which states that a mismatch between visual and vestibular infor-
mation causes motion sickness. Thus, the matching between real and virtual
movements reduces this mismatch. Participants also mentioned during the
study that less sickness in the driving trial occurred. Even though the results
of this study could not confirm a reduction of simulator sickness (as measured
by the SSQ), it is assumed that general discomfort is related to simulator sick-
ness. Thus, matching kinesthetic forces in VR can lead to reduced simulator
sickness.

Design considerations

Design considerations and implications for the WheelchairVR project as well
as for in-car VR entertainment are derived based on the following four aspects:
(1) participants’ statements (thoughts spoken out loud by participants) during
the study, (2) observations by the developers and experimenter during devel-
opment, (3) testing and conducting the study, and (4) user feedback (explicit
criticism or suggestions for the experimenter) during the study.

The design considerations consider two aspects: (1) design considerations
for in-car entertainment and (2) design considerations for WheelchairVR.

Attribu�
tion of
move�
ment

It was observed that the movement of the virtual vehicle was perceived
and accepted as part of the game and not consciously interpreted as the driver
steering the car. Participants were aware that the movements of the helicopter
were caused by the driver, but during the game, the awareness seemed not to
be very present. For example, participants did not ask to change the driving
style to hit a specific target more easily.

This is a hint that the immersion of an automated vehicle steering the car
is high during a WheelchairVR experiment. Participants who "forget" that a
driver is responsible for the vehicle to move may also attribute the movements
in the wheelchair to the automation.

The experimenter bias could be responsible for the attribution of move-
ment. It means that participants did not want to interfere with the driving
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style because the experimenter and driver was a stranger and authority for
them.

For an in-car entertainment system, this might change because friends could
drive together. In this case, it is assumed that the player and driver may com-
municate.

Persua�
sion of
the driver

A player’s wish to influence the driving behavior in the game should be
considered and could even be used to increase driving safety. For example,
if a driver is speeding, the number of targets could be increased. This could
cause the player to ask the driver to slow down in order to hit all targets.
However, a specific game design could also lead to an increase in risky driving
behavior. For example, chasing an object in front should not be an element of
the gameplay because players may try to convince the driver to speed up.

Incom�
pleteness

As an in-car entertainment system, the setup is likely not fully controllable.
If the gameplay punishes players for not completing a challenge but is also re-
sponsible for it, players might become frustrated. In the real world, the unpre-
dictability of route choices could create a situation that makes reaching certain
goals impossible. For example, to hit all targets, while one of the targets cannot
be reached. When the car drives in a way that goals are impossible to achieve,
the player might blame the driver or the game. The feeling of incompleteness
could be avoided by designing levels where incompleteness does not occur,
for example, by having no fixed limit of targets. In the study setup, this was
not necessary because the route and behavior were very predictable.

Pre�
dictabil�
ity

As mentioned in the section 4.3.4, three different level designs are possi-
ble: (1) a predefined route, (2) a direction independent level, (3) a reactive and
dynamic route. For the study, a predefined route was chosen, but also a direc-
tion independent level was considered. A direction independent level could
be flying in a borderless world. Unpredictable turns would then not result in
flying through walls or similar incoherent situations. On the other hand, this
has the drawback that no cues exist where the vehicle is turning next, but the
lack of anticipating the future motion path increases the likelihood of motion
sickness [52]. This means the absence of predictability could lead to increased
VR sickness because sudden and unpredictable changes in direction occur. A
visualization of upcoming turns is necessary to minimize sickness. This could
be done with floating arrows or semi-transparent lines that correspond to the
real world route, floating in the space.

Time and
location

During the study, it was observed that participants had lost their awareness
of the real-world location and also the awareness of the time passed since the
beginning of the study.

This is an indicator that in a WheelchairVR experiment, participants might
also lose their awareness of location and time. It could be enough that the chair
only makes subtle movements to create a highly immersed feeling.

Time
hints

When designing in-car entertainment systems, a lack of awareness of time
could be both beneficial and detrimental depending on the situation. Long
travel times that appear very short are beneficial, but a situation that relies on
being aware of time, such as appointments, should be considered. This could
lead to missing an exit in public transport or forgetting to inform others of
being late.

Brake
hints
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Braking was reported as the situation that creates the most discomfort. A
reason could be that braking is hard to anticipate. This needs further investi-
gation. If a lack of anticipation is the reason for increased discomfort, a notifi-
cation to prepare for the break might mitigate the effect. A sensor that detects
the foot placements could be a solution.

Visual
domi�
nance

In section 4.3.4, it was mentioned that the rotational axis could be inverted,
and inverting the roll rotation changed the perception of the movement from
driving to flying. Moreover, inverting the pitch axis led to an uncomfortable
feeling. The visual representation of forces can sometimes be altered, and the
situations where this is perceived as acceptable or disturbing are not always
intuitive. Humans rely on their sensory information, and visual information
is very dominant [34]. In VR, this can be used to create illusions and even
a fake perception of pain [106]. Altering forces, for example, by inverting or
amplifying movements or rotations are possible (e.g., [35, 190]). This could be
used to minimize the required space in a WheelchairVR experiment by using
redirected driving [35].

Co-driver
responsi�
bilities

Participants stated that the front passenger seat bears a certain responsibil-
ity to be involved in the traffic. Playing a fully immersive game counteracts
this role because participants cannot fulfill their task of observing the traffic.
This may be counteracted by changing the seat position, but this is not always
possible. Not every participant reported this as an issue. It is assumed that
this kind of feeling depends on the player’s personality.

In WheelchairVR experiments, it is not expected that participants want to
fulfill their role as co-driver because they are not seated in the front passenger
seat of a car. However, participants sit in a wheelchair, which might have other
unknown subconscious associations.

4.3.8 Limitations and Future Work

A static route was chosen to provide equal conditions among all participants.
However, the road was not cordoned off for the experiment. Other road users,
mostly cars, were present during the experiment. Sudden brakes, longer wait-
ing time on crossings, or different acceleration rates were not fully controllable
and differed among participants. Moreover, the VR time in the study was
about ten minutes, and participants had little to no experience in VR. Longer
travel time and exposure were not investigated. This is especially relevant
for the in-car entertainment experience. For WheelchairVR experiments, the
sample is expected to have a similar experience in VR and experience the VR
scene about the same time span. Moreover, different tracks, like highways,
were not tested. The design considerations were based on a limited sample.
To create guidelines or recommendations, more data is required. Finally, an
experimenter bias could affect participant’s statements because it might be ob-
vious that the parking condition served as a baseline condition.
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4.3.9 Conclusion

The study shows that combining real and virtual vehicle movements can in-
crease engagement, enjoyment, immersion, and presence. The matching vesti-
bular and visual information also decreases general discomfort and might also
positively influence simulator sickness. The apparatus also shows the techni-
cal requirements to map the forces from moving to virtual vehicles . Insights
for in-car entertainment as well as for WheelchairVR experiments could be
gained, and design recommendations were derived.

4.4 WheelchairVR – Evaluation

In this section, a study design to investigate the influence of presence on trust
and safety perception using WheelchairVR is presented. It is assumed that
high presence leads to an increased trust validity and risk perception com-
pared to low presence. It is further assumed that presence is higher in Wheel-
chairVR than in a driving simulator. The factors of WheelchairVR to increase
the validity of safety perception and trust are assumed to be (1) the real mo-
tions mapped to the vehicle and the (2) VR environment that further isolates
the participant from the real world. Because of the existence of VR driving
simulators, the unique feature of WheelchairVR is the real motion. Thus, this
study focuses on the aspect of real motion version no motion.

4.4.1 Research Questions and Hypotheses

The research question is: what is the effect of real motion in WheelchairVR on
trust and safety perception compared to a non-moving WheelchairVR. More-
over, it is assumed that real motion can increase trust validity and the validity
of perception safety. Therefore, the definition of behavioral validity is impor-
tant, which is the extent to which the simulator causes the same behaviors as
the real word [64].

WheelchairVR aims to increase behavioral validity. This means that ratings
of trust and perceived safety in WheelchairVR are equal to ratings when be-
ing on-road. However, no evidence was found that in safety-critical situations,
the perceived safety is rated lowest in real life and higher in a simulator. The
same applies to trust. No evidence was found that, in safety-critical situations,
trust in automation is rated lowest on-road and rated higher in the simulator.
In order to show that WheelchairVR increases behavioral validity, a baseline
comparison with real on-road situations is necessary. However, exposing par-
ticipants to dangerous situations is unethical, making an on-road comparison
challenging. Moreover, in the simulator, it was observed (see chapter 4.1) that
trust ratings were overall very high, despite being exposed to simulated dan-
gerous situations but without real danger. Thus, it was assumed that the high
trust ratings prevent persuasive strategies from increasing trust because of a
ceiling effect regarding trust. Therefore, as a first investigation, the evaluation
study aims to decrease ratings in trust and perceived safety when exposed to
dangerous situations. Further studies are necessary to test if WheelchairVR
has higher behavioral validity than driving simulators. To put the results in



Chapter 4. Presence and Trust 130

relation to each other, a fixed-base non-VR driving simulator is used as a base-
line condition. Based on the literature, the hypothesis is:
(H1) In safety-critical situations, participants have a decreased perceived safety
in WheelchairVR when moving compared to WheelchairVR when not moving.
(H2) In safety-critical situations, participants have a decreased trust in au-
tomation in WheelchairVR when moving compared to WheelchairVR when
not moving.

4.4.2 Experiment Design

The study follows a within-subject design with repeated measures. The sim-
ulator environment serves as independent variable with three levels: moving,
standing and baseline. In the baseline condition, a fixed-base driving simulator
with a 190-degree FOV on projected screens is used. In the moving condition,
the wheelchair is remotely controlled by the system. Participants are informed
that the wheelchair is moving. In the standing condition, the wheelchair is not
moving. Participants are informed that the wheelchair is not moving. The de-
pendent variables are simulator sickness, presence, perceived safety, and trust
in the automation.

4.4.3 Questionnaires

Simulator sickness is measured using the SSQ [122] and a self-developed ques-
tionnaire similar to the questionnaire in section 4.3. Engagement, enjoyment,
immersion, and presence are measured using the E2I [140] questionnaire with
the subscores for presence and enjoyment. Because presence is an important
factor, the questionnaire by Witmer and Singer [253] is additionally used to
measure presence. Trust in automaton is measured by [111]. Perceived safety
is measured by [18].

4.4.4 Procedure

Participants are greeted and sign a consent form. Then, a participant is ran-
domly assigned to one of the groups baseline, standing, or moving. After a
short instruction, a familiarization drive starts to test if participants experi-
ence strong symptoms of simulator sickness and to show participants what
they would expect. In the familiarization trial, a simple two-lane straight track
without traffic is rendered and lasts about one minute. If participants agree
to continue, the test trial starts. In this trial, the same two-lane straight track
is driven, but a lead car approaches. The ego car drives automated without
the possibility to deactivate the automation. This is necessary because man-
ual driving in the wheelchair is not possible. The lead car slows down and
accelerates several times for two minutes. The lead car drives 100 km/h and
decelerates down to 50 km/h, 70 km/h, 30 km/h, 0 km/h with accelerating to
100 km/h in between.

The automation always keeps a safe distance to the lead car in a way that
the distance in meter to the lead car is higher than half the current lead car
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speed in km/h and a minimum distance of 10 m. Then questionnaires re-
garding simulator sickness, presence, trust in automation, and risk perception
are filled out. A second trial with the same setting was performed. Here, an
automation failure is implemented at the last stop down to 0 km/h. In this
case, the automation ignores the safety distance and continues to drive at 100
km/h. The automation then performs an emergency stop where the distance
to the lead car is one meter when both cars coming to a standstill. Then, the
simulator sickness, presence, trust in automation, and perceived safety ques-
tionnaires are filled out again. The study ends after filling out a demographic
questionnaire.

In the moving condition, the chair only moves on acceleration and decel-
eration maneuvers. When the virtual car reaches full speed, the wheelchair
slowly decelerates below the human perception threshold and drives slowly
back to the starting point.

4.5 WheelchairVR – Experiment Outline

To investigate a persuasive strategy based on calibrated trust, scenarios where
participants are uncertain about whether the automation can handle the sit-
uation or not are used, as proposed in section 3.3. For this, scenarios were
created where trust in the automation and the certainty that the automation
can handle the situation is expected to be low.

4.5.1 Design Space

One major limitation of WheelchairVR is that manual driving is not possible.
Thus, study designs that require manual driving are not possible. Transitions
from manual to automated driving are therefore very challenging or even im-
possible with the currently planned system. The transition from automated
to manual driving is possible, albeit limited. One approach could be to as-
sess driver’s uncertainty or trust in the automation. Furthermore, it could
be assessed when participants would disable the automation. The actual dis-
abling action would not lead to manual driving but would freeze or stop the
simulation, similar to an emergency top. A combination of uncertainty and
emergency stop is also possible (see Figure 4.28).

A future concept could also integrate a steering wheel into the wheelchair.
Due to the limited space (see Figure 4.29) for the feet, pedals could be challeng-
ing to implement. A combined pedal in which the brake is activated as soon as
the pedal falls below a certain angle is a possible but limited solution. This ap-
proach is similar to the energy recuperation in electric cars, but the break effect
would be increased. Acceleration and deceleration by hand are also thinkable.

4.5.2 Scenarios

To measure a persuasive strategy based on calibrated trust, participants need
a certain level of distrust or uncertainty when driving automated. For this,
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FIGURE 4.28: Slider to measure trust in automation (or certainty
that the automation can handle the situation). The slider posi-
tion is visible in VR and reflects the position in reality. When the
slider is pushed to the lower end of the trust (or certainty) scale,

participants would disable the automation.

FIGURE 4.29: Foot area of the wheelchair.
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several scenarios were created where trust in automation or certainty that the
automation will handle the situation is expected to be low. Various scenar-
ios that are expected to meet these criteria are depicted in Figure 4.30. These
scenarios are:

(a) baseline with possible low uncertainty. (b) A city scenario with a lot of
traffic in which you have to give way. (c) A highway scenario with a changed
roadway due to a construction site. (d) A defective traffic light (yellow blink-
ing) where the right of way is granted and a left turn is planned. (e) A right
turn maneuver with a cyclist in the blind spot, who continues straight ahead
and has the right of way. (f) A passer-by on the road with a pedestrian cross-
ing. (g) Turn left on a rural road with right of way. (h) A passer-by on the road
without pedestrian crossing. (i) A situation intended to have very low cer-
tainty, acting as an upper limit. The ego car overtakes the truck ahead at the
beginning of a hill. Sight is minimal, and oncoming traffic leads to an accident.

4.5.3 Scenario evaluation

Online
study

To evaluate the perceived trust in automation and certainty of successfully
handling the situations, an online experiment was conducted with n = 18
participants. The aim of this pre-study was to identify the level and variance
in trust in automation and the certainty of handling the situations.

Scenario
order

Each scenario (a - i) was presented in a non-randomized order. It was in-
structed that each scenario should be rated independent of the previous, but
even with this instruction, carry-over effects could occur. Especially scenario
(i) was intentionally placed at the end of the scenario order because it was
expected to be rated lowest. Because pretest showed that the scenarios took
some time to load, a preload mechanism was implemented. The preload im-
plementation with a randomized order turned out to be much more complex
than with a non-randomized order. Therefore, the baseline where the vehicle
drove straight without any other vehicles was placed at the beginning, and the
scenario where the automation performed a precarious maneuver was placed
last. The scenarios in between were chosen randomly but not changed for each
participant.

Re�ne�
ments

To make the conditions of the online study as close as possible to a sim-
ulator study, several technical and methodological refinements were imple-
mented based on [94]: Each scenario could only be played once; precaching
and post-video questionnaires about technical problems ensured a lag-free
playback. A minimum screen size and visibility check of the video area en-
sured that participants could see the entire video before playing.

Question�
naires

To assess uncertainty, a self-developed single-item questionnaire was used
and had to be filled out after each scene: "How certain are you that the automa-
tion will handle the situation without errors". Besides uncertainty, also trust
was measured after each scenario by the following items: "I trust the system",
"I am suspicious of the system", "The system is trustworthy".

Partici�
pants

Participants were recruited via social media and online advertising. To
compensate for participation, students received local course credits. Thus,
only students of Ulm University in the subject of psychology participated.

Instruc�
tions
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FIGURE 4.30: Scenarios where uncertainty that the automation
will successfully handle the situation may be low.
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Participants were instructed to be test drivers of the automation. No fur-
ther instructions about the automation’s skills were given.

ResultsFigure 4.31 shows the trust scores for each scenario. The scenario order
is the same as in Figure 4.30. It can be seen that the low-risk and high-risk
conditions were rated as expected. Also, a high degree of variance among par-
ticipants and among scenarios can be observed. A similar picture can be seen
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FIGURE 4.31: Mean trust scores. Error bars = SD.

for the certainty scores in Figure 4.32. Here, the certainty that the automation
can handle the situations is overall low.
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FIGURE 4.32: Mean certainty scores. Error bars = SD.

Discus�
sion

The results indicate that the scenarios have the potential to investigate per-
suasive strategies based on calibrated trust because the scenarios have high
complexity. The high level of uncertainty could lead to an early deactivation
of the automation even though the automation can handle all situations. Dif-
ferent feedback strategies, similar to the previous studies in this thesis, could
be tested and evaluated regarding trust. Moreover, a comparison between a
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moving and standing WheelchairVR setup as well as a legacy driving simula-
tor could create further insights about trust calibrating persuasive strategies in
driving simulator studies.

4.6 Chapter Conclusion

In this chapter, trust calibration and risk perception were discussed. Three user
studies were presented. The first study (opt-out) investigated the approach to
automatically enable the automation in certain scenarios. Some participants
stated to like the idea of a self-enabling automation, which indicates that cer-
tain users are willing to use such systems. Thus, it has the potential to increase
automation usage, especially in situations with high uncertainty or high cog-
nitive load. Moreover, trust was generally high among all situations, and it
was concluded that a trust-based persuasive strategy might not be investi-
gated in this setup. Therefore, the concept of WheelchairVR was presented.
The idea of WheelchairVR is to use VR and combine it with a real moving
remote-controlled wheelchair to add kinesthetic forces. This was shown to in-
crease presence in a preliminary study (CarVR). Two concepts for future user
studies using WheelchairVR were presented. The concept of the first study is
to investigate the influence of real movements in VR on trust and safety per-
ception. The second study pictures a possible setup to investigate persuasive
strategies based on trust calibration with WheelchairVR.

This chapter provided a starting point for possible simulator studies to in-
vestigate the trust and persuasion in automated driving. The importance of
simulator studies in this area is shown in the opt-out study, where mode con-
fusion leads to near accidents. An on-road driving study might either put par-
ticipants in danger or provides an inherently safe environment that renders
such studies impossible by adding safety drivers. WheelchairVR aims to close
this gap by creating the illusion of risk and danger. It has to be mentioned
that alternative solutions exist that might also be suited for such experiments.
WheelchairVR remains as a low-cost alternative to high fidelity simulators and
WoZ-cars. A possible limitation of WheelchairVR could be a false attribution
in which participants do not evaluate the automation but the device itself. The
feeling of safety, risk perception, or trust in automation could then subcon-
sciously be assigned to the apparatus and not to the virtual scenario that it
is supposed to investigate. This issue should be investigated and should be
addressed when conducting user studies with WheelchairVR.
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Chapter 5

Thesis Conclusion

SummaryThis thesis provided insights about persuasive technologies to increase au-
tomation usage. This thesis’s prevailing persuasive principles and techniques
were system feedback and transparency, anthropomorphic interfaces, and cal-
ibrated trust. These principles can be categorized as preconditions for cooper-
ation because a successful human-machine cooperation requires a shared sit-
uation representation, calibrated trust, mutual predictability, and directability.
Currently, automated driving remains a cooperative task. Humans are imper-
fect and incomplete. Thus, technology created by humans is incomplete and
imperfect. However, their strengths can compensate for many of their weak-
nesses if both work together successfully. To increase automation usage and
safety in automated driving, drivers have to accept that.

To design for such an acceptance, persuasion comes into play. Persuasion
strives for changing attitudes and behavior towards a predefined goal. In this
thesis, the use cases were chosen to be performed better by an automation than
the human driver. Thus, the goal was to persuade drivers to relinquish control
over the vehicle. Yet, there are use cases where humans outperform computer
systems and automated vehicles. Increasing traffic safety in automated driv-
ing is by no means to give up control to the vehicle as often as possible, but
to give up control when the automation performs safer than humans. Then,
persuasive principles to convince drivers to let the car drive can be applied.

StructureWithin the scope of this thesis, 5 user studies were conducted. In chap-
ter 3, the FCP was discussed along with three user studies Feedback/Avatar (sec-
tion 3.1), Empathy (section 3.2), and Timing/Personality (section 3.3). In chap-
ter 4, the two user studies Opt-out (section 4.1) and CarVR (section 4.3) were
presented as well as the concept of WheelchairVR (section 4.2) and its two
concepts for user studies WheelchairVR-Evaluation (section 4.4), and Wheel-
chairVR-experiment outline (section 4.5). Chapter 3 covered the persuasive-
ness of feedback strategies. Specifically, the persuasiveness of feedback itself.
The timing of feedback, anthropomorphic and empathic interfaces, as well as
the content of the feedback. Chapter 4 mainly covered the implementation and
future work of WheelchairVR, a concept for a moving driving simulator for in-
vestigating trust-based persuasive strategies. For this, WheelchairVR utilizes
real movements combined with VR to increase presence. Thus, the perceived
realism increases, which aims to increase behavioral validity.

FCPThe FCP was used to create a driving simulator setup where persuasive
techniques can be tested. For this, the track was an endless circular two-lane
road with possible oncoming traffic. A lead car slowed down the ego vehicle,
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inducing the urge to overtake the lead car. Fog limited the visual range, de-
creasing at discrete intervals, thus, decreasing the criticality to overtake. The
car was driving automated. Participants had to disable the automation to over-
take the car ahead. This enabled the evaluation of persuasive strategies by the
time the automation is maintained.

Feed�
back/Avatar

The Feedback/Avatar-study used auditory feedback that reported reasons
why the automation did not overtake. Additionally, a virtual co-driver (avatar)
was used and expected to be more persuasive than the auditory feedback
alone. It was found that feedback presumably leads to a shared situation rep-
resentation, which inhibits the urge or impatience to overtake. Feedback was
a successful persuasive strategy. The assumption that trust calibration leads
to increased usage could not be confirmed. The avatar (with auditory feed-
back) was assumed to be more persuasive because of its anthropomorphic at-
tributes, but it was not more persuasive than the auditory feedback only. It
was assumed that the ineffectiveness of the avatar had several factors. Due to
the limited FOV, the Avatar was hardly noticed. If noticed, it was stated to
be uncanny. Furthermore, it was assumed that the avatar had no appropriate
persuasive strategy. It was further assumed that a persuasive strategy that is
combined with anthropomorphic cues might require a strategy known from
persuasive human to human communication to work.

EmpathyTo test this, the Empathy-study implemented the suggested changes. A
more salient position on the dashboard was used. As persuasive strategy, em-
pathy was chosen and combined with a more abstract avatar that was expected
to be less uncanny. The three variables empathy, anthropomorphism, reason with
the levels yes and no were used. Empathy and reason added more information
to the feedback; anthropomorphism changed the voice itself. The study re-
vealed that some participants rejected an empathic social agent. An empathic
social agent was rejected by most participants. Providing a reason when giving
feedback was demanded and liked by several participants. The demand for a
reason indicates that it is a deliberate and conscious decision whether to use an
automation or not. According to different psychological models of persuasion,
like the ELM (see section 2.4), the persuasion for conscious decisions is based
on facts rather than emotional cues. Thus, providing a reason why the automa-
tion is performing the current action was demanded, empathic feedback was
rejected. An interesting but rather accidental finding was that the right timing
of the feedback could increase the persuasiveness. In contrast to the previous
approaches, where the feedback was presented every time the fog changed, a
novel approach could present feedback every time the driver wants to disable
the automation.

Tim�
ing/Personality

To investigate this, the Timing/Personality study was conducted. Here, feed-
back was used as an independent variable with the three levels: no feedback,
where participants received no feedback while driving automated. Environ-
mental, where participants received the auditory stimulus when the visual
range changed, and reactive, where participants received the auditory stim-
ulus when their hand approaches the automation disable button. The study
revealed that the timing to present the persuasive feedback must be applied
earlier than in the middle of the action to disable, but identifying this point
in time is challenging. Moreover, a correlation between an early cancellation



Chapter 5. Thesis Conclusion 139

of the automation and sensation seeking and between an early cancellation of
the automation and impulsivity was found, indicating that personality traits
like sensation-seeking and impulsivity should be taken into account when per-
suading drivers to use the automation.

The experiments had indicated that the FCP was not suited for investi-
gating trust-based persuasive technologies due to the simple and rather safe
scenario and because it lacks complex and challenging tasks for the automa-
tion. It was assumed that participants have to perceive the situation as hard
to handle for an automation to investigate trust as a persuasive factor. The
persuasive strategy could then be to calibrate trust.

Opt-outThe Opt-out-study investigated a novel approach to increase automated
driving usage by using an opt-out policy. Here, the opt-out principle means
that the automation enables itself in certain situations. By this, the automation
communicates the ability and recommendation to handle the situation. If par-
ticipants did not intervene in this process, the automation enabled itself after
ten seconds. Simplicity and the recommendation character were the basis of
the opt-out principle.

Neither a persuasive effect nor an increase in trust could be found statis-
tically, but some participants liked the concept. They could be persuaded to
activate the automation earlier, especially in situations where drivers are in
cognitively demanding situations or are uncertain about the automation’s abil-
ities.

Besides the lack of statistical evidence, several participants reported that
they liked the idea of self-enabling automation, indicating that in situations
where uncertainty or high cognitive load is present, opt-out could be a useful
strategy. It was also found that susceptibility to mode confusion has to be ad-
dressed before using opt-out on-road. To further investigate persuasion based
on calibrated trust, the concept of WheelchairVR was proposed.

Wheel�
chairVR

The basis of WheelchairVR is a remote-controlled wheelchair that aims to
increase the validity of trust and risk perception in a simulation by adding
real movements. A preliminary study (CarVR) showed that the matching of
real motion and virtual motion in VR increases presence and immersion. In
CarVR, a real vehicle was used to create kinesthetic forces while being in VR.
Here, the movements of the car were directly mapped to a virtual vehicle. It
was shown that presence, enjoyment, and immersion were higher in a moving
vehicle, while simulator sickness was lower compared to a standing condition.
An increased presence is assumed to increase the perception of risk and dan-
ger in virtual scenarios, increasing behavioral validity regarding automated
vehicles. This is expected to enable the investigation of trust-based persua-
sive strategies in inherently safe simulator environments. A validation study
that aims to show the connection between real motion and perceived risk was
described. Finally, a user study to investigate persuasive principles in Wheel-
chairVR was provided. Possible scenarios where uncertainty is high and trust
in the automation is low were validated in an online study.

FindingsFindings and contributions in this thesis are as follows: Feedback increases
automation usage based on establishing a shared situation representation.When
providing persuasive feedback, communicating the reason why the automa-
tion behaves as it does, is very important. Using anthropomorphic cues can be
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perceived as uncanny. When designing anthropomorphic interfaces, various
factors can have strong and unexpected influences among different users.

Empathy can have a negative effect on the acceptance of a system and is
likely to be perceived as disturbing. The implementation of empathy could be
a reason for this. Thus, the general concept of empathy may work.

A persuasive strategy that intervenes in the decision-making process can be
successful. However, the detection that identify this decision-making process
is not trivial. A detection, when participants are already in the executive phase,
is too late. Sensation seeking and impulsivity can be a predictor of automation
usage.

The opt-out paradigm has the potential to be a persuasive strategy to in-
crease automation usage. Investigating trust calibrating persuasive strategies
in fixed-base driving simulators may lack behavioral validity. An approach to
overcome this problem is proposed with WheelchairVR by creating the illusion
of risk and danger through real movements. Concepts for a validation study
and the first depiction of a user study using WheelchairVR are presented.

HCI and
persua�
sion

In section 2.2.2 the differences and similarities between HCI and persua-
sion were discussed. Now, in hindsight, the persuasive strategies in this thesis
will be reviewed in this regard.

In all studies, the system gave feedback about the internal processes of the
system. In the FCP-studies (Feedback/Avatar, Empathy, and Timing), the feed-
back was given that explained that the automation will not overtake, reveal-
ing the internal processes of the system, thus, increased transparency of the
system. The concept of transparency to increase usability was one of Shnei-
derman’s Eight Golden Rules (offer informative feedback) [213] and is also
listed in Norman’s Principles of Interaction [171]. Thus, it can be seen as a
fundamental principle of human-machine interaction. Although transparency
is not mentioned as a persuasive principle by either Fogg or Cialdini, it is still
considered an important part of driver-vehicle cooperation [243]. Moreover,
in this thesis, it was shown that transparency leads to increased automation
usage. This shows that transparency can also be a persuasive principle.

The Feedback/Avatar-study further investigated the persuasive principles of
social proof and social roles by having a virtual co-driver. This concept was
further investigated by the Timing-study with the concept of empathic social
systems. The Timing-study further investigated the influence of the timing
when this feedback is given.

In the Opt-out-study, the automation enabled itself in certain situations.
This principle can be seen as an opt-out policy, where a certain default is used
to persuade users. Defaults and opt-out policies can be seen as persuasive
principles. For example, it could be shown that defaults can influence the con-
tributions to carbon offsetting programs [6]. Defaults can have an influence on
the decision-making process, even though they contradict the interface design
heuristic of user’s control and freedom [169].

Limita�
tions

During the course of this thesis, it was found that the studies in this thesis,
which evaluate behavior in the autonomous vehicle, may lack behavioral va-
lidity. Especially when it comes to trust in automation, which is relevant when
it comes to uncertainty, the abstract situation of being in a simulated car poses
no danger to participants.
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Most experiments were conducted in driving simulators and investigated
initial reactions to automated driving. Participants were not only confronted
with the novelty of an automated vehicle but also new user interfaces and
feedback strategies. Participants might be overstrained with too many novel
systems and devices. Samples were mostly recruited at the university, which
was rather homogeneous. Also, automated driving and driver behavior could
be very different in other cultures and countries. Being exposed to new tech-
nology, like automated driving, creates long-term effects, which changes the
attitude and behavior towards technology. Not only for the individual but also
society as a whole. Such long-term effects could not be covered in this thesis.
Moreover, in a lab experiment, the vehicle may be perceived as an impersonal
element, whereas a car can be a very personalized asset in real life.

Therefore, using more sophisticated driving simulators, or real vehicles,
more heterogeneous samples, conducting long-term studies and studies in the
user’s personal car will create more insights into this field.

Applica�
tions and
outlook

The fact that speeding while driving is common, even though prohibited
and punished, shows that laws cannot completely change people’s behavior
towards safer driving. The use of persuasive strategies to increase automated
driving is intended to be a complementary strategy to others, such as legal
methods. It was shown that successful or promising persuasive strategies to
increase automation usage were mainly associated with cooperative behavior,
such as transparency and trust calibration. Anthropomorphism was not found
to be a promising strategy. Anthropomorphism itself is a very complex con-
struct, and to investigate anthropomorphism in a scientific context, synergy
must be taken into account. Synergy means that the whole is greater than the
simple sum of its parts. Investigating isolated parts of anthropomorphic cues
may not investigate anthropomorphism itself, but a degenerated form of it,
which leads to uncanny valley effects. When designing and investigating hu-
manoid systems, science, design, and art merge. The implementation of a sys-
tem becomes crucial, and minor changes of the implementation may change
the entire perception of it. The degree of anthropomorphism should aim for
being nearly perfect to work. Otherwise, the uncanny valley effect becomes
very strong.

The observed rejection of empathy in combination with feedback strategies
underlines this. The ability to feel and understand the emotions of others can
be attributed to other beings but maybe not be attributed to a machine yet.
If artificial intelligence becomes a believable intelligence, empathy and other
mechanisms might become effective.

Empathy itself means to understand the other, not to pretend to under-
stand the other. Therefore, empathy and persuasion may come together under
the term tailoring. The adaption of the strategies to the user’s needs, wishes,
and personality can be effective, where other persuasive strategies can be ap-
plied depending on the user’s preferences. For example, some users prefer a
self-enabling automation, and others may not. An initial strategy would be
to identify if the user accepts this, then to apply it. Personality traits were
shown to predict automation usage. Another strategy could be to assess the
user’s personality traits, like sensation seeking, then apply a tailored persua-
sive strategy for sensation seekers or non-sensation seekers individually.
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Presenting feedback at the right time was such an approach, where the
individual’s point in time to react would trigger a specific response. This ap-
proach was promising initially, but measuring the decision-making process
was not possible. Modern neurophysiological methods or deep learning sys-
tems that identify gestures and actions not identifiable to humans could pro-
vide such possibility of measurement.

A lack of behavioral validity in trust-based persuasive strategies was as-
sumed due to the simulated and safe environment in the experiments. Thus,
the concept of WheelchairVR could gain new insights about trust-based per-
suasive strategies. However, the setup is limited to automated driving only,
without the ability to drive manually, due to the lack of user controls of the
wheelchair. In the current setup, experiments with takeover situations are only
possible if the takeover represents the end of the experimental trial and auto-
mated driving is the initial state. Investigating the self-enabling automation
paradigm in the chair is therefore not possible. Adding user controls to the
wheelchair could make this paradigm investigatable.

The FCP was assumed to be unsuitable for trust-based persuasive strate-
gies due to the lack of complexity of the situations. One approach could be
to provide situations where participants are uncertain whether the automa-
tion can handle the situation or not: the lower the uncertainty, the more likely
the automation usage. A persuasive strategy could then counteract this uncer-
tainty.

Closing
remarks

To increase automation usage, the development of persuasive interfaces
requires that an automation can handle the current situation in which a driver
is persuaded to relinquish control of the vehicle. If the cooperation between
humans and machines is successful, the strengths can complement each other,
and the weaknesses can be overcome. This thesis provides insights into the
acceptance and effectiveness of persuasive strategies in automated driving and
human-machine cooperation. Thus, it provides a first step towards improving
road safety by increasing the use of automated driving.
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