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Abstract

Abstract

The introduction of conditionally automated driving (CAD) entails a paradigm change in
automotive mobility. For the first time, the driver is temporarily released from the
responsibility of the driving task. This paradigm change challenges the development of human-
machine interfaces (HMIs) facilitating the intended and safe interaction. User studies on the
usability of such HMIs are commonly conducted in driving simulators and within one single
culture. Identifying the potential effects of this context of use is crucial for the validity of
research conducted in the HMI development. Following a review of the relevant literature, five
research questions are derived that are addressed in this thesis.

A systematic literature review offers insights into common research practices of studies
on the usability of HMIs for CAD. Following, a best practice advice is developed. The advice
builds the basis for the experimental design for two of the three validation studies conducted in
this thesis (Exp_Testing-Environment & Exp_Culture).

The first validation study, Exp_Testing-Environment, investigates the effect of the testing
environment on usability assessments. An experiment conducted in a static driving simulator is
compared to an otherwise identical experiment conducted in an instrumented vehicle on a test
track. The findings suggest relative validity but no absolute validity. The study concludes that
problems with HMI concepts identified in the driving simulator will likely be more
pronounced in test track experiments. Based on the findings, driving simulators are deemed a
valid tool.

The second validation study, Exp_Culture, investigates the effect of the users’ cultural
background on the usability assessment by comparing the usability ratings of U.S.-American
participants to German participants. Regarding absolute validity, the database needs to be more
conclusive. The findings, however, confirm relative validity. The study concludes that the
results of usability assessments may be transferred across cultures of the Western
industrialized world. Limitations are expected only regarding the usability facet satisfaction.

The third validation study, Survey Culture, addresses the effect of the users’ cultural
background on the subjective importance ratings of usability factors. The comparison of U.S.-
American and German ratings shows neither considerable nor systematic cultural effects. In
line with Exp_Culture, this study concludes that usability assessments may be conducted
within one culture of the Western industrialized world.

The findings of the three validation studies are consolidated in a set of preliminary
recommendations. The set is discussed and refined in an expert workshop. The final 12
recommendations suggest methods for conducting user studies on the usability of HMIs in the
context of CAD.

This thesis provides novel empirical findings on experimental methods in user studies on
usability assessments, focusing on the validity of usability assessments in varying contexts of
use. Based on prevalent literature and an expert workshop, the results are consolidated and
refined. Concluding, the thesis contributes to the advancement of valid research methods for
conducting usability assessments of HMIs for CAD.



Zusammenfassung

Zusammenfassung

Die Einfohrung des Hochautomatisierten Fahrens (CAD) fihrt zu einem
Paradigmenwechsel. Zum ersten Mal wird der Fahrer vorubergehend von der Verantwortung
fiir die Fahraufgabe entbunden. Dieser Paradigmenwechsel stellt eine Herausforderung fur die
Entwicklung von Mensch-Maschine-Schnittstellen (HMIs) dar, welche die angestrebte und
sichere Interaktion fordern. Nutzerstudien zur Gebrauchstauglichkeit (Usability) solcher HMIs
werden ublicherweise in Fahrsimulatoren und innerhalb einer einzigen Kultur durchgefihrt.
Die Identifizierung moglicher Auswirkungen dieses Nutzungskontexts ist von entscheidender
Bedeutung fir die Validitat der Forschung in der HMI-Entwicklung. Nach Sichtung relevanter
Literatur werden flinf Forschungsfragen abgeleitet, die in dieser Arbeit behandelt werden.

Eine systematische Literaturrecherche bietet Einblicke in gdngige Forschungspraktiken
von Usability-Studien zu HMIs fir das CAD. Ein Leitfaden wird entwickelt, der die Grundlage
fir das experimentelle Design von zwei der drei in dieser Arbeit durchgefiihrten
Validierungsstudien (Exp_Testing-Environment & Exp_Culture) bildet.

Die erste Validierungsstudie, Exp_Testing-Environment, untersucht die Auswirkungen der
Testumgebung auf die Usability-Bewertung. Ein in einem statischen Fahrsimulator
durchgefuhrtes Experiment wird mit einem ansonsten identischen Experiment auf einem
Testgeléande verglichen. Die Ergebnisse deuten auf relative, aber keine absolute Validitat hin.
Die Studie kommt zu dem Schluss, dass Probleme mit HMI-Konzepten, die im Fahrsimulator
identifiziert werden, im Testgeldnde starker ausgepragt sind. Auf Grundlage der Ergebnisse
werden Fahrsimulatoren als valide Versuchsumgebung erachtet.

Die zweite Validierungsstudie, Exp_Culture, untersucht den Einfluss des kulturellen
Hintergrunds auf die Usability-Bewertung, indem Ergebnisse von Proband*innen aus den
Vereinigten Staaten Amerikas und Deutschland verglichen werden. Hinsichtlich der absoluten
Validitat ist die Datenbasis nicht eindeutig. Die Ergebnisse bestétigen jedoch relative Validitét.
Die Studie kommt zu dem Schluss, dass die Ergebnisse von Usability-Bewertungen auf andere
Kulturen westlicher Industrielander tbertragbar sind. Einschrankungen sind lediglich bei der
Zufriedenheit, einer Facette von Usability, zu erwarten.

Die dritte Validierungsstudie, Survey Culture, befasst sich mit dem Einfluss des
kulturellen Hintergrunds auf die subjektive Wichtigkeit von Usability-Faktoren. Der Vergleich
der U.S.-amerikanischen und deutschen Bewertungen zeigt weder erhebliche noch
systematische Effekte. Es wird abgeleitet, dass Usability-Bewertungen innerhalb einer Kultur
der westlichen industrialisierten Welt durchgefiihrt werden kénnen.

Die Ergebnisse der drei Validierungsstudien fuhren zur Formulierung von vorlaufigen
Empfehlungen. Diese werden in einem Expertenworkshop diskutiert und weiterentwickelt. Die
abschlieenden 12 Empfehlungen schlagen Methoden fiir die Durchfiihrung von Nutzerstudien
zur Usability von HMIs im Kontext des CAD vor.

Diese Arbeit liefert neue empirische Erkenntnisse zu experimentellen Methoden in
Nutzerstudien zur Usability-Bewertung mit Fokus auf der Validitat in unterschiedlichen
Nutzungskontexten. Die Ergebnisse werden auf Basis bestehender Literatur und eines
Expertenworkshops konsolidiert und verfeinert. Somit leistet die Arbeit einen wertvollen
Beitrag zur Weiterentwicklung valider Forschungsmethoden zur Durchfiihrung von
Bewertungen der Usability von HMIs fiir das CAD.
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1 Introduction

1.1 Motivation

In 2021, a new chapter in the progress of automated driving has started: Honda launched
the first vehicle that is equipped with an automated driving system (ADS) known as Level 3
(L3) ADS (SAE International, 2021; Sugiura, 2021). This ADS allows the driver to be
temporarily released from the responsibility of the driving task. The term “temporarily”
indicates the accompanying limitations and challenges. Repeated reallocations of the
responsibility for the driving task signify the importance of well-designed human-machine
interfaces (HMIs). HMIs can facilitate the intended and safe interaction between drivers and
the ADS. Partly overlapping with safety-related aspects, usability comprises a more integral
consideration of the interaction quality. Usability is plays a crucial role in assessing the design
of HMI concepts (Francois et al., 2017). Advances in the research methods for assessing the
usability of HMIs for L3 ADS are needed to adapt to the technological progress.

“We must recognize, however, that all of our scientific efforts fall along a
continuum of fallibility. There is no investigation that can be totally lacking in its
potential informativeness, nor will there ever be one that is perfect in its
attainment of internal, external, and theoretical validity. Our goals, then, should
be to strive toward conducting the least fallible in quiries, to cautiously interpret
our experiments in accordance with their logical warrant, and to guard against
the paralysis of complacency regarding the adequacy of current research
methods.”

Mahoney, 1978, p. 671

According to Mahoney (1978), no perfect research method or study design exists. Instead,
he advocates that researchers must be aware of pitfalls and limitations when interpreting their
data. Furthermore, research methods should be selected considering the limitations of validity.
Next to objectivity and reliability, validity is one of the three main quality criteria for scientific
tests (Bortz & Ddoring, 2006, p. 195). Mahoney’s declaration motivates this thesis to learn
more about these limitations and the resulting conclusions. Simultaneously, it is a constant
reminder throughout this thesis’ theoretical and empirical work.

This thesis examines the potential effects of the testing environment and the users’
cultural background on usability assessments of HMIs for L3 ADS. The two factors are
selected regarding their relevance for researchers and practitioners. The factor testing
environment is examined by testing the validity of driving simulators. Driving simulators have
many advantages, with cost-efficiency, high degrees of standardization, and low risks being
only some of them (Caird & Horrey, 2011, Table 5.1). Furthermore, the availability of test
vehicles equipped with ADS is limited. Therefore, most research on HMIs for ADS is
conducted in driving simulators. The factor culture is examined by testing the validity of
usability assessments and comparing the subjective importance ratings of usability factors
across differing cultural backgrounds of potential users. To succeed in today’s globalized
world, products must be available in different cultures. In examining the potential effects of
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testing environment and cultural background and drawing attention to these effects, this thesis
contributes to a responsible approach to usability testing on HMIs for L3 ADS.

1.2 Structure

Chapter 2 presents the theoretical foundation of this thesis. This includes the introduction
of relevant terms and definitions as well as methods for assessing usability. Furthermore,
existing literature on the effects of the testing environment and the culture is presented. In
Chapter 3, five research questions are formulated. A short description of the approach to each
research question is provided. Chapter 4 presents a systematic literature review on common
practices of usability testing of HMIs for L3 ADS, thereby addressing research question RQ;.
The work is published in Albers, Radlmayr, et al. (2020), and only a summary is provided in
this thesis. Chapter 5 offers insights into the experimental design applied in the subsequently
presented validation studies Exp_Testing-Environment and Exp_Culture, completing research
guestion RQ:. The experimental design is derived from the systematic literature review
presented in the previous chapter. The experimental method is published in Albers et al. (2021)
and may be referred to for more details. Chapter 6 presents the findings of the validation study
Exp_Testing-Environment, addressing research question RQ>. Two experiments conducted in a
static driving simulator and an instrumented vehicle on a test track are compared to investigate
the effect of the testing environment on a selection of usability metrics. The validation study
Exp_Culture is presented in Chapter 7, focusing on research question RQs. To investigate the
effect of the users’ cultural background on the assessment of usability, data from two
experiments with German and U.S.-American samples are compared. Both experiments are
conducted in an instrumented vehicle on test tracks in Germany. Chapter 8 offers insights into
research question RQs. The effect of the users’ cultural background on the subjective
importance rating of usability factors in the context of HMIs for L3 ADS is examined
(validation study Survey Culture). Survey data of three samples comprising one German and
two U.S.-American subsamples (one currently resides in the United States, and one subsample
originates in the validation study Exp_Culture) is analyzed. Chapter 9 presents the results of an
expert workshop discussing a set of preliminary recommendations for conducting user studies
to assess the usability of HMIs for L3 ADS. Based on the expert workshop, a final set of
recommendations is formulated, providing the answer to research question RQs. Chapter 10
concludes the thesis by summarizing the findings regarding the five research questions.
Furthermore, the learnings are critically reflected, and an outlook on future research is
presented. The thesis closes with the formulation of five key messages.
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2 Theoretical Foundation

This chapter presents the thesis' theoretical foundation and identifies relevant research
gaps. The chapter starts with the definition of relevant terms that are used throughout the
present work. After that, an overview of methods for assessing usability is presented. The
chapter closes with previous research on the effects of the testing environment driving
simulator and the user’s cultural backgrounds on user studies. The chapter does not cover
studies in the field of usability assessments for L3 HMIs, which are presented in a literature
review in Chapter 4.

2.1 Terms and Definitions

This section defines the terms relevant to the thesis. The areas of automated driving,
usability, validity, testing environment, and culture are covered.

2.1.1 Automated Driving and Related Terms

Automated driving is an umbrella term referring to different degrees and application areas
of automation. The framework ‘Principles of Operation’ by Shi et al. (2020) provides a
comprehensive overview of the different types of automation, stressing the differences
between continuous and discontinuous automation. The ‘Principle of Operation A’ comprises
advanced driver assistance systems (ADAS) with informing and warning functions that
indirectly influence vehicle guidance. In contrast, ‘Principle of Operation B’ contains ADAS
that continuously and directly affect vehicle guidance through functions with varying degrees
of automation. The ‘Principle of Operation C’ comprises ADAS that also directly influence
vehicle guidance. However, these functions operate discontinuously, that is, only temporarily
in accident-prone situations. This thesis focuses on continuous automation (‘Principle of
Operation B”).

The different degrees of continuous automation are described in more detail in the
standard J3016 (SAE International, 2021). Its six different levels of automation (LoAs) range
between Level 0 (L0), which refers to no driving automation, and Level 5 (L5), which refers to
full driving automation. The LoAs are characterized through the definition of the allocation of
responsibilities between the driver and the ADS for different categories and an operational
design domain (ODD), thereby determining the specific LoAs’ characteristics. The categories
are dynamic driving task (DDT) and DDT fallback. The DDT is subdivided into ‘sustained
lateral and longitudinal vehicle motion control, and object and event detection and response’.
The ODD describes the operating conditions (e.g., traffic or roadway conditions) under which
the ADS is designed to function. The ODD is either limited or unlimited (L5 only). Figure 2.1
provides an overview of the six LoAs presented in J3016 (SAE International, 2021).

The thesis focuses on L3, known as conditional driving automation. In 2021, Honda
launched the first vehicle equipped with L3 ADS (Sugiura, 2021). According to the standard
J3106, in L3 driving, the entire DDT is performed by the ADS (SAE International, 2021). The
human operator is required to stay responsive in the role of the fallback-ready user. The
operator reacts in cases of ADS-issued requests to intervene (Rtls) or system failures by, for
example, resuming manual control of the DDT. In contrast, Level 2 (L2) is described as partial
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driving automation. The driver is responsible for the ‘DDT fallback’ and one part of the DDT:
object and event detection and response. The ADS is only responsible for the other part of the
DDT: sustained lateral and longitudinal vehicle motion control.

The difference between L2 and L3 is substantial. Lorenz et al. (2015) describe the
transition of the driver from the operator to the passenger role as a paradigm change. A
simplified model for the different degrees of automation underlines this observation. The BASt
introduces three different LoA (“modes”) that range between (1) assisted mode equivalent to
LO, L1 (Level 1), and L2; (2) automated mode equivalent to L3; and (3) autonomous mode
equivalent to L4 (Level 4) and L5 (Bundesanstalt fur Stralenwesen, 2021). Following the
model of the Bundesanstalt fur Straenwesen (2021), the difference between L2 and L3 may
be described as fundamental compared to differences between, for example, L1 and L2. The
HMI facilitates the repeated transitions between LoAs and, thus, of the DDT from the human
operator to the ADS and vice versa. The design of the HMI faces new challenges with the
paradigm change.

An Rtl is the “alert provided by a [L3] ADS to a fallback-ready user indicating that s’he
should promptly perform the DDT fallback [...]” (SAE International, 2021, p.19). This
fallback may involve resuming manual driving or pursuing a minimal risk condition (SAE
International, 2021). Rtls play an essential role in L3 ADS. The term was formerly known as a
take-over request and may be used as a synonym (Radlmayr, 2020).

In the automotive domain, an HMI is the location where information is transferred from
the driver to the vehicle and vice versa (Bubb et al., 2015, p. 272). Bengler et al. (2020) list
output channels, input channels, and dialog logic as the main elements of an HMI. The authors
specify that output channels (e.g., displays or auditory signals) communicate information about
the system state to the driver while input channels (e.g., buttons or pedals) transfer information
from the driver to the vehicle. The dialog logic builds the relationship between input and
output and the context parameters (Bengler et al., 2020).

In human factors research, HMIs play a vital role. Research has shown that well-designed
HMIs reduce effects such as mode confusion (S. H. Lee & Eom, 2015) or misuse
(Parasuraman & Riley, 1997) while facilitating learning effects (National Highway Traffic
Safety Administration [NHTSA], 2016).
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Figure 2.1 Overview of the LoAs according to the standard J3016 (SAE International, 2021).

2.1.2 Usability and Related Terms

The term usability has a long history originating in the software domain. According to J.
R. Lewis (2012), the term usability was first used in the title of a scientific publication in 1979.
Lewis reports that user friendliness and ease of use were commonly used back then. He
distinguishes between two conceptions of usability, the formative and the summative
conception of usability. For the formative approach, Lewis cites an early definition of usability
as the ease of use in 1981 by Chapanis (p. 3, as cited by J. R. Lewis, 2012) that proposes an
inversely proportional relationship between ease of use and the number and severity of
difficulties people have in using software. For the summative approach, Lewis cites a
definition from Bevan et al. (1991, p. 652) that considers a “class of users carrying out specific
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tasks in a specific environment” while dividing usability into (1) ease of use referring to user
performance and satisfaction and (2) acceptability referring to whether a product is used.

The differences between the formative and summative approaches are illustrated by
Nielsen (1993) by explaining their main goals: “The main goal of formative evaluation is [...]
to learn which detailed aspects of the interface are good and bad, and how the design can be
improved. [...] In contrast, summative evaluation aims at assessing the overall quality of an
interface” (Nielsen, 1993, p. 170). Nielsen (1993, p. 26) operationalizes usability by listing
five attributes: (1) learnability, (2) efficiency, (3) memorability, (4) errors (referring to the
error rate & the error’s severity), and (5) satisfaction. He argues that these attributes are
“precise and measurable” and facilitate a systematic approach to usability testing (Nielsen,
1993, pp. 26-27).

This thesis applies the definition provided by the ISO standard 9241-11 (International
Organization for Standardization [ISO], 2018a). In contrast to Nielsen’s operationalization
(Nielsen, 1993, pp. 26-27), it provides three facets to operationalize the construct usability.
The 1SO definition follows the summative approach and defines usability as the “extent to
which a system, product or service can be used by specified users to achieve specified goals
with effectiveness, efficiency and satisfaction in a specified context of use” (1SO, 2018a, p. 2).
Nielsen’s attributes efficiency, satisfaction, and errors correspond to the facets of the ISO
definition. In addition, Nielsen’s operationalization comprises the attributes learnability and
memorability, which are not directly addressed in the ISO definition. These attributes are
reflected in all three facets of the ISO definition (effectiveness, efficiency, and satisfaction)
with a focus on the quality of the first contact and early interaction (learnability) and the
interaction quality in long-term use (memorability), respectively.

The elements of the 1ISO definition are further specified. The facet effectiveness is the
“accuracy and completeness” (ISO, 2018a, p.3) of the goals’ achievement. The facet
efficiency relates to the resources needed to achieve the goals. The facet satisfaction refers to
the match between “the user’s needs and expectations” and “the user's physical, cognitive and
emotional responses” (ISO, 2018a, p. 3). The “context of use” comprises a “combination of
users, goals and tasks, resources, and environment” where the environment is further described
as “the technical, physical, social, cultural and organizational environment” (1SO, 20183, p. 4).
The effect of specific features in the context of use on the usability assessment builds the focus
of this thesis.

Scientific publications on usability assessments often overlap with other concepts. This
parapraph provides a clear differentiation between usability and the terms user experience
(UX), workload, acceptance, trust, and controllability.

UX and usability are closely related. Dumas and Salzman (2006) describe that starting in
2000, researchers expanded the meaning of the term usability by integrating “affective aspects
of the user’s interaction” (p. 110). An example is proposed by Quesenberry (2004), who
suggests adding “engaging” to the definition in the 1SO standard 9241-11 (ISO, 2018a) to
stress the importance of a pleasant, satisfying, and interesting interface. The approach of
Barnum (2021) describes UX as an umbrella term that “includes usability testing, but also
many other research tools” (p. 18). This thesis refers to the definition of UX as proposed by the
ISO standard 9241-11: UX is “the user’s perceptions and responses that result from the use
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and/or anticipated use of a system, product or service. [UX] focuses on the nature of these
responses before, during and after use.” (ISO, 2018a, p. 13). In addition to the different scopes
of time that these constructs refer to, the standard further explains that usability typically
focuses on user groups and their goals, while UX focuses on individual users’ goals or
motivations (ISO, 2018a, p. 22). Concluding, usability can be regarded as a component of UX,
but the terms must not be used as synonyms.

A similar relationship exists between the terms workload and usability. Workload is the
proportion of an operator’s limited capacity required to perform a particular task (O'Donnell &
Eggemeier, 1986). Workload is, therefore, directly related to efficiency—one facet of
usability.

Rahman et al. (2017) define the term acceptance in the context of ADAS as “the reaction
of drivers when they are exposed to an in-vehicle technology and their willingness to adopt the
technology while driving” (p. 362). According to Rousseau et al. (1998), trust is generally
defined as the willingness to rely on another party based on its characteristics. In the context of
new technologies, trust is perceived as a critical factor for adopting these new technologies
(Gefen et al., 2003), which resembles the role of construct acceptance. Both concepts are
closely related to the facet satisfaction of usability building upon the users’ experiences
regarding effectiveness and efficiency.

The code of practice formulated in the project Response 3 (2009) defines controllability
as the “likelihood that the driver can cope with driving situations including ADAS-assisted
driving, system limits and system failures” (p. 5). This safety aspect is addressed in research
mainly by assessing the take-over performance (e.g., Albert et al., 2015; Naujoks et al., 2015;
Naujoks et al., 2018). Controllability is related to effectiveness, which is a facet of usability.
The difference between these constructs lies in their focus. While controllability studies focus
on safety-relevant aspects, the assessment of effectiveness also comprises non-severe
interaction errors.

The constructs presented above appear several times in the scope of this work. The
definition of and differentiation between usability and related terms facilitates understanding
this thesis’ research focus.

2.1.3 Validity

Newton and Shaw (2014) report that the term validity was defined in 1921 by the North
American National Association of Directors of Educational Research “as the degree to which a
test measures what it is supposed to measure”. According to the authors, the concept of the
term validity has different meanings depending on the discipline (pp.2-3). Furthermore,
Newton and Shaw (2014) outline that over the past decades, differing concepts of validity have
been developed (pp. 14-24), and numerous terms related to validity have been established
(e.g., pp- 7-9). In the following, only the terms relevant to this thesis are presented.

D. T. Campbell (1957) distinguishes between internal and external validity. He describes
that internal validity is given if solely the stimulus of interest is responsible for a significantly
different outcome. In contrast, the author describes external validity as generalizability, that is,
whether the effect of interest can be generalized over “populations, settings, and variables” (p.
297). He points out that a trade-off between concepts exists in the form of the level of control
positively affecting the internal validity and negatively affecting the external.
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In driving simulator research, validity may be subdivided into physical and behavioral
validity (e.g., Bellem et al., 2017; Blana, 1996; Mullen et al., 2011). Bellem et al. (2017)
define physical validity as “the extent to which a driving simulator is capable of reproducing
physical reality” (p. 443), that is, the correspondence of physical components, such as layout,
dynamic characteristics, or visual displays, to on-road driving. Behavioral validity is defined as
“the behavioral correspondence between driving behavior in the simulator and that on real
roads” (p. 443), which includes the behavior, performance, and experience of drivers (Bellem
et al., 2017). The relationship between physical and behavioral validity is ambiguous,
concerning past research on this topic providing contradicting empirical results (e.g., Bellem et
al., 2017; Goodenough, 2010; Jamson, 2001). Schneider (2021) concludes by describing the
relationship as non-linear and complex.

Finally, one can distinguish between absolute and relative validity. Blaauw (1982)
presents a conservative approach when defining the two terms for driving simulator research.
He states that absolute validity is given if numerical values are about equal in the two
environments of interest. According to Blaauw (1982), relative validity requires that
“differences are of the same order and direction in both systems” (p. 474). More liberal
approaches, such as the one of Kaptein et al. (1996), define absolute validity as given “if the
absolute size of the effect is comparable to the absolute size of the effect in reality” (p. 31),
while relative validity is given if “the direction or relative size of the effect of the measure is
the same as in reality” (p. 31). In this thesis, the conservative approach is applied, as Blaauw
(1982) proposed.

This thesis investigates usability assessments of HMIs for L3 ADS. Thus, the focus is on
behavioral validity. Furthermore, this thesis concludes on both absolute as well as relative
validity. The trade-off between internal and external validity is considered during the
development of the experimental design (Chapter5) and in the discussion of the
generalizability of the thesis’ findings (Chapter 10).

2.1.4 Testing Environment

In the scope of this thesis, the term testing environment describes the setting in which an
experiment is conducted. These settings may be categorized differently depending on the
perspective and context.

Bruder et al. (2007) distinguish between laboratory and field studies. Laboratory studies
are subdivided into simple mockups (e.g., table-mounted displays) and driving simulators.
Field studies are subdivided into test track studies, test drives in real traffic, and naturalistic
driving studies. The different testing environments are ranked with an increasing authenticity
level and decreasing experimental control: simple mockups, driving simulators, test track
studies, test drives in real traffic, and naturalistic driving studies. (Bruder et al., 2007)

Other researchers use different categories (and additional dimensions) to describe the
testing environment (e.g., Purucker et al., 2018; Schneider, 2021). Schmidtke and Schulze
(1989) list evaluation methods that resemble the above-presented testing environments of
Bruder et al. (2007), adding only mathematical models (low level of authenticity, high level of
flexibility). Schneider (2021) proposes a classification approach to common settings in
pedestrian research that classifies the settings on four dimensions: experimental control,
scenario realism, physical fidelity, and awareness (of being observed). This thesis
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distinguishes between five different testing environments, as Bruder et al. (2007) proposed.
Only two of these testing environments—the driving simulator and the test track—are
examined in the scope of this work.

2.1.5 Culture

The Latin origins of the term culture are associated with education or refinement (Minkov
& Hofstede, 2013, p. 10). The definition of culture is complex and varies across different
domains. Even within domains, researchers struggle to agree on one definition, as illustrated
by Jahoda (1984), who remarks that in social sciences, the number of books covering the
definition of culture is enormous. A definition often cited in social sciences is provided by
Kluckhohn (1959, p. 86): “Culture consists in patterned ways of thinking, feeling and reacting,
acquired and transmitted mainly by symbols, constituting the distinctive achievements of
human groups, including their embodiments in artifacts; the essential core of culture consists
of traditional (i.e., historically derived and selected) ideas and especially their attached
values”. A more recent definition of culture is provided by the well-known social psychologist
Geert Hofstede and colleagues (Hofstede et al., 2010, pp. 5-6). They describe that culture is
learned in a social environment, making it a collective phenomenon. Hofstede et al. (2010)
view culture as mental software and define the term as “the collective programming of the
mind that distinguishes the members of one group or category of people from others” (p. 6).

Following the definition of Hofstede, the next step is operationalizing the terms group or
category to conduct cultural research. According to Hofstede (2001, p. 10), groups and
collectives—and thus cultures—can be formed by nations, regions, ethnicities, organizations,
occupations, and even age groups or genders. Minkov and Hofstede (2013, p. 11) argue that in
a pragmatic approach, culture can be defined based on the focus of the research interest.
Research on cultures often uses nationality as an operationalization for culture (e.g., Barber &
Badre, 1998; Hofstede & Minkov, 2013a; Minkov & Hofstede, 2013). This approach has been
the subject of many controversies: Child (1981, pp. 327-328) remarks that not nationality but
other phenomena like national wealth, level of industrialization, or climate may cause cultural
differences. Peterson and Smith (2008) identify three main critiques for using nations in cross-
cultural research: (1) the variance of individuals within nations, (2) the existence of
subcultures within nations, and (3) the weaknesses of structural theories in general. Minkov
and Hofstede (2013, pp. 25-26) take a stand on the points of criticism. They argue that the first
and third points are irrelevant. The first point of criticism refers to the complexity of
individuals within nations. Minkov and Hofstede (2013, pp. 25-26) comment that the critique
shifts the focus from the level of group research to the level of individual research.
Furthermore, they weaken criticism of the theoretical nature of the construct nationality by
pointing out that any abstract theory could be defended without empirical evidence. The
critique referring to subcultures such as regions and ethnicities is confronted by empirical data
involving 299 in-country regions from 28 countries confirming the existence of national values
(Minkov & Hofstede, 2013, pp. 25-26). Researchers in favor of using nations in cross-cultural
research argue that nations create shared experiences regarding education, economy, and
demography (Inglehart & Baker, 2000, p. 37; Parker, 1997, pp. 11-17; Minkov & Hofstede,
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2013, pp. 25-27). With the complex discussion on the term culture in mind, this thesis follows
the common approach of defining culture through nationality.

Cross-cultural research has a long history. One of the earliest and, up to this day, most
prominent tech-related cross-cultural research is conducted by Geert Hofstede. In the 1970s,
Hofstede identified cultural values and dimensions based on survey data from over 100,000
guestionnaires in 50 countries provided by IBM (Hofstede, 2011). Hofstede defines values as
“a broad tendency to prefer certain states of affairs over others” (Hofstede, 2001, p. 5). Over
the decades, Hofstede’s model of cultural dimensions has been refined and complemented and
currently holds six dimensions (Hofstede, 2011). Table 2.1 comprises the dimensions’
descriptions and empirical results for selected countries/regions.

The cultural values of Hofstede’s model can be assessed through the Values Survey
Module (VSM), a 30-item questionnaire with six items related to sociodemographic data and
24 items related to cultural values (Hofstede & Minkov, 2013a). The thesis applies Hofstede’s
model and its method to obtain data on cultural values. Numerous other cross-cultural studies
focus on variations of nations, regions, and ethnicities that are not subject to this thesis.
Minkov and Hofstede (2013, chapter 9) provide a comprehensive overview of major cross-
cultural studies.
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Table 2.1 Description and empirical findings of Hofstede's model of cultural dimensions
(Hofstede, 2011).

Dimension Description Tendencies in empirical data
“[E]xtent to which the less
powerful members of High scores in East European, Latin, Asian, and
Power organizations and institutions African countries;
Distance (like the family) accept and low scores in Germanic and English-speaking
expect that power is distributed Western countries

unequally” (p. 9)

High scores in East and Central European
countries, Latin countries, Japan, and German-
speaking countries;

low scores in English-speaking, Nordic, and
Chinese culture countries

“[E]xtent [to which] a culture
Uncertainty programs its members to feel [...]
Avoidance uncomfortable [...] in

unstructured situations” (p. 10)

Higher scores in developed and Western countries;
neither high nor low scores in Japan;

lower scores in less developed and Eastern
countries

“[Dlegree to which people in a
Individualism  society are integrated into
groups” (p. 11)

High scores in Japan, German-speaking countries,

and some Latin countries like Italy and Mexico;

moderately high scores in English-speaking
“[Dlistribution of values between Western countries;

Masculinity the genders” (p. 12) moderately low scores in some Latin and Asian
countries like France, Spain, Portugal, Chile, Korea
and Thailand;
low scores in Nordic countries and the Netherlands
High scores in East Asian countries;
moderately high scores in Eastern- and Central

Long Term Connection of the past with the Eu.rope; ‘ .

Orientation current and future neither high nor low scores in Sou.th- and North-

actions/challenges European and South Asian countries;
low scores in the United States and Australia, Latin
American, African, and Muslim countries
High indulgence scores in South and North
America, Western Europe, and parts of Sub-Sahara
| Degree of freedom that societal Africa;

ndulgence - o . L : S . . .

vs. Restraint  Norms give to citizens in fulfilling nelther high |ndu|genc§ nor high restraint scores in

their human desires Mediterranean Europe;

high restraint scores in Eastern Europe, Asia, and
the Muslim world

2.2 Overview of Methods for Assessing Usability

This section presents an overview of the different methods for assessing usability.
Emphasis is put on methods and metrics relevant to the thesis. For extensive coverage of the
methods for usability assessments, please refer to Dumas and Salzman (2006), J. R. Lewis
(2012), or Sarodnick and Brau (2016).

The first usability tests are reported as being “expensive, time-consuming, and rigorous”
(Barnum, 2021, p. 16). Traditional usability tests were mainly conducted by experimental
psychologists or cognitive scientists and typically involved 30 to 50 participants (Barnum,
2021, p. 16). In the 1990s, usability testing experienced a drastic change. Several researchers
observed that sample sizes as small as N =5 in a usability study discover about 80% to 85% of
the usability problems that a bigger sample would have discovered (J. R. Lewis, 1994; Nielsen,
2000; Virzi, 1990). Besides the more resource-efficient way of usability testing, other methods

11



Theoretical Foundation

have been refined and developed. Dumas and Salzman (2006) assign these methods to four
different categories: (1) field methods, (2) inspection methods, (3) usability testing, and (4)
focus groups, interviews, and surveys.

2.2.1 Field Methods

Dumas and Salzman (2006) describe that field methods aim to study users, their needs,
behaviors, and product interaction in a real-world context. The authors distinguish between
explorative and evaluative field studies. Furthermore, field methods vary substantially in the
degree of the users’ awareness of being part of a study. Commonly used techniques are
behavioral observations, interviews, or diaries.

2.2.2 Inspection Methods

Inspection methods do not involve the (potential) end user but are conducted with
usability specialists or developers instead (Dumas & Salzman, 2006). The most frequently
applied inspection methods are the cognitive walkthrough and the heuristic evaluation. In a
cognitive walkthrough, an evaluator takes the role of a user completing a specified set of tasks
while examining the cognitive demand and potential usability problems for each step (Nielsen,
1994). According to Barnum (2021, p. 46), the heuristic evaluation is the second most often
selected method from a UX toolkit. In a heuristic evaluation, few evaluators assess an
interface's compliance with a set of usability principles (Nielsen, 1993, p. 155). For each of the
usability principles, the evaluators rate the severity of a usability problem ranging between
“0: this is not a usability problem at all” to “4: usability catastrophe—imperative to fix this
before product can be released” (Nielsen, 1993, p. 103). Nielsen (2005) proposes a set of 10
usability principles for the field of software usability: (1) visibility of system status; (2) match
between system and the real world; (3) user control and freedom; (4) consistency and
standards; (5) error prevention; (6) recognition rather than recall; (7) flexibility and efficiency
of use; (8) aesthetic and minimalist design; (9) help users recognize, diagnose, and recover
from errors; and (10) help and documentation. Up to this day, the set of heuristics is (with
adjustments) often applied in research in the software and other domains (1,391 Google
Scholar citations for the current version by Nielsen, 2005; examined 29.10.2023). The
application of heuristic evaluations is recommended in the early stages of a product
development process Nielsen (1993, p. 159).

2.2.3 Usability Testing

Usability testing corresponds to empirical methods with (potential) end users for
identifying usability problems or for comparing or measuring the usability of specific products
(Dumas & Salzman, 2006, p. 111). Further characteristics of the methods are the defined set of
tasks that participants must complete, the recording and analysis of qualitative or quantitative
measures, and often the involvement of the thinking-aloud technique (Dumas & Salzman,
2006, p. 111).

The thinking-aloud technique is described as one of the most essential methods of
usability testing (Nielsen, 1993, p. 195). This method requires participants to think out loud
while performing specific tasks (C. Lewis, 1982). The verbalized thoughts allow the
experimenter insights into the users’ perspectives and problems while interacting with a
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product (Nielsen, 1993, p. 195). Other usability measures applied in usability testing are
satisfaction ratings, error rates, or task success rates (Dumas & Salzman, 2006).

Hornbaek (2006) presents a literature review comprising 180 studies in the field of
usability research on human-computer interaction. The review provides an extensive overview
of usability measures applied in empirical usability studies assigned to the usability facets
effectiveness, efficiency, and satisfaction. The most frequently used measures of effectiveness
are accuracy, for example, error rates or precision; binary task completion, that is, the number
or percentage of successfully completed tasks; and quality of outcome, that is, the
“understanding or learning of information in the interface” (p. 83). Commonly used measures
of efficiency are time, that is, the duration of a (part of a) task; usage patterns, for example, the
use frequency or the deviation from the optimal solution; and the input rate, for example, the
number of correctly entered words in a specific period. Predominant measures of satisfaction
are questions regarding the satisfaction with the interface, for example, the ease of use, and
questions regarding the users’ attitudes and perceptions, for example, the perception of the
interaction or the perception of the relation to other persons. Usually, the response format of
these questions is a scale ranging from disagreement to agreement with the respective
statement. Another commonly used measure of satisfaction relates to the users’ preference,
which can be inquired in a rating or ranking or observed through the users’ behavior. Only 7%
of the studies in the literature review use standardized questionnaires such as the
‘Questionnaire for User Interaction Satisfaction’ (QUIS), licensed for usability measurements
in human-computer interaction (Chin et al., 1988).

2.2.4 Focus Groups, Interviews, and Surveys

Dumas and Salzman (2006) summarize focus groups, interviews, and surveys into one
major category. A distinction between the subcategories is made by Courage and Baxter
(2005), who assign focus groups to individual users’ feedback, interviews to small samples
with more in-depth data collection, and surveys to large user samples.

Focus groups comprise six to nine users discussing a product and a moderator who
ensures that selected topics are covered, and every user is heard (Nielsen, 1993, pp. 214-215).

In interviews, the user and the interviewer are in direct exchange, where interviewers can
respond to misunderstandings or interesting user remarks with follow-up questions (Nielsen,
1993, pp. 210-211). Nielsen (1993, pp. 210-211) points out that interviews enable in-depth
data collection but are associated with a high resource demand in the data collection and
analysis phase.

In contrast, questionnaires have a high resource demand in the development phase but
have the advantages of allowing efficient data collection of large samples and flexible use
regarding location (e.g., via mail) and time (e.g., comparisons over time) (Nielsen, 1993,
pp. 212-213). Sauro and Lewis (2012, pp. 185-186) complement the above-listed advantages
of standardized questionnaires with objectivity, quantification, effective communication, and
scientific generalization. In addition to the QUIS (Questionnaire for User Interaction
Satisfaction), several questionnaires with differing application areas, focuses, and lengths
exist. An extensive overview is presented by Sauro and Lewis (2012, chapter 6).
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e The ‘System Usability Scale’ (SUS) has been developed as a cost- and resource-
efficient (“quick and dirty”) 10-item questionnaire with an overall score between 0
and 100, designed for a range of application contexts (Brooke, 1996). The SUS is
frequently applied with 16,351 Google Scholar citations (examined 29.10.2023) for
the original paper by Brooke (1996) introducing the questionnaire.

o  The ‘Post-Study System Usability Questionnaire’ (PSSUQ, Sauro & Lewis, 2012) is
a license-free 16-item questionnaire with one overall score and three subscales:
System Quality, Information Quality, and Interface Quality.

e A related questionnaire is the ‘Computer System Usability Questionnaire’ (known as
CSUQ, J. R. Lewis, 1995), which is identical to the PSSUQ with adjusted wordings
for the adaption to research in contexts other than laboratory settings (Sauro &
Lewis, 2012).

e  The ‘Usability Metric of User Experience’ (UMUX, Finstad, 2010) is a short 4-item
guestionnaire directly reflecting the facets of usability in the definition of the 1SO
standard 9241-11 (1SO, 2018a) with an overall score between 0 and 100.

e The ‘Software Usability Measurement Inventory’ (known as SUMI, Kirakowski,
1996) includes 50 items that result in a global scale and the five subscales Efficiency,
Affect, Helpfulness, Control, and Learnability (https://sumi.uxp.ie/, Sauro & Lewis,
2012).

e The ‘User Experience Questionnaire’ (UEQ, Laugwitz et al., 2008) is a 26-item
guestionnaire focusing on UX rather than usability with six subscales: Attractiveness,
Perspicuity, Efficiency, Dependability, Stimulation, and Novelty.

Research by J. R. Lewis (2019) shows that the guestionnaires SUS, CSUQ, and UMUX
strongly correlate. Consequently, researchers may choose the questionnaire based on other
aspects, such as comparability with previous research or length. Furthermore, the questionnaire
may be selected regarding the suitability of the questionnaire items to the research subject.

In usability studies, researchers often combine several of the previously listed methods.
Interviews and questionnaires are often conducted at the end of usability tests (e.g., Barnum,
2021, p. 239; Dumas & Salzman, 2006, p. 126; Hornbek, 2006). This approach is backed by
the I1SO standard 9241-11 (ISO, 2018a). According to the ISO standard 9241-11 (ISO, 2018a,
pp. 7, 26), no single intrinsic measure of usability exists because no measure fully represents
overall usability, and usability and its facets depend on the respective user goals and context of
use.

2.3 Effects of the Testing Environment Driving Simulator

This section presents literature on the validity of driving simulators as this thesis' testing
environment of interest. This section’s scope is not limited to usability assessments but user
studies in general. After generalizing the advantages and limitations of driving simulators,
selected findings of previous driving simulator validation studies are presented.
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2.3.1 Driving Simulator as a Valid Research Tool

This thesis compares the testing environments, driving simulator, and test track. Both
testing environments feature a lower level of authenticity and a higher level of experimental
control than naturalistic driving settings (Bruder et al., 2007). Most research efforts focusing
on the effects of testing environments examine driving simulators. Among others, driving
simulators have the advantages of being resource- and cost-efficient, enabling a high degree of
standardization and control of confounding variables and permitting risk-free testing of safety-
critical situations (Caird & Horrey, 2011, Table 5.1).

Despite the advantages, several aspects require consideration when conducting research in
driving simulators. Purucker et al. (2018) list several of these aspects: Regarding the modeling
of the physical world, the lack of visual details and further shortcomings in the visual
representation (e.g., rendering errors and luminance), as well as limitations of spatial,
acoustical, physical, and cinematic cues, are listed. Furthermore, motion sickness can occur,
and the participants’ awareness of being in a simulator may affect their perception and
behavior (e.g., perceived risk, see Ranney, 2011). Purucker et al. (2018) suggest implementing
familiarization drives and training to reduce the potential effects of the abovementioned
aspects.

Attempts to validate driving simulators usually involve comparisons (e.g., ANOVAsS,
correlations, or regressions) between driving simulator experiments and replications in
instrumented cars in test track experiments or—Iless often—real traffic conditions. The focus
of these validation studies is manifold. That is, validation studies may address specific
methods (e.g., Bengler et al., 2010: lane change test in different laboratory settings), specific
products (e.g., Krause et al., 2014: traffic light assistant in a static driving simulator vs. real
traffic conditions), or specific settings of the testing environment (e.g., Knappe et al., 2007:
lane keeping and steering performance for different field of view conditions). Review papers
on driving simulator validation studies provide good overviews of the common methods and
the current state of the art (Blana, 1996; Mullen et al., 2011; Wynne et al., 2019). The
validation studies presented can be attributed to specific aspects of driving behavior, such as
speed or drivers’ perception. Relevant findings of their work are presented in the following.

2.3.2 Driving Simulator Validation Studies in the Automotive Context

One of the most common measures in validation studies is comparing drivers’ speed
(Mullen et al., 2011; Wynne et al., 2019). Mullen et al. (2011) conclude that most studies
confirm relative, if not absolute, validity. In contrast, Wynne et al. (2019) find that more than
one-third of the studies included in their review on speed validation do not demonstrate either
relative or absolute validity. The differences are diverse, ranging from higher speeds
(Senserrick et al., 2007; Wynne et al., 2019), lower speeds (Fors et al., 2013), or greater speed
variations (Senserrick et al., 2007) in simulators compared to on-road observations. The
reviews’ results are similar for other aspects, such as braking behavior, lateral driving
measures, overall driving performance, and physiological measures (Mullen et al., 2011;
Wynne et al., 2019). The ambiguous findings reported in the reviews’ studies suggest that the
guestion of simulator validity is complex. Mullen et al. (2011) further examine validation
studies covering the effects of road design and traffic control devices, complex behaviors such
as divided attention tasks, and effects of specific user groups (e.g., characterized through age
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or medical conditions). Mullen et al. (2011) conclude that one can assume relative validity for
most of the measures but not absolute and that researchers need to be aware of the limitations
and uncertainties of driving simulator validity. Wynne et al. (2019) additionally examine the
relationship between findings of validity and the fidelities of driving simulators. The results
indicate no clear relationship (Wynne et al., 2019). The authors conclude their review with a
call for more standardization and transparent documentation in validation studies.
Furthermore, they suggest including the measured speed in each validation study to enhance
the comparability of different validation attempts. The two reviews by Mullen et al. (2011) and
Wynne et al. (2019) stress the importance of selecting a driving simulator with appropriate
features for the research question of interest. In line with Kaptein et al. (1996), Mullen et al.
(2011) even urge to newly validate driving simulators for each research question of interest.

2.3.3 Driving Simulator Validation Studies in the Automated Driving
Context

Validation studies for driving simulators covering the field of driver behavior in
automated driving conditions are scarce. Bellem et al. (2017) investigate the validity of driving
simulators for the perception of comfort in automated driving conditions. An experiment
involving a test drive with lane changes and deceleration maneuvers is conducted in a moving-
base simulator with two different settings and an instrument vehicle on a test track (Bellem et
al., 2017). The results show relative and absolute validity for only one of the two driving
simulator settings, demonstrating the importance of appropriate motion cues in research on
driving comfort (Bellem et al., 2017). Another validation study for automated driving is
conducted by Poisson et al. (2020), who repeat a driving simulator experiment on driver
behavior for L4 driving in a Wizard of Oz vehicle on a test track. The authors observe
differing take-over strategies between the two testing environments and more interruptions of
non-driving related activity (NDRA) engagement while driving L4 in the Wizard of Oz
experiment compared to the driving simulator experiment. No differences are found in the
analysis of reaction times to Rtls.

Regarding the validity of driving simulators for usability research in ADS HMIs, the two
validation studies in the context of automated driving (Bellem et al., 2017; Poisson et al.,
2020) are encouraging despite the differences in single metrics and simulator settings.
Furthermore, the vast body of literature on previous attempts to validate driving simulators in
the general automotive context, as presented in the reviews of Mullen et al. (2011) and Wynne
et al. (2019), suggests that driving simulators provide valid results. Nevertheless, several
studies included in their reviews could not confirm relative or absolute validity. While most
studies showed relative validity, only a minority yielded results suggesting absolute validity.
Additionally, it should be noted that several studies yield results confirming some form of
validity for specific metrics, while for other metrics, no validity could be found (Mullen et al.,
2011; Poisson et al., 2020; Wynne et al., 2019).

2.4 Effects of the Users’ Cultural Background

This section presents literature on cultural effects in user studies. The first subsection
presents research on cross-cultural effects in the data collection phase. The second subsection

16



Theoretical Foundation

presents cross-cultural studies in interface design, the link between theoretical models of
cultural values, and interface design. It closes with cross-cultural studies in automotive
interface design.

2.4.1 Effects of Culture in the Data Collection Phase

The danger of drawing false conclusions is high if cultural effects during the data
collection phase are not considered. To illustrate this, several examples of cultural effects
occurring during the data collection phase are presented.

Loew et al. (2022) suggest that questionnaires may have different structures in different
countries. They conduct factor analyses of the SUS for samples from China, the United States,
and Germany and find different two-factor structures for each country. Regarding response
behavior for scales such as Likert scales, Moss and Vijayendra (2020) present three response
tendencies that are country-specific: (1) acquiescence response styles describe a tendency to
agree: these styles are common in Latin America, the Middle East, and some African
countries; (2) extreme response styles describe a tendency for using the extremes of rating
scales: these styles are common in Latin America, and (3) middle response styles describe a
tendency for using the mid-responses of rating scales: these styles are common in Asia.
Douglas and Liu (2011, pp. 30-31) list numerous studies confirming a cultural effect on
response behavior in usability tests. A common phenomenon is the reluctance to express
criticism in several cultures (e.g., Chetty et al., 2007; Herman, 1996; Yeo, 2001). Herman
(1996) reports an extreme example of a participant in Singapore who aborts a test and cries
due to failing to complete a set of tasks. Regardless of the poor performance and the emotional
stress, the overall feedback in the interview is positive. Vatrapu and Pérez-Quifiones (2006)
additionally find an effect of the interviewer’s cultural background on the interviewees’
responses. They conduct interviews with Indian participants and either Indian or Anglo-
American interviewers. Results suggest that interviewees report more usability problems and
provide more detailed and forthright descriptions of these problems if the interviewer is from
the same culture compared to interviews conducted with Anglo-American interviewers.

Douglas and Liu (2011, p. 33) recommend conducting tests in local contexts with local
experimenters to minimize cultural effects on research methods.

2.4.2 Effects of Culture on Interface Designs

In addition to cultural effects on research methods, cultural effects on the interaction of
humans and technical devices can be seen in numerous studies. To illustrate the variety of
potential reasons for cultural effects and the resulting findings, selected studies are presented
in this subsection. In 1991, Abed identified different scanning patterns for non-directional
stimuli depending on the participants’ learned reading direction. The reading direction and
literacy rates influence the interaction with technical devices. Sherwani et al. (2009) find that
speech interfaces are preferred over touch-tone interfaces for mobile phone applications by
users with low literacy rates. In a study by Lesch et al. (2009), participants from China and the
United States rate the perceived hazard of colors, words, and symbols and their combinations.
The Chinese participants provide lower absolute hazard ratings than the U.S.-American
participants. Furthermore, the relative levels of perceived hazard differ between the samples
regarding the elements, particularly the colors. In contrast, the relative levels of perceived
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hazard for combinations of the elements are similar for both samples. Honold (1999) examines
cultural differences in the learning process and observes that Chinese prefer learning by
imitating friends while Germans prefer individual learning by doing. Studies by Chau et al.
(2002) and Frandsen-Thorlacius et al. (2009) show that the Chinese place high importance on
aesthetics compared to Americans and Danish, respectively. These studies suggest the
existence of cultural differences in preferences for usability aspects which are addressed in the
following.

The first approaches to link culture to design aspects of technical devices appeared around
the year 2000. Barber and Badre (1998) identified cultural markers in websites, such as icons
or colors, and introduce ‘culturability’ to underline the strong relationship between usability
and culture. Marcus and Gould (2000) developed guidelines for interface designs based on
Hofstede’s model of cultural dimensions (Hofstede, 2011), illustrated with examples from
website design. Twenty years later, Gong et al. (2020) took up the approach and apply five of
Hofstede’s cultural dimensions to develop HMI guidelines in the automotive context. Gong et
al. (2020) formulate 16 HMI guidelines for the design of automotive HMIs for the Chinese
market. Sogemeier et al. (2022) map the six cultural dimensions of Hofstede’s model
(Hofstede, 2011) to HMI design in the automotive context. The researchers map the cultural
dimensions to a set of usability criteria and provide examples of HMI design for extreme
expressions on the cultural dimensions.

In addition to cultural values such as Hofstede’s model of cultural dimensions (Hofstede,
2011), cultural differences in the context of driving may influence the drivers’ preferences and
behavior. In a naturalistic driving study, Orlovska et al. (2020) observe different usage
behaviors of ADAS, such as Pilot Assist and Adaptive Cruise Control (ACC) between
Chinese, Swedish, and U.S.-American markets. A possible reason is provided by Large et al.
(2017), explaining that road environment, local rules, and regulations (formal and informal)
differ between cultures. A study by Lindgren et al. (2008) supports this argument. They
compare the ratings of potentially dangerous driving behavior between Swedish and Chinese
drivers. The results show that both samples mainly identify the same problems. However, the
Swedish sample rates these problems more severe and stressful than the Chinese drivers.
Supported by their findings of different cultural driving contexts, the authors argue that ADAS
might not be accepted and might be ignored or misused if warnings occur too often in
situations rated as typical or non-critical by drivers.

In addition to the driving context, the above-presented link between Hofstede’s model of
cultural dimensions (Hofstede, 2011) and HMI guidelines suggests the existence of cultural
differences in preferences for HMI design. Empirical studies on cultural effects regarding
automotive HMIs are limited and mainly cover the design of infotainment systems. Only a few
cross-cultural studies addressing automated driving exist. Selected studies from both areas are
briefly presented in the following.

Roessger (2003) compares the input controls rotary push button and touch screen for
samples from Germany, Japan, and the United States. The United States and Germany vyield
similar ratings, differing only in aspects regarding expectations and aesthetics, while the
Japanese ratings differ significantly from the other two samples. Another study regarding input
controls compares British and Chinese participants (Large et al., 2019). In both samples, the
touch screen is preferred and rated as least demanding to use while driving. Chinese

18



Theoretical Foundation

participants, however, express more excitement for the novelty and show higher off-road
glance times compared to the British participants. Young et al. (2012) compare preferences for
control types and labels for Australian and Chinese drivers. The results confirm the findings of
previously presented studies (Chau et al., 2002; Frandsen-Thorlacius et al., 2009) emphasizing
the high importance of aesthetics for Chinese drivers. Regarding navigation systems,
Heimgartner (2007) and Large et al. (2017) find that Asian samples from China and Malaysia
prefer higher information densities than Western samples from German- and English-speaking
drivers. Furthermore, Heimgértner (2007) finds that the English-speaking sample differs from
the German- and the Chinese-speaking samples by preferring considerably lower display
durations of maneuver advice notifications. Further differences between samples from Asian
and Western cultures could be shown in studies on infotainment systems for preferences
regarding the usage of quick buttons (Mehler et al., 2021: China vs. Germany), the learning
behavior (Khan & Williams, 2014: India vs. UK) and the importance rating of specific HMI
features (Khan et al., 2016: India vs. UK). Niehaus et al. (2020) compare Japanese to German
truck drivers. They report that the Japanese sample systematically produces lower ratings
while the relative ratings of the HMI variations are similar for both samples. Further analyses
show no cultural effect, but the comprehensiveness of icons in the tested HMI concepts proves
to be most important for the HMI design. The authors conclude that the design of
understandable icons supported with descriptions is more relevant to cross-cultural HMI
designs than cultural backgrounds.

Regarding the cultural effects in automated driving, Edelmann et al. (2021) compare four
samples from China, Germany, Japan, and the United States in an online study examining the
users’ acceptance of the ADS’ decisions in overtaking situations. The research shows similar
results for the German and U.S.-American samples who prefer ADS decisions with only low
hindrances of other traffic participants. The Japanese sample rejects all ADS decisions leading
to any hindrances of other participants. The Chinese sample shows high acceptance ratings for
all ADS decisions regardless of the level of hindrance. Strle et al. (2021) and Hergeth et al.
(2015) conduct cross-cultural research in take-over scenarios of ADS, focusing on driving
behavior and trust. Strle et al. (2021) compare U.S.-American to Slovenian drivers. The
researchers observe significantly lower take-over performances and higher distractions due to
engagement with voluntary NDRAs in the U.S.-American sample than in the Slovenian
sample. Hergeth et al. (2015) examine the development and measurement of trust in a Chinese
and a German sample concerning take-over situations. The results show similar developments
of trust in both samples, while mistrust is significantly more pronounced in the Chinese sample
than in the German sample. Furthermore, behavioral measures could not be related to the self-
reported measures of trust.

The studies presented in this section confirm the existence of cultural differences relevant
to interface designs. Most studies compare Western countries to Asian countries, specifically
China. Analyses suggest that cultural differences are more pronounced between Western
countries and Asian countries compared to differences between Western countries themselves.
A recurring observation is the superior importance of aesthetic aspects in Chinese culture
compared to Western cultures (e.g., Chau et al., 2002; Frandsen-Thorlacius et al., 2009; Young
et al., 2012). Nonetheless, comparisons between Western countries suggest that differences
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within these countries exist, too (e.g., expectations and aesthetics in Roessger, 2003, or take-
over performances and NDRA engagement in Strle et al., 2021). The presented studies
highlight the importance of the research methods when conducting cross-cultural research: The
differences between cultures may only show in specific metrics. Furthermore, the existence of
covariates such as comprehensiveness or language proficiency can help to explain the effects.
Considering the first subsection on cross-cultural effects in the data collection phase, the
greatest care must be taken in selecting methods and data interpretation.
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3 Research Questions

The previous chapter provides an overview of the current state of the art. The chapter
identifies research gaps concerning the effects of context on usability assessments of HMIs for
L3 ADS conducted in user research. Five research questions are targeted in this thesis. The
research questions and the approaches to answer them are presented in this chapter. The thesis
structure aligns with the five research questions depicted in Figure 3.1.

r

Introduction, theoretical foundation, & research questions c1, c2, 03]

1

rRQl: Based on common research methods and findings,
what is the best practice advice for an experimental design
for assessing the usability of HMIs for L3 ADS?

.

Literature review, derivation of a best practice advice, &
development of an experimental design for validation studies
| Exp_Testing-Environment & Exp_Culture C4, C5)

1 1

1 1 1

RQs: Which methods are recommended for assessing the usability of HMIs for L3 ADS?

Expert Workshop co

1

[Conclusmn 010]

Figure 3.1 Overview of the structure of the thesis. To enhance the understandability, chapters
covering research questions or empirical data are colored differently.

RQ: Based on common research methods and findings, what is the best practice advice for
an experimental design for assessing the usability of HMIs for L3 ADS?

The research question RQ: addresses the status quo of common research methods and
findings applied in usability testing of HMIs for L3 ADS. In the first step, a systematic
literature review is conducted to answer this research question. Based on the literature review,
a best practice advice is developed. The approach and results are presented in Chapter 4. In the
second step, the best practice advice is transcribed into a study design for user tests applied in
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three experiments presented in this thesis. The study design is described in Chapter 5. The
three experiments provide the data basis for two validation studies presented in this thesis.

RQ:  Which effect has the testing environment on metrics for assessing the usability of HMIs
for L3 ADS?

The validation study Exp_Testing-Environment examines the effect of the testing
environment on a selection of usability metrics. In particular, a static driving simulator is
compared to an instrumented vehicle on a test track: The experiment Sim_GER is conducted in
a static driving simulator at the Chair of Ergonomics in Garching. The experiment TT_GER is
conducted in an instrumented vehicle on a test track at the Universitdt der Bundeswehr in
Neubiberg. The experiments and the comparative analysis of the results are presented in
Chapter 6. The chapter concludes by assessing the validity of driving simulators for assessing
the usability of HMIs for L3 ADS, thereby answering research question RQx.

RQs  Which effect has the users’ cultural background on metrics for assessing the usability
of HMIs for L3 ADS?

The validation study Exp_Culture addresses the effect of the users’ cultural background
on a selection of usability metrics (RQs). The data of the experiment TT_GER is reused for this
validation study. The participant sample consists of Germans. The experiment TT_USA is
conducted in an instrumented vehicle on a test track at BMW Driving Academy in Maisach.
The participant sample of the experiment TT_USA consists of U.S.-Americans®. Chapter 7
presents the experiments and the comparative analysis of the results. This validation study
aims to provide insights into the validity of usability assessments of HMIs for L3 ADS
conducted in different cultural settings and, thereby, the transferability of conclusions across
cultures.

RQ:  Which effect has the users’ cultural background on the subjective importance rating of
usability factors in the context of HMIs for L3 ADS?

The validation study Survey Culture examines the effects of the users’ cultural
background on the subjective importance of different usability factors in the context of HMIs
for L3 ADS. Subjective data on the importance ratings and cultural values are collected. The
samples are drawn from the German population (ON_GER), the U.S.-American population
(currently residing in the USA; ON_USA), and from the experiment TT_USA conducted with
U.S.-American participants in Maisach, Germany. Results from the three samples are
compared and discussed in Chapter 8. This chapter aims to answer research question RQ4, thus
deepening the insights in the importance of culture in the usability testing of HMIs for L3
ADS.

! Initially planned experiments in the United States and Japan are canceled due to the COVID-19
pandemic. Instead, one experiment is conducted in Germany with U.S.-American participants
(TT_USA).
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RQs  Which methods are recommended for assessing the usability of HMIs for L3 ADS?

An expert workshop is conducted to discuss a set of preliminary recommendations for the
assessment of usability in HMIs for L3 ADS. The preliminary set of recommendations is
derived from the findings and experiences of the experiments presented in chapters
Chapter 6, Chapter 7, and Chapter 8. The workshop’s results are consolidated with literature
findings and this thesis' empirical findings. Chapter 9 presents the expert workshop and the
consolidation of the final methodological recommendations for usability testing of HMIs for
L3 ADS, thereby answering research question RQs.

Chapter 10 summarizes the findings alongside the five research questions. Furthermore,
the findings are critically reflected regarding their limitations and generalizability. After
concluding the contribution of this thesis, potential fields for future work and the key messages
are identified.
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4 Development of a Best Practice Advice for Assessing the
Usability of HMIs for L3 ADS

A systematic literature review is conducted to gain insights into the common research
practices for assessing usability. Furthermore, a best practice advice is derived. This advice
serves as the basis for the experimental design applied in the validation studies Exp_Testing-
Environment and Exp_Culture presented in Chapter 6 and Chapter 7. The literature review and
the experimental design based on the best practice advice address RQ:. The literature review is
published in Albers, Radlmayr, et al. (2020) and may be referred to for details. It comprises a
detailed analysis of the selected sixteen articles and the derivation of the best practice advice.
The approach and results are summarized in this chapter.

4.1 Analysis of the Status Quo of Common Research Methods
and Findings

The review is based on the guidelines ‘Reporting Items for Systematic Reviews and Meta-
Analyses’ (Moher et al., 2009). Articles are selected that feature a combination of keywords
such as “usability”, “human-machine interface”, or “conditionally automated driving”.
Initially, a set of 560 articles is identified during the search phase. The final selection features
16 study and theoretical articles focusing on usability for HMIs in the context of L3 automated
driving. The study articles are analyzed regarding the study characteristics applied in their
experiments. The theoretical articles are examined regarding the recommendations for study
designs. The following six experiment characteristics serve as categories to structure the
findings: definition of usability, testing environment, sample characteristics, test cases,
dependent variables, and conditions of use.

4.1.1 Definition of Usability

Since the scope of the research effort is on usability assessments, the literature review
analyzes the applied definitions of usability. The analysis shows that four articles do not
provide a distinct definition or operationalization of usability. Five articles operationalize
usability using metrics such as the SUS (Brooke, 1996). Additionally, two articles refer to the
minimum requirements provided by the NHTSA as a practical guide (2017). According to the
requirements, the user of an ADS HMI must be able to understand if the ADS is “(1)
functioning properly; (2) currently engaged in ADS mode; (3) currently ’unavailable’ for use;
(4) experiencing a malfunction; and/or (5) requesting control transition from the ADS to the
operator” (NHTSA, 2017, p. 10). Finally, four articles apply (a variation) of the definition
provided by the 1SO standard 9241-11 (I1SO, 2018a), and two articles refer to the definition of
usability provided by Nielsen (1993).

4.1.2 Testing Environment

Twelve articles provide information on the applied or recommended testing environment.
Driving simulators are listed in 10 of these 12 articles. Of these 10 articles, two apply moving-
base driving simulators, and four articles report using fix-base driving simulators. Two other
articles describe the applied or recommended driving simulators as low-fidelity or high-fidelity
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driving simulators, respectively. The use of instrumented vehicles is recommended twice in
theoretical articles. One study article applies desktop methods for assessing paper and video
prototypes.

4.1.3 Sample Characteristics

Regarding the sample characteristics, 14 articles provide information and either list
experts or potential users as participants. Most of these articles (n = 12) list potential users as
participants for the usability test, and only two study articles report conducting tests with
experts only. Twice, both expert and user testing are recommended. Regarding the sample
characteristics, the sample sizes of the expert samples vary between N =4 and N =9 and list
ergonomics, HMIs, or ADAS as background. The sample sizes of tests with potential users
range between N =12 and N = 57. Five of the seven study articles with potential users draw
samples from their own company. The age distribution mostly ranges between 20 and 62.

4.1.4 Test Cases

Thirteen articles provide information on test cases. In 10 articles, test cases cover
transition scenarios. Downward transitions, for example, L3 to L0, are covered in all of these
articles, while upward transitions are described in eight articles. Four articles (additionally)
cover test cases on system modes and availabilities of LoAs. Six articles (additionally) cover
test cases on planned maneuvers, different traffic scenarios, or the interaction with navigation
systems.

4.1.5 Dependent Variables

Three articles do not provide information on dependent variables. Six articles apply or
recommend observational metrics such as gaze behavior or interaction performance. Six
articles (additionally) apply or recommend using standardized usability questionnaires such as
the SUS (Brooke, 1996). Questionnaires for constructs affiliated with usability, such as
acceptance, are (additionally) applied or recommended by seven articles. Seven articles
(additionally) apply or recommend using qualitative methods such as interviews or heuristic
evaluations (Nielsen & Molich, 1990).

4.1.6 Conditions of Use

The conditions of use are generally not reported in detail. In 14 articles, information
indicates that first contact interaction is tested or recommended to be tested in all these cases.
Five articles specifically test intuitive use without detailed instructions. Seven articles
additionally report or recommend testing interactions of repeated contact.

4.2 Derivation of a Best Practice Advice

The review concludes with a best practice advice for the six study characteristics. The
best practice advice is briefly described in this section and depicted in Table 4.1.

It recommends defining and operationalizing usability in the context of HMIs for L3 ADS
through a combination of the definition provided by the ISO standard 9241-11 (ISO, 2018a)
and the NHTSA minimum requirements (NHTSA, 2017). Regarding the testing environment,
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the best practice advice recommends using high-fidelity driving simulators, which aligns with
the status quo. For early prototypes, the advice acknowledges the value of desktop methods.
The best practice advice further recommends conducting tests with potential end users. The
sample characteristics are supposed to represent the potential user regarding the distribution of
characteristics such as age, gender, prior experience, or affiliation with technical devices. The
sample size is to be selected based on the planned statistical procedure. The best practice
advice recommends focusing on transitions between LoAs, the availability of LoAs, and non-
critical scenarios when determining the test cases. Regarding dependent variables, the best
practice advice recommends the application of observational and self-reported metrics. The
observational data are further specified in collecting visual behavior and interaction
performance data. The advice recommends applying the SUS, short interviews, and
supplementing standardized questionnaires for self-reported data. Finally, providing only
general information on the ADS and testing the first contact interaction are recommended for
the conditions of use.

Table 4.1 Best practice advice for testing the usability of HMIs for L3 ADS from Albers,
RadImayr, et al. (2020).

Study characteristic Best practice advice

General Definition: “extent to which a system, product or service can be used
by specified users to achieve specified goals with effectiveness, efficiency
and satisfaction in a specified context of use” (ISO, 2018a, p. 2)

Definition of usability Practical Realization: the user understands that the ADS is “(1) functioning
properly; (2) currently engaged in ADS mode; (3) currently ‘unavailable’ for
use; (4) experiencing a malfunction; and/or (5) requesting control transition
from the ADS to the operator” (NHTSA, 2017, p. 10)

Testing environment Driving simulator

Sample group: represents the potential user population (age, gender, prior
Sample characteristics experience, affiliation with technical devices, etc.)

Sample size: determined by the statistical procedure

Scenarios: (1) transitions between different automation modes and (2)
Test cases availability of different automation modes

Criticality: non-critical situations

General: combination of observational and subjective metrics

Observational metrics: (1) visual behavior according to the 1ISO 15007 (ISO,
2018b) (e.g., percent on area of interest (AOI)) and (2) the interaction

Dependent variables performance with the HMI (e.g., operating errors or reaction time for a button
press)

Subjective Metrics: (1) SUS (Brooke, 1996), (2) short interviews after test
trials and questionnaires, and (3) supplementary standardized questionnaires

First contact between user and ADS

Conditions of use : X ; ;
Instructions contain only general information on the ADS
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5 Experimental Design for Validation Studies Exp_Testing-
Environment and Exp_Culture

This chapter presents the experimental design that is applied in the three experiments of
the validation studies Exp_Testing-Environment and Exp_Culture. The study design builds
upon the best practice advice presented in the previous chapter and completes the work on
RQ1. The development of the study design is published by Albers et al. (2021). This chapter
builds upon the publication and provides more detailed insights.

The validation studies are designed as between-subject studies comprising the
independent variables experiment (Exp) and HMI concept (HMI). In each of the three
experiments, two subsamples are formed by the independent variable of the HMI concept.
Potential training and sequential effects are expected to be considerable due to the similarity of
the basic structure of the HMI concepts (see Subsection 5.4.1). By choosing a between-subject
design, the influence of learning effects is avoided.

The validation studies focus on assessing the effects of the testing environment and the
users’ cultural background. Therefore, the overall experimental design strives to achieve high
internal validity, especially regarding standardization. Where possible, the experimental design
reflects a realistic setting (e.g., scenarios, information availability, HMI design) to ensure the
generalizability of results (see Subsection 2.1.3 for more details on the trade-off between
internal and external validity).

5.1 Definition of Usability

The underlying definition of usability is provided by the ISO standard 9241-11 (I1SO,
2018a) and thereby covers the three usability facets effectiveness, efficiency, and satisfaction.
In addition, the NHTSA minimum requirements (NHTSA, 2017) are considered criteria for a
practical approach. The operationalization of the usability assessment is realized through the
selection of test cases (see Section 5.3) and metrics (see Section 5.6).

5.2 Sample Characteristics

The samples consist of naive participants regarding their experience with L3 ADS. This
enables the assessment of intuitive usability in a first-contact interaction. The recruitment
criteria strive to represent the entire population of drivers and the population of potential future
users. Participants are required to hold a valid driving license. A balanced gender distribution
is aimed at a minimum of 30% females. The participants’ targeted age range is between 18 and
75 years. Following the NHTSA visual-manual distraction protocol, the age distribution is
aimed to include a minimum of five participants in four different age groups: (1) 18-24; (2) 25-
39; (3) 40-54; (4)>54 (NHTSA, 2013). This leads to a minimum sample size of 20
participants per subsample. Participants are evenly distributed to the subsamples based on the
criteria described above. Participants suffering from physical or cognitive impairments are
excluded. Additionally, participants whose mobility or perception is affected by the intake of
medication or drugs are excluded.
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After recruitment, participants are requested to provide additional information. This
includes factors potentially affecting the interactions, such as visual impairments. Information
on the participants’ driving experience, such as familiarity with ADAS, is expected to support
the interpretation of interindividual differences or to identify subsamples relevant to future
research.

5.3 Test Cases

The ADS enables LO, L2, and L3 driving. For the sake of simplicity, the system does not
offer L1 driving. The L2 ADS is implemented and instructed as a L2 hands-on ADS. Only in
L3 driving participants are allowed to take their hands off the steering wheel. Otherwise, a
hands-off (H-off) detection warning is issued. Each experiment covers 12 test cases. Due to
safety aspects, the test cases mostly comprise non-critical situations. The usability assessment
focuses on situations with a high probability of occurrence, such as the interaction when using
the basic functions. Instead, safety-related assessments of ADS are mainly affiliated with
constructs such as controllability (see Subsection 2.1.2). These critical situations have a low
probability of occurrence. The selection is based on and, therefore, linked to the NHTSA
minimum requirements (NHTSA, 2017), as shown in Table 5.1. Three test cases (TC1, TC4,
TC7) cover continuous rides in LO, L2, and L3 without further events. Three test cases (TC2,
TC6, TC8) feature changes in the availability of LoAs. Here, twice, LoAs become available
that have not been available before, and once, L3 becomes unavailable due to a malfunction.
None of these availability changes affects the currently activated LoA. Three test cases (TC3,
TC5, TC9) cover transitions initiated by the participant (upon request of the experimenter).
Two test cases (TC10, TC12) feature Rtls. In TC10, the system reaches the end of the ODD,
thus triggering an Rtl with a time budget of 20 s (Rtlxs) before the emergency braking
maneuver begins (“ODD end” in Table 5.1). In TC12, the system is degraded by a malfunction
of sensors affecting the currently active L3, thus triggering an Rtl requiring an immediate
reaction of the driver 6 s (Rtlgs) before the emergency braking maneuver begins (“malfunction”
in Table 5.1). One test case (TC11) features a combination of a change in the availability and a
transition request initiated by the participant (upon request of the experimenter).

The HMI concepts in the experiments continuously provide information on the currently
active LoA and the available LoAs. Therefore, all test cases allow to collect data on the first
three NHTSA minimum requirements “functioning properly”, “currently engaged in ADS
mode”, and “currently ‘unavailable’ for use” (NHTSA, 2017, p.10). The latter two
requirements, “experiencing a malfunction” and “requesting control transition from the ADS
to the operator” (NHTSA, 2017, p. 10), are addressed only in two test cases each (TC6 &
TC12 and TC10 & TC12, respectively).

Despite disadvantages such as potential training and sequential effects (Bortz & Déring,
2006, p. 184), the test cases have a fixed order. No full permutation could be realized with the
planned study design, and most of the test cases require the precedence of specific other test
cases; for example, a take-over request (TC10 or TC12) could and should not be tested before
the first activation of L3 (TC3).
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Table 5.1 Description of the 12 test cases and their linkage to the NHTSA minimum
requirements, adapted from Albers et al. (2021).

Test o Aptive LoA [higher Lqu NHTSA minimum

case Description available] (LOA§ according to requirements
SAE International, 2021) (NHTSA, 2017)

1 Continuous ride in LO, no events LO [-] 1,2,3

2 Change in availability LO[-] © LO[L2, L3] 1,2,3

3 Transition: initiated by participant LO[L2, L3] > L3 1,2,3

4 Continuous ride in L3, no events L3 1,2,3

5 Transition: initiated by participant L3> L2 [L3] 1,2,3

6 Change in availability (malfunction) L2 [L3] = L2 [] 1,2,3,4

7 Continuous ride in L2, no events L2 [-] 1,2,3

8 Change in availability L2 [-] > L2 [L3] 1,2,3

9 Transition: initiated by participant L2[L3] = L3 1,2,3

1o Changeln vl ORDENIE 135 oy 1235

1 ggr?gigﬁr:?iﬁxgizngz garticipant LO[]> L3 1.2.3

12 Change in availability (malfunction) & L3> LO[] 1,2,3.4.5

transition: system-initiated

Note. “The NHTSA minimum requirements (NHTSA, 2017, p. 10) are: “(1) functioning properly; (2)
currently engaged in ADS mode; (3) currently ‘unavailable’ for use; (4) experiencing a malfunction; (5)
requesting control transition from the ADS to the operator.”

5.4 HMI Concepts

Participants of all experiments are randomly assigned to one of two implemented HMI
concepts?®, Both HMI concepts are evaluated in all three experiments. An overview of the
HMI concepts is provided in Appendix I. The HMI concepts serve as the artificial research
subject. Introducing two HMI concepts per experiment allows for assessing the relative
validity, which refers to the agreement between the direction (and size) of effects.
Furthermore, the sensitivity of metrics toward specific differences in HMI design may be
assessed.

Forster and colleagues (Forster et al., 2020a, 2020b) investigate the difference between
two HMI concepts that vary in their compliance with guidelines for HMI design (Naujoks,
Wiedemann, et al., 2019). The within-subject study confirms differences in usability and
acceptance measures from behavioral and self-reported data. The approach of variation
between two HMI concepts is adapted from this study as presented in Forster et al. (2020b)
and Forster et al. (2020a).

In this section, the design and the development of the underlying HMI concept are
described. Afterward, the differences between the two HMI concepts are described, as well as
the heuristic expert evaluation confirming the different degrees of compliance.

2 The HMI concepts are designed and evaluated with the assistance of Canroz Tacay (2020) as part of
his term paper.

3 The implementation and control of the HMI concepts in the instrumented vehicles for the experiments
TT_GER and TT_USA is realized by Jessica Kos (2020) as part of her bachelor’s thesis.
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5.4.1 Basic Design

The underlying basic HMI concept builds upon the design of Feierle et al. (2020),
originating from a design of Gotze (2018). The basic concept is adapted for the LoAs LO, L2,
and L3 and the selection of test cases. Due to technical constraints and simplicity, the HMI
mainly consists of visual components. The instrument cluster (IC) structure for the two
concepts is visualized in Figure 5.1 (left). Speed (Figure 5.1 (1)) is displayed on the left side of
the IC, and infotainment features (Figure 5.1 (2)) are visualized in the right area. While the
speed is displayed synchronously with the realized driving data, the infotainment area is static
and not functionally implemented in the prototype. The central area of the IC displays the ego
vehicle in its current lane (L2 & L3 only), surrounded by a ring serving as a metaphor for the
vehicle’s surrounding environment (introduced by van Gijssel, 2012; Figure 5.1 (3)).
Following Melcher et al. (2015), the lower area in the center of the IC displays a scale that
includes the three LoAs. The scale indicates the currently active LoA and the availability of all
LoAs (Figure 5.1 (4)). Three icons are designed to represent the three LoAs (Figure 5.1, right).
The icon for LO displays a steering wheel gripped by two hands. The icon for L2 displays a
steering wheel that is only touched by two hands. Above the steering wheel are two arches
associated with radio waves. The icon for L3 does not show hands but three arches above the
steering wheel.

Figure 5.1 Left: Structure of the basic HMI design implemented in the IC: (1) speed; (2)
infotainment; (3) ego vehicle and its surrounding environment (L2 & L3 only); (4) scale for
LoAs. Right: Icons for the three implemented LoAs LO (left), L2 (center), and L3 (right).

The HMI continuously provides visual information on the active LoA and the availability
of the LoAs. In addition, further information, such as malfunctions and Rtls, is displayed
visually. The language of the HMI is German in Sim_GER and TT_GER, and U.S.-American
English in TT_USA.*

The ADS is controlled mainly via buttons on the steering wheel. A multifunction steering
wheel of the BMW 3 series G21 is used (Figure 5.2, left). Only two buttons on the left spoke
are relevant. These buttons are covered with stickers featuring customized labels (Figure
5.2, right).

4 The translation is performed through an agency.

30



Experimental Design for Validation Studies Exp_Testing-Environment and Exp_Culture

Figure 5.2 Left: Position of the control buttons on the steering wheel. Right: Control buttons
ACT and MOD and their respective icons.

Due to technical constraints, the control logic is not varied between the two HMI
concepts. Two buttons allow the user to activate the different LoAs and to switch between
these LoAs. The buttons and their functions are depicted in Figure 5.3. The left button,
hereafter referred to as ACT (for activation), triggers transitions between LO and L2 and vice
versa (LO - L2; L2 - L0). When pressed while L3 is active, the ACT button deactivates L3
driving and switches to LO (L3 - LO). The label displays an icon for a power button
complemented with the letters “AUT”. The right button, hereafter referred to as MOD (for
mode), triggers transitions between L2 and L3 and vice versa (L2 - L3; L3 - L2). The MOD
button has no effect when being pressed while LO is active. The label displays an icon with
two arrows pointing up and down, complemented by the letters “AUT”. Oversteering—a
braking or strong steering maneuver—also triggers a transition from L2 or L3 to LO
(L2/L3 = LO).

oo | L0
A

ACT / ACT/0S \ ACT/0S
| 4

\

= MOD

IS NIED > L3

MOD

Figure 5.3 Visualization of the control logic of the HMI concepts. Transitions between LoAs
are triggered via the control buttons ACT and MOD, or oversteering (OS), that is, braking or
strong steering maneuvers.
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5.4.2 Differences between the two HMI Concepts

Starting from the basic concept, two HMI concepts are developed. Following the
framework of HMIs proposed by Bengler et al. (2020), the HMI concepts can be distinguished
as follows: The input channels and dialog logic are identical. The output channel(s) providing
information about the system status comprise the differences between the two concepts.

One HMI, hereafter referred to as High-Compliance-HMI (HC-HMI), is designed in
compliance with guidelines for HMI design (Naujoks, Wiedemann, et al., 2019). The HMI
comprises the IC and LED strips on the steering wheel. Furthermore, warning sounds are
implemented for the multimodal communication of urgent information (Naujoks, Wiedemann,
etal., 2019, item 18).

The second HMI, hereafter referred to as Low-Compliance-HMI (LC-HMI), features low
compliance with guidelines for HMI design (Naujoks, Wiedemann, et al., 2019). Eight
guideline items are intentionally violated, as described in Table 5.5.2. For example, only the IC
is implemented to visually communicate with the participant. The LC-HMI does not use
auditory or additional visual signals, such as the LED strips on the steering wheel, violating the
multimodality of high-priority notifications (Naujoks, Wiedemann, et al., 2019, item 18).

32



Experimental Design for Validation Studies Exp_Testing-Environment and Exp_Culture

Table 5.5.2 Overview of the eight items of Naujoks, Wiedemann, et al. (2019) that differentiate between the HMI concepts and description of their
implementation in the HC-HMI and the LC-HMI concept, respectively.

Item of Naujoks, Wiedemann, et al.
(2019, p. 129) (supporting literature)

Implementation in HC-HMI

Implementation in LC-HMI

Item 3: “System state changes should
be effectively communicated.”
(Kelsch et al., 2017)

After a transition, the now active LOA is permanently
communicated via the color of the ego vehicle in the center
of the IC and the color of the respective icon in the scale at
the bottom.

The icon of the active LoA in the scale is displayed bigger
than the icons of the other LoAs.

After a transition, the now active LoA is permanently
communicated via the color of the ego vehicle in the center of
the IC and the color of the respective icon in the scale at the
bottom.

After a transition, the icon of the now active LoA is
temporarily displayed as an overlay in the infotainment
area. Furthermore, a pop-up message in the central upper
area of the IC announces the currently active LoA. Both
temporary pop-ups disappear after 7 s.

There are no temporary pop-ups or other short notifications.

The non-availability of LoAs is communicated redundantly
via crossing out six grey color-coding of the icons.

The non-availability of LoAs is communicated only via grey
color-coding of the icons.

Item 5: “HMI elements should be
grouped together according to their
function to support the perception of
mode indicators.”

(Kelsch et al., 2017; Stevens et al.,
2002)

The detected speed limit is displayed in the left area close
to the information on the current speed.

The detected speed limit is displayed in the right area close to
the infotainment area.

Notifications concerning the ADS are displayed in the
central upper area of the IC.

Notifications concerning the ADS are displayed as an overlay
in the infotainment area.

Iltem 7: “The visual interface should have
a sufficient contrast in luminance and/or
color between foreground and
background.”

(ISO, 2009)

The colors of all LoAs fulfill the recommended (= 5:1)
contrast ratio requirements when being displayed on the
black display background. LO is displayed in white (RGB
255, 255, 255) and has a contrast ratio of 21:1. L2 (green:
RGB 0, 255, 0) has a contrast ratio 15.3:1. L3 (cyan: RGB
0, 255, 255) has a contrast ratio 16.7:1.

Not all LoAs are displayed in colors that fulfill the
recommended (= 5:1) contrast ratio requirements when being
displayed on the black display background. LO (white: RGB
255, 255, 255) has a contrast ratio 21:1. L2 (dark blue: RGB
66, 51, 255) has a contrast ratio 3.1:1. L3 (yellow: RGB 255,
201, 14) has a contrast ratio 13.6:1.
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Item of Naujoks, Wiedemann, et al.
(2019, p. 129) (supporting literature)

Implementation in HC-HMI

Implementation in LC-HMI

Item 8: “Texts (e.g., font types and size
of characters) and symbols should be
easily readable from the permitted
seating position.”

(ISO, 2009; Stevens et al., 2002)

The font size (42 pt) is sufficient.

The font size (38 pt) is sufficient but smaller than the font size
in HC-HMI.

The icons of the active LoA and the non-active LoAs in the
scale all have the same size. They are 25% smaller than the
icons of the non-active LoAs in the HC-HMI and 50% smaller
than the icon of the active LoA in the HC-HMI, aggravating the
perceptibility of the icon’s details.

The sans-serif font Arial is used.

The serif font Times New Roman is used, applying the style
italics.

Item 9: “Commonly accepted or
standardized symbols should be used to
communicate the automation mode. Use
of non-standard symbols should be
supplemented by additional text
explanations or vocal phrases.”
(Deutsches Institut fur Normung [DIN],
2003; Stevens et al., 2002)

After a transition, the non-standard icon of the now active
LoA is temporarily displayed as an overlay in the
infotainment area. The icon is supplemented with a
temporary pop-up message in the central upper area of the
IC announcing the currently active LoA.

Transitions are not supplemented by notifications or other
information explaining the meaning of the non-standard icons
representing LO, L2, and L3.

Item 14: “The colors used to
communicate system states should be in
accordance with common conventions
and stereotypes.”

In accordance with the criticality, warning messages are
displayed in yellow or red, while non-critical notifications
are displayed in white.

Irrespective of the criticality, all notifications are displayed in
white.

The LoA L3 is coded with the color cyan. In research, cyan
is already commonly used (e.g., Clercq et al., 2019; Dey et
al., 2021; Fuest et al., 2020; Y. M. Lee et al., 2019) and
recommended (e.g., Faas & Baumann, 2019; Werner,
2018) to indicate automated driving.

The LoA L3 is coded with the color yellow. The color yellow is
associated with warnings (e.g., J. L. Campbell et al., 2007,
Green et al., 1994; Utesch, 2014)

Item 15: “Design for color-blindness by
redundant coding and avoidance of
red/green and blue/yellow
combinations.”

(Brandes et al., 2019, p. 760)

The active LoA is redundantly communicated via the icon's
color, position, and size.

The active LoA is redundantly communicated only via the
icons’ color and position.

No red/green or blue/yellow combinations are selected for
the LoAs.

For the color coding of the LoAs L2 and L3, a blue/yellow
combination is selected.

The non-availability of LoAs is communicated redundantly
via crossing-out and grey color-coding of the icons.

The non-availability of LoAs is communicated only via grey
color-coding of the icons.

Item 18: “High-priority messages should
be multimodal.”

(J. L. Campbell et al., 2007; Stevens et
al., 2002)

In accordance with the criticality, notifications are displayed
in the IC and supplemented with LED lights flashing on the
steering wheel and warning sounds.

Irrespective of the criticality, all notifications are displayed in
the IC only. No other visual or auditory signals are used.
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5.4.3 Heuristic Expert Evaluation on Differences between the HMI
Concepts

A heuristic evaluation with six experts is conducted to validate the intended differences
between the HMI concepts. The six experts (n = 1 female, n =5 male) have been working in
the field of HMIs for three to seven years (M =4.58, SD = 1.48). In a permuted order, the
experts experience both HMI concepts and rate each. A list of 10 heuristics is provided as a
guidance (Table 5.3). The heuristics are based on the heuristics of Nielsen (2005) and the
guidelines provided by (Naujoks, Wiedemann, et al., 2019).

Table 5.3 List of heuristics used in the expert evaluation.

Heuristic Description Source
“ . . » Naujoks, Wiedemann, et
1 System state changes should be effectively communicated. al., 2019, p. 129, item 3
“The visual interface should have a sufficient contrast in Nauioks. Wiedemann. et
2 luminance and/or [color] between foreground and JOKS, o
» al., 2019, p. 129, item 7
background.
“Texts (e.g., font types and size of characters) and symbols . .
. . - Naujoks, Wiedemann, et
3 sho_u_ld b:e easily readable from the permitted seating al., 2019, p. 129, item 8
position.
4 “[...] Use of non-standard symbols should be supplemented Naujoks, Wiedemann, et
by additional text explanations or vocal phrase/s.” al., 2019, p. 129, item 9
5 “The [colors] used to communicate system states should be Naujoks, Wiedemann, et
in accordance with common conventions and stereotypes.” al., 2019, p. 129, item 14
6 The HMI allows recognition rather than recall. Nielsen, 2005, principle 6
7 “In case of sensor failures, their consequences and required Naujoks, Wiedemann, et
operator steps should be displayed.” al., 2019, p. 129, item 20
8 The visual interface has an aesthetic and minimalist design. Nielsen, 2005, principle 8
9 “HMI elements should be grouped together according to their  Naujoks, Wiedemann, et
function to support the perception of mode indicators.” al., 2019, p. 129, item 5
10 “The semantic of a message should be in accordance with its  Naujoks, Wiedemann, et

urgency.”

al., 2019, p. 129, item 10

The experts could indicate violations of the heuristics as well as the severity of the
violation ranging between “0: this is not a usability problem at all” to “4: usability catastrophe
—imperative to fix this before product can be released” (Nielsen, 1993, p. 103). After the
assessment, an interview focuses on colors, icons, and the icons’ positioning. Furthermore, the
experts are asked to express further feedback and comments.

The heuristic evaluation confirms the different degrees of compliance (see Figure 5.4).
For the HC-HMI, the experts list 10 violations of the heuristics with a severity of 1 or higher
(M =2.4,SD = 0.66, Med = 2). For the LC-HMI, the experts state 35 violations with a severity
of 1 or higher (M =3.2, SD = 0.95, Med = 4). For the HC-HMI, three issues with severity
scores of 3 or 4 are mentioned. The experts criticize the insufficient saliency of H-off
notifications, the time-based countdown for the end of the ODD (TC10) instead of providing
distance information, and the use of green color for L2, which implies no need for action and is
therefore deemed more suitable for L3. Regarding the color selection the concluding interview
results in mainly positive opinions (e.g., “fitting, blue and green look technical”). For the LC-
HMI, 26 issues with severity scores of 3 or 4 are mentioned. The criticisms address all of the
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implemented differences between the HMI concepts. The focus of criticism lies on the color
selection (yellow used for L3 conveys caution or warning messages), too small icons, and the
insufficient saliency and urgency of warnings due to the color selection and the visual
implementation alone. Critique referring to the usage of serif font and the positioning of
notifications is mentioned with less severity.

General feedback on the basic HMI design provokes the improvement of the icons for the
control buttons (as displayed in Figure 5.2; the original icons are rated as visually cluttered)
and the removal of the ego vehicle and the vehicle’s surrounding environment visualized by a
ring (see Figure 5.1, (3)) in LO (no assistance systems for the vehicle surrounding are expected
in LO). Two experts criticize the control logic. Due to technical limitations, the control logic is
not altered. The HC-HMI is further improved based on the suggestions to increase the
differences between the HMI concepts. Among minor changes, such as wording adjustments in
single notifications, the salience of Rtls and H-off notifications is increased.
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Figure 5.4 Results of the heuristic expert evaluation for the HMI concepts HC-HMI and LC-
HMI.
Note. The number of violated heuristics (H1-H10) and the severity ranging between 1 and 4 is indicated.
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Figure 5.5 displays excerpts of the HMI concepts in two different scenarios. Appendix |
(Table 12.1) contains more excerpts of the HMI concepts.
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Figure 5.5 Excerpts of the HMI concepts (left: HC-HMI; right: LC-HMI) in the IC. Top: L2 has
just been activated. Bottom: Second stage of the warning cascade during the Rtl2os.
Note. The second stage of the warning cascade during the Rtlzos in the HC-HMI indicates a countdown

(one box disappears per second). The warning is supplemented with yellow LED lights flashing on the
steering wheel and a warning sound with low criticality.

5.5 Study Procedure

After welcoming, the participants give informed consent to participate in the experiment,
to allow the data collection, and to follow the instructions and safety regulations given by the
experimenter. The second part consists of a pre-questionnaire about the participants'
sociodemographic and driving backgrounds. Afterward, participants familiarize themselves
with the test course and the driving simulator or instrumented vehicle, respectively. After the
familiarization drive, participants receive further instructions on the procedure and their
driving task. The instructions include the LoAs, the HMI, and the NDRA information. After a
clarification of questions, the eye-tracking system is calibrated. The following test drive,
including short interviews, takes about 45 min. After the test drive, participants report their
experiences through a post-questionnaire and a final interview. The total duration of the
experiment varies due to interindividual and organizational differences between 1.5 hr and 2 hr
in the driving simulator and 2 hr and 2.5 hr in the test track experiments, respectively.

5.5.1 NDRA

In contrast to LO and L2, L3 driving allows to engage in NDRAs. The standardized
NDRA surrogate reference task (SURT; 1SO, 2012) is introduced as an NDRA to provide an
observational measure of mode awareness or compliance with the responsibilities for the
driving task. In the center console, a tablet featuring the SuRT is installed. Participants are
instructed that engagement in the SuRT is only allowed in L3 driving but not in LO or L2.
While L3 is active, participants are encouraged to engage in the SURT. Before the test drive,
participants familiarize themselves with the SURT and are encouraged to ask questions.

37



Experimental Design for Validation Studies Exp_Testing-Environment and Exp_Culture

5.5.2 Instructions

The experiments are designed to test the intuitive usability during first contact interaction
with the ADS. Therefore, no detailed information on the operation of the ADS is provided.

After welcoming, participants receive general information on the study context,
procedure, and safety instructions.

After the familiarization drive, participants receive more detailed instructions. First, the
three LoAs are introduced as “Manual Driving” (corresponds to L0), “Assisted Driving”
(corresponds to L2), and “Automated Driving” (corresponds to L3). For each of the LoAs,
information is provided explaining the abilities of the respective LoAs and the resulting
responsibilities that lie with the driver. The information is based on the simplified description
of the SAE LoAs for customers (Shuttleworth, 2019). Afterward, general information on the
HMI is provided, informing the participant that the interaction with the ADS occurs through
the HMI. The two control buttons on the steering wheel are indicated, though their function
and the control logic are not explained. After that, the SURT is introduced. The written
instruction closes with explaining the test drive procedure and the participants’ required
actions. Due to the test course features and safety aspects, the speed limit is set to 30 km/h, and
each test case starts and ends at a standstill. Participants must manually accelerate at the test
case's start and reactivate the LoA with which the previous test case ended. Pre-recorded audio
announcements triggered by the experimenter support the participant in this task. At the end of
each test case, participants manually slow down the car to a standstill. For standardization,
participants are instructed to initiate transitions only if explicitly requested by the ADS or the
experimenter.

After participants finish reading the instructions, the experimenter briefly summarizes the
key aspects of the instruction and encourages the participant to clarify questions.

5.5.3 Test Course

The test course in Sim_GER simulates the test track at the Universitédt der Bundeswehr in
Neubiberg, Germany (used in TT_GER). Due to organizational constraints, TT_USA could not
be conducted on the same test track. Instead, TT_USA is conducted on a test track at the BMW
Driving Academy in Maisach, Germany. Discrepancies between the test courses are reduced to
a minimum. Due to safety reasons, the test drives do not include surrounding traffic, obstacles,
or lane change maneuvers.

The test course comprises two about 900 m long lanes with turning opportunities at each
end. A sketch of the test course, including important waypoints, is depicted in Figure 5.6 (top).
Test drives are conducted on the respective right lanes. For each 900 m section, one test case is
performed. At the end of each test case, participants stop the vehicle before turning the vehicle
around manually, starting the next test case by driving in the other direction. The first and the
last 150 m sections (0 m-150 m; 750 m—-900 m) are reserved for the manual acceleration and
deceleration phase. When passing 150 m or 750 m, a sound marks the beginning or end of the
respective test case. The data collection is limited to the central section of the straight between
200 m and 700 m. With an average speed of 30 km/h, each test case produces about 60 s of
recorded data. Events occurring during the test cases are triggered at three different waypoints
(375 m, 450 m, 535 m), thus reducing the predictability of events for the participant while
maintaining a high degree of standardization. The test cases are only realized in the HMI
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notifications. This means that cues in the test course do not accompany changes of
availabilities. Thus, changes in availabilities could not be associated with a change in road type
or any other feature of the test course. Consequently, participants’ reactions are distinctly
attributed to the respective HMI concept.

In the test track experiments, waypoints are marked for the experimenter with traffic
cones or wires laid across the lanes (only waypoints at 150 m and 750 m), as visualized in
Figure 5.6 (bottom). The waypoints are not marked in the simulator experiment.

. Data recording .
Acceleration / Acceleration /

Deceleration Event trigger points Deceleration
[ T 1

0Om 150m 200m  325m 450 m 575m  700m 750 m 900 m

Figure 5.6 Top: Sketch of the test course. Bottom: Photo of the test course and the waypoints
on the test track at the Universitat der Bundeswehr in Neubiberg, Germany.
Note. After the acceleration phase (0 m-150 m), a sound marks the beginning of the test drive. Data is

recorded between 200 m and 700 m. Events are triggered at three different waypoints (325 m, 450 m,
575 m). The test drive ends with another sound (750 m) and a deceleration phase (750 m-900 m). The
turning points at both ends allow the test course to be driven in both directions.

5.6 Data Collection

Both observational and self-reported data are collected in the experiments. The driving
simulator and the instrumented vehicles have a microphone and a camera supporting the
analysis. The camera is directed at the steering wheel and catches the operation of the control
buttons on the steering wheel and other movements. In the test track experiments, an additional
camera is installed and directed at the driving scenery to record unexpected events potentially
influencing the experiment. Figure 5.7 displays photos of the experimental setup. The
simulator setup and a data gateway in the instrumented vehicle record vehicle-related data.
Speed, lateral and longitudinal acceleration are recorded, as well as the operation of the gas
pedal, the brake pedal, and the buttons on the steering wheel. The eye-tracking system Dikablis
Glasses 3 by Ergoneers records the gaze behavior. The collection of sociodemographic and
self-reported data and the documentation of the experimenter ratings is realized via
LimeSurvey.
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A protocol allows the experimenter to document unusual behavior, unforeseen external
events, or technical issues. Furthermore, the weather and lighting conditions are documented in
the test track experiments. In the driving simulator experiment, the weather and lighting
conditions are set to a lightly clouded sky with bright lighting conditions.

This section briefly describes the collected data, starting with the sociodemographic data
to describe the experiments’ samples. Afterward, the observational and self-reported data are
described, followed by the description of individual factors as potentially confounding
variables. Finally, a short overview of the metrics is provided, offering a linkage to the
compliance violations of the HMI concepts, the usability facets of the ISO standard 9241-11
(IS0, 2018a), and the components of the NHTSA minimum requirements (NHTSA, 2017).

Figure 5.7 Photos of the experimental setup. Left: The participant wears the eye—trackig
system Dikablis Glasses 3 by Ergoneers. Right: The experimenter gives instructions, triggers
events, and controls the data recording.

5.6.1 Sociodemographic Data

Sociodemographic data are collected to describe the sample and evaluate its
representativity. In addition to age and gender, participants provide data on their visual
deficiencies, such as the need for visual aids and color deficiencies.

Regarding the driving experience, participants report the mileage and driving frequency
of the last 12 months. Afterward, participants indicate familiarity with the ADAS Cruise
Control (CC), ACC, and Lane Keeping Assistant (LKA). If participants report familiarity with
specific ADAS, a subsequent question inquires on the frequency of using the ADAS. Finally,
participants are requested to report their prior knowledge of automated driving on a 5-point
Likert scale with the anchors “0: no knowledge” and “4: expert”.

5.6.2 Observational Data

5.6.2.1 Driving Behavior

Analyzing driving behavior metrics allows for an objective assessment of the interaction
quality. Data for the following metrics are collected and analyzed systematically. Other
remarkable driving behavior is documented in the protocol.

The observed LoA is compared to the LoA intended by the test case schedule for all test
cases.
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The first contact interaction consists of an instructed transition from LO to L3. In this test
case, participants are instructed to use the input channels of the HMI for the first time (TC3).
The prior test cases comprised steady rides in LO with a change of availability in TC2. The
control paths and success rate for this first contact interaction are analyzed.

The Rtls (Rtls & Rtlgs) require transitioning from L3 to LO. The take-over time (TOT) as
the time between the start of the Rtl and the transition to LO is calculated for these test cases
(TC10 & TC12).

The qualitative analysis of the take-over paths allows for identifying potential interaction
problems and take-over strategies.

Throughout the test drive, the driving behavior is assessed. A focus is laid on the
following two aspects: The first aspect concerns L2 driving. The number of H-off detection
warnings issued by the ADS is analyzed, as well as the warning stage where participants
deactivate the warning by taking their hands back to the steering wheel. The second aspect
concerns unnecessary deactivations. In TC6, participants drive in L2 while receiving a
notification that a sensor error has led to the non-availability of L3 driving. This information
does not imply a need to act since L2 is unaffected. Deactivations following this notification
may be interpreted as a misunderstanding of the notification and are therefore considered in
the analysis.

5.6.2.2 Eye-Tracking

Gaze behavior comprises measures valuable to estimate the driver state, the driver’s
allocation of attention, and the quantification of information acquisition of stimuli such as
notifications in an HMI (1SO, 2018b, p. 6). The eye-tracking data is processed and analyzed
with the software D-Lab 3.60 (Ergoneers Group, 2022)

Attention ratios, that is, “the percent of time glances are within an [area of interest
(AOD)]” (1SO, 2018b, p. 8), serve as a measure of trust (Korber et al., 2018) and mode
awareness (Feldhitter et al., 2019) in automated driving research. Four different AOls are
defined: Street: the road environment (mainly windshield); 1C; Controls: the control buttons
for the HMI on the steering wheel; SuRT: the tablet installed in the center console for the
NDRA. The AOls are visualized in Figure 5.8. This experiment calculates the attention ratios
for the continuous rides in all three LoAs LO, L2, and L3. The distribution of attention ratios
conveys information on the mental model's correctness and the level of trust. Based on the
instructions, attention ratios for the AQI Street are expected to be high for L0 and L2, while L3
produces high values for the SURT.

In addition to the attention ratios, the gaze behavior during Rtls (TC10: Rtlys & TC12:
Rtles) is investigated. The glance allocation to the different AOIs at the start of the Rtl is
examined. The metric serves as an indicator of the development of trust and as a filter variable
for the following eye-tracking metrics. Rtls are triggered (mainly®) by notifications displayed
in the IC. Additionally, the gaze paths during Rtls with an emphasis on the glance allocation to
the different AQOIs at the end of the Rtl are examined in a qualitative analysis.

5 In the HC-HMI concept, the Rtlgs in TC12 and the second and third stage of the warning cascade of the
Rtlygs in TC10 are accompanied with sounds and LED lights (see Section 5.4 or Appendix I).
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The glance allocation time to the IC reflects the visibility and saliency of these
notifications. The duration of the first glance at the IC conveys the efficiency with which
participants receive the information in the notifications.

Street

Controls SuRT

Figure 5.8 Visualization of the four AOIls: Street: the road environment (mainly windshield); IC;
Controls: the control buttons for the HMI on the steering wheel; SURT: the tablet installed in
the center console for the NDRA.

5.6.2.3 Experimenter Rating

An experimenter rating is conducted based on the method reported by Forster, Hergeth,
Naujoks, Beggiato, et al. (2019). After each test case, the experimenter rates the participants’
interaction performance on a 5-point Likert scale ranging from (1) “no problem: quick
processing” to (5) “help of experimenter: multiple problems; massive errors require restart
task; help of experimenter necessary”.

5.6.3 Self-Reported Data

5.6.3.1 Short Interviews

As described in Section 5.5, each test case requires a manual vehicle turning, and
participants are instructed to stop the vehicle to a standstill. These short breaks are used to
implore the participants’ mode awareness, system understanding, and other incidents.

To assess the mode awareness, participants are requested to report the last active LoA,
which is compared to the actual active LoA. Furthermore, the actual availability of LoAs is
compared to the availability of LoAs reported by the participant. After Rtls or malfunctions
reducing the number of available LoAs, participants are asked to report the indicated reasons
for the change.

To inquire about the degree of system understanding, participants are requested to
indicate whether they were allowed to take their hands off the steering wheel or answer e-mails
during the last active LoA.

In test cases involving transitions, participants are requested to indicate whether they
encountered problems during the interaction. If confirmed, participants are asked to describe
these problems.
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Furthermore, participants are encouraged to express feedback and general thoughts for a
gualitative analysis supporting the interpretation of results.

5.6.3.2 Questionnaires

Once the test drive is completed, participants fill out a post-questionnaire that contains
several standardized questionnaires (see Subsection 2.2.4 for more details) and is
supplemented by additional questions.

Two standardized usability questionnaires are applied: the SUS (Brooke, 1996) and the
UMUX (Finstad, 2010). In addition to usability questionnaires, data on affiliated constructs are
collected. The UEQ (Laugwitz et al., 2008) is applied. Furthermore, two self-developed 1-item
guestions inquire about the trust and acceptance level of the participant via a 5-point Likert
scale. The scale ranges between “1: strongly disagree” and “5: strongly agree”.

5.6.3.3 Final Interview

A final semi-structured interview intends to gain insights into participants’ perceptions
and experiences that exceed the collected data. First, participants are reminded of the HMI
components. Then, participants are requested to indicate and elaborate on aspects that—if
any—they liked about the HMI. The following question refers to aspects that participants
disliked. After that, participants are requested to think of improvement suggestions. Finally,
participants are encouraged to express feedback and thoughts not yet covered regarding the
HMI.

5.6.4 Interindividual Factors

After the experiment and the questionnaire response, two factors potentially influencing
the performance and the self-reported assessments are inquired. Test courses with increased
longitudinal accelerations and lateral inputs, such as urban scenarios, have shown to amplify
motion sickness (Mourant et al., 2007). The test course of these experiments requires repeated
maneuvers, including longitudinal accelerations and lateral inputs. In the first question,
participants indicate how strenuous they rate the turning at the end of the test track. The second
question refers to Nausea potentially triggered by the turning maneuvers. The questions are
answered on a 5-point Likert scale ranging from “1: not at all strenuous/nauseous” to “5: very
strenuous/nauseous”.

5.6.5 Overview and Embedding of the Dependent Variables

The experiments collect a high number of different metrics. Table 5.4 lists the collected
observational and self-reported data, serving as an overview. Furthermore, the table links the
differences between the HMI concepts by indicating the violated items in the LC-HMI
expected to affect the respective metrics. In addition, the table indicates which facets of
usability (1SO, 2018a) are addressed by the respective metric. The last column lists NHTSA
minimum requirements if the respective metric provides information. This detailed overview
allows an in-depth assessment of the usability and allows to conclude the validity and value of
single metrics.
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Table 5.4 List of the dependent variables and their linkage to the items of the guidelines by
Naujoks, Wiedemann, et al. (2019) violated in the LC-HMI, the linkage to the 1ISO standard
9241-11 (ISO, 2018a), and the linkage to the NHTSA minimum requirements (NHTSA, 2017).

Item of Naujoks, Facet of NHTSA
Dependent variable Wiedemann, et al. usability minimum
P (2019) violated in (IsO, requirement
LC-HMI 2018a)f (NHTSA, 2017)%
Observational metrics

Driving behavior

Observed LoA vs. instructed LoA all* a 1,2

Control path of first activation 3,5,7,8,9,14,15* a,b 1,2

TOT after Rtl all* b 4** 5

Take-over path after Rtl all* (&), b (2), 4**, 5

Other observations n/a n/a n/a
Eye-tracking

Attention ratio during continuous all* a, (b) 1,2

ridesin LO, L2, & L3

Glance allocation time to IC after Rtl 5,7,8, 14, 18 b 4** 5

First glance duration on IC after Rtl

Gaze behavior during Rtl all* a, b 1,2,4* 5
Experimenter rating all* a,b allx.

Self-reported metrics

Short interviews

Awareness of active LoA 3,5,7,8,9,14,15* a 2

Awareness of change of available 3,5,7,8, 14,18 a 3

LoAs

Awareness of reason for change of 5,7,8,18 a 3)

available LoAs

System understanding: allowance of 3,7,8,9, 15* a 2

NDRA

System understanding: allowance of

H-off driving

Reported problems during transitions  all* a, b, (c) 2, 4xx Grxx

Questionnaires
SUS (Brooke, 1996) all* all all
UMUX (Finstad, 2010)
UEQ (Laugwitz et al., 2008)
Trust
Acceptance
Final interview all* all all
* yellow-blue color-blind persons severely affected. ** TC12 only. *** TC10 and TC12 only
T a: effectiveness; b: efficiency; c: satisfaction.
* 1:functioning properly; 2: currently engaged in ADS mode; 3: currently “unavailable” for use;
4: experiencing a malfunction; 5: requesting control transition from the ADS to the operator.
Note. Adapted from Albers et al. (2021) with adjustments to reflect the final study design.
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5.7 Data Analysis

The aggregation of driving data is conducted with the software MATLAB (The
MathWorks Inc., 2022). All other data analysis uses R’s statistical software (R Core Team,
2022). The packages tidyverse (Wickham et al., 2019) and reshape (Wickham, 2007) are used
for the data structuring and cleaning. Descriptive and inferential analyses are conducted with
the packages DescTools (Signorell, 2023), skimr (Waring et al., 2022), TOSTER (Caldwell,
2022; Lakens, 2017), car (Fox & Weisberg, 2019), afex (Singmann et al., 2023), rstatix
(Kassambra, 2023), ordinal (Christensen, 2022), and compute.es (Del Re, 2013). Data
visualization is realized with the package ggplot2 (Wickham, 2016).

The validation studies aim to conclude the relative and absolute validity of the factors
testing environment and users’ cultural background on different usability metrics. A two-step
approach is chosen to derive these conclusions. In the first step, the data structure is modeled.
It is examined whether the factors Exp, HMI, and their interaction Exp:HMI explain the data
variance. Conclusions can be drawn on the relative validity. In the second step, an equivalence
test is conducted to evaluate the data's likeness in the experimental settings. Under
consideration of the descriptive data and the results of step 1, this approach allows to conclude
absolute validity. In addition to the inferential statistical tests, descriptive and qualitative data
analyses are conducted.

By common procedures, the significance level is set to alpha = 5% (Bortz, 2005, pp. 113—
114). Multiple metrics, and consequently multiple tests, are conducted. This usually requires a
correction for multiple testing, such as the Bonferroni correction, to avoid accepting
hypotheses that are based on more than one test result (Bortz, 2005, pp. 271-272). Since each
of the metrics is analyzed and reviewed separately before concluding on the effects of the
testing environment on the single metrics, no correction is conducted in this thesis.

The two-step approach of the analysis and the subsequent analysis are described in more
detail in the following.

5.7.1 Step 1: Modeling the Data Structure

The study design comprises two between-subject factors. The first factor, Exp, refers to
the experiment determining the testing environment or the sample’s cultural background.
Three experiments are conducted, but only pairwise comparisons are relevant. The second
factor, HMI, refers to the HMI concept consisting of two variants, the LC-HMI and the HC-
HMI. These two factors are sufficient to model the data obtained once during the experiment,
such as the questionnaires. However, it is incomplete for data obtained in several test cases,
such as the experimenter ratings. A third factor, the test case TC, is introduced for these
metrics. This factor is a within-subject factor.

The first step in the data analysis is building a model representing the data structure. For
the two-factor case, the dependent variable is put in relation to the factors Exp, HMI, and their
interaction Exp:HMI. The two-factor case applies to all questionnaires. Their answer format is
the Likert scale. Hence, a test approach for ordinal data is chosen. Cumulative link models
(CLM) are calculated for ordinal regression and tested for significance with the ANOVA
method using the R package ordinal (Christensen, 2022).
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For the three-factors case, a generalized linear mixed model (GLMM) is established
following the theoretical instructions of Singmann and Kellen (2020). The factors Exp, HMI,
and their interaction Exp:HMI are included as fixed effects. The test case is a random factor
(1TC). In addition, the participant is added as another random factor (1|TP) for the test case is
a within-subject factor forming the following equation for the dependent variable (DV):

DV ~ Exp*HMI + (1|TC) + (1|TP)®

Different underlying distributions and link functions are selected based on the data
structure and the format; for example, a gaussian distribution is chosen for interval data, while
binomial distributions are chosen for dichotomous response formats. The applied distributions
are indicated in the results sections.

5.7.2 Step 2: Equivalence Test for the Factor Experiment

In a second step, equivalence tests are conducted following the procedures presented in
Lakens (2017) and Lakens et al. (2018). The smallest effect size of interest is set to a medium
effect size (Cohen’s D = 0.5, Cohen, 1988). For the selected effect size, the sample sizes of the
subsamples HC-HMI and LC-HMI in the respective experiments are too small for conducting
two separate equivalence tests for the respective HMI subsamples. Therefore, the factor HMI is
neglected, and only the factor Exp is considered in this analysis step. In cases of a significant
interaction Exp:HMI in the first step, the neglection of the factor HMI in the second step
impairs the meaningfulness of the equivalence test. The test cannot reflect the potential
nullifying effects of the subsamples. Thus, the second step is omitted if the interaction
Exp:HMI in the first step is significant. Regarding the data format and the fulfillment of
requirements, the two one-sided t-tests (TOST) or the non-parametric alternative, the
Wilcoxon TOST, are calculated with the R package TOSTER (Caldwell, 2022; Lakens, 2017).

5.7.3 Interpretation of Results

The first step considers the data structure and builds a model that checks whether the
factors Exp, HMI, and their interaction Exp:HMI are significant predictors of the outcome. The
second test, the equivalence test, considers the factor Exp only. The interpretation of the test
results is presented in the following.

The first step informs whether factors Exp, HMI, or their interaction Exp:HMI are
significant predictors. Test cases and participants are included as random factors in the three-
factor case and do not need further consideration. Table 5.5 displays the possible outcomes and
the interpretations. For interpreting the results, the factor HMI is of subordinate importance
and, therefore, not included in the table. If none of the factors Exp:HMI (GLMM), Exp
(GLMM), and Exp (TOST) are significant, the database is insufficient to conclude, and only
tendencies may be interpreted. If only the factor Exp (GLMM) is significant, relative validity
can be assumed, and absolute validity is rejected. If only the factor Exp (TOST) is significant,
both relative and absolute validity can be assumed. If the factor Exp is significant in both
analysis steps (GLMM & TOST), relative validity can be assumed, and absolute validity is
rejected. However, the effect is smaller than the smallest effect size of interest (middle) in the

6 The term Exp*HMI includes the main effects and interaction of Exp and HMI and is equivalent to the
longer term Exp + HMI + Exp:HMI.
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equivalence test and bigger than required by the model to become a significant factor. This
implies that potential effects are not great or clear (high variance) enough to be proven with
the provided database. However, only tendencies may be interpreted. If the interaction
Exp:HMI is significant, absolute validity can be rejected regardless of the significance of the
other factors. Furthermore, relative validity may be given if the effect is in the same direction
and of similar size. However, only tendencies may be interpreted.

Table 5.5 Overview of potential outcomes of the inferential analysis and their simplified
interpretation.

Step 1: GLMM Step 2: TOST )
Interpretation
Exp:HMI Exp Exp

n.s. n.s. n.s. The database is insufficient to draw conclusions.
ns. . ns. Relative vaIiFIiFy can be as§umed.

Absolute validity can be rejected.
s, s, N Relative vaIi(.jiFy can be assumed.

Absolute validity can be assumed.

Relative validity is likely to be given.
ns. .. . Absolute validity is likely not to be given.

The potential effect is not great; only tendencies may
be interpreted.

Relative validity may be given if the effect is in the
s. n.s.ors. n/a same direction and of similar size.
Absolute validity can be rejected.

Note. The interpretation considers significant (s.) and non-significant (n.s.) results of the GLMM (factors
Exp:HMI & Exp) and the TOST (factor Exp).
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6 Validation Study Exp_Testing-Environment: Effect of the
Testing Environment on Metrics for Assessing Usability of
HMIs for L3 ADS in User Studies

Two experiments build the empirical basis for the validation study Exp_Testing-
Environment. The experiment Sim_GER’ is conducted in a static driving simulator at the Chair
of Ergonomics in Garching in August and September 2020. The experiment TT_GER® is
conducted in an instrumented vehicle on a test track at the Universitat der Bundeswehr in
Neubiberg in September and October 2020. The experimental designs are approved by the
Ethical Committee of the Technical University of Munich (403/20 S-KH & 520/20 S-EB). The
experiments follow the study design presented in Chapter 5. Furthermore, the results are
presented and discussed regarding the validity of driving simulators for usability testing of
HMIs for L3 ADS.

6.1 Hypotheses

The validation study Exp_Testing-Environment strives to provide answers to research
guestion RQ.. Most studies on driving simulator validity presented in Section 2.3 could
confirm relative validity for at least some metrics. However, some studies show that even
within one experiment, and thus for the same driving simulator, not all metrics yielded
consistent results (Mullen et al., 2011; Poisson et al., 2020; Wynne et al., 2019). Literature
reviews conducted by Mullen et al. (2011) and Wynne et al. (2019) do not provide evidence
for assumptions regarding specific metrics. Only a minority of the studies indicate absolute
validity of driving simulators. Regarding the validity of driving simulators for usability
research in HMIs for ADS, the two validation studies in the context of automated driving
(Bellem et al., 2017; Poisson et al., 2020) are encouraging even though varying differences are
identified for single metrics (Poisson et al., 2020) and for specific simulator settings (Bellem et
al.,, 2017). Therefore, the following hypotheses for the validation study Exp_Testing-
Environment are formulated:

RQ2  Which effect has the testing environment on metrics for assessing the usability of HMIs
for L3 ADS?

H; The static driving simulator does not demonstrate absolute validity compared
to the test track setting regarding metrics for assessing the usability of HMIs
for L3 ADS.

Ho The static driving simulator demonstrates relative validity compared to the test
track setting regarding metrics for assessing the usability of HMIs for L3 ADS.

Additionally, an effect of the HMI concept is expected. As described in Section 5.4, the
HMI concepts serve as the artificial research subject. Introducing two HMI concepts varying in

" The experiment was designed and conducted with the assistance of Niklas Mooshofer (2020) as part of
his master’s thesis.

8 The experiment was designed and conducted with the assistance of Julia Graefe (2021) as part of her
master’s thesis.
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their compliance with guidelines for HMI design (Naujoks, Wiedemann, et al., 2019) allows
for assessing relative validity, which refers to the agreement between the direction (and size)
of effects. Furthermore, the sensitivity of metrics toward specific differences in HMI design
may be assessed. The approach of variation between two HMI concepts is adapted from this
study as presented in Forster et al. (2020a) and Forster et al. (2020b).

Hs The concept HC-HMI receives higher usability evaluations than the concept
LC-HML.

6.2 Sample

The final sample size of Sim_GER is n = 52 (Nsim_cer-Hc = 26; Nsim_cer-Lc = 26). Four data
sets in Sim_GER-HC and one in Sim_GER-LC have missing eye-tracking data because of
technical problems. Additionally, one session in Sim_GER-LC is aborted due to technical
problems with the data recording (excluded from the final sample).

The final sample size of TT_GER is n = 61 (N17_cer-Hc = 33; Nr7_cer-Lc = 28). In TT_GER-
HC, one session is aborted due to problems with the eye tracker (excluded from the final
sample), one data set is missing eye-tracking data completely, and two data sets have
incomplete eye-tracking data due to technical problems. In TT_GER-LC, two sessions are
aborted due to problems with the eye tracker or heavy rainfall (excluded from the final
sample), one data set is missing eye-tracking data completely, and three data sets have
incomplete eye-tracking data due to technical problems.

The summary of the descriptive analysis of the sociodemographic data is attached in
Appendix Il (Table 13.2). The proportion of female participants ranges between 35.71%
(TT_GER-LC) and 42.42% (TT_GER-HC) among the subsamples, thereby fulfilling the
required minimum of 30% females (see Section 5.2). None of the participants indicates a
diverse gender or decides not to indicate a gender. The mean age across the four subsamples
ranges between 37.43 (TT_GER-LC, SD = 15.12) and 41.92 (Sim_GER-HC, SD = 16.9). The
minimum age of the participants is 18, and the maximum is 73 (Sim_GER-LC each). One
participant of Sim_GER-HC (Sim_GER-HCrp1g) does not provide age information. As
described in Section 5.2, a minimum of five participants in four different age groups (18-24;
25-39; 40-54; > 54; NHTSA, 2013) is aimed for during the recruitment. In Sim_GER, this aim
is not met in two cases. Sim_GER-HC has only four participants in the age group 18-24, and
Sim_GER-LC has only four participants in the age group > 54.

The summary of the descriptive analysis of the driving background is attached in
Appendix Il (Table 13.3). The driving frequency has a slightly higher variance in TT_GER.
Participants of TT_GER-LC report more often to drive “less than once a month” or “never”
(21.43%) compared to the other three subsamples (between Sim_GER-LC: 3.85% & TT_GER-
HC: 9.09%). The distributions for the mileage, the experience with ADAS, and the frequency
of using the systems show a high variance and are similar among the study samples. Between
34.62% (Sim_GER-LC) and 46.43% (TT_GER-LC) report to have no prior knowledge in the
field of automated driving. Only single participants in TT_GER (TT_GER-HC: 9.09% &
TT_GER-LC: 3.57%) indicate expert knowledge.
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6.3 Results

In the following section, the results of all metrics are described. The inferential analysis of
the data follows the process described in Section 5.7.

Due to organizational reasons, the two experiments are not entirely identical but differ in
several aspects. While the test track infrastructure is identical in both experiments, pylons,
delineator blades, and wires are used in TT_GER for marking event locations. These event
locations are implemented in the simulated test track in Sim_GER without visible markers.

The protocol documents unusual behavior, unforeseen external events, or technical issues.
Such events are referred to in the analysis of outliers. In TT_GER, vehicles, persons, and
animals in areas near the test course could not be prevented entirely. In Sim_GER, no such
potentially distracting events are possible. In Sim_GER, weather conditions are constant
(bright, lightly cloudy). Instead, the weather conditions in TT_GER vary between and within
the experiment sessions. For safety reasons, experiment sessions are canceled or aborted in
cases of heavy rainfall. The distributions of weather and light conditions in the experiment
sessions are attached in Appendix Il (Table 13.1).

6.3.1 Observational Metrics

Observational data are collected for all 12 test cases (see Section 5.3). Some of the
metrics presented in this section refer to specific test cases. An emphasis is put on the two Rtls
(Rtloos & Rtlgs) triggered during the test drives.

6.3.1.1 Driving Behavior

Observed LoA vs. Instructed LoA

The test case and the resulting instructions by the experimenter or system notifications
determine the active LoA at every point of the test drive. If participants fail to adhere to the
instructions or to react appropriately, deviances between the instructed LoA and the observed
LoA may arise. Figure 6.1 displays the match between the instructed and observed LoAs for
the four subsamples.

The figure and the binomial GLMM (Table 6.3) show that the number of deviances is
significantly higher in the LC-HMI subsamples compared to the HC-HMI subsamples. In
TT_GER, the number of matching LoAs is slightly lower than in Sim_GER, and the variance in
TT_GER-LC appears to be greater compared to the other three subsamples. However, neither
the factor Exp nor the interaction Exp:HMI is significant. The TOST does not confirm
equivalence for the factor Exp (Table 6.3).
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Figure 6.1 Boxplot diagram visualizing the results of the metric Observed LoA vs. instructed
LoA for the study Exp_Testing-Environment.
Note. The mean values are displayed as nhumbers in the figure. Refer to Table 6.3 for more statistics.

Control Path of First Activation

When participants are requested to activate L3 for the first time, they have no prior
experience with the control logic of the HMI. Only participants are included who are in LO at
the experimenter’s request to activate L3 and have not tried out the controls in prior test cases.
Figure 13.1 in Appendix Il displays the individual control paths of the first activation. The
descriptive analysis is summarized in Table 6.1.

A higher proportion of participants of the HC-HMI subsamples succeed in activating L3
than participants of the LC-HMI subsamples. In addition, more participants of the HC-HMI
subsamples manage to activate L3 with the minimum number of actions (ACT — MOD). The
maximum number of actions ranges between five and six actions per subsample. Single
participants repeatedly use the button MOD (no effect in L0) and stay in LO or use the button
ACT (LO < L2) repeatedly. One participant of Sim_GER-HC does not react at all.° The
difference between the HC-HMI and LC-HMI subsamples is more pronounced in TT_GER
compared to Sim_GER.

% According to the protocol, the participant (Sim_GER-HCrp24) has overheard the experimenter’s request
to switch to another LoA.
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Table 6.1 Descriptive analysis of the metric Control path of first activation for the study
Exp Testing-Environment.

Successful Use of ideal path:  Number of actions for participants
Subsample (n) activation ACT — MOD not using the ideal path*
[% (n)] [% ()] M (SD) Max
Sim_GER-HC (23) 43.48% (10) 30.43% (7) 1.88 (1.36) 6
Sim_GER-LC (23) 34.78% (8) 26.09% (6) 1.76 (1.35) 6
TT_GER-HC (27) 62.96% (17) 37.04% (10) 2.35 (1.37) 5
TT_GER-LC (23) 34.78% (8) 17.39% (4) 2(1.3) 5

Note. Only participants driving LO at the start of the instruction are included. One participant of
Sim_GER-HC does not react at all and is excluded from the analysis.
* The statistics include non-successful interactions.

TOT after Rtl

This metric refers to the two test cases with Rtls (see Section 5.3). Figure 6.2 displays the
TOT for the four subsamples and the two Rtls (Rtlzs & Rtles).

Figure 6.2 and Table 6.3 show significantly higher TOTs for the LC-HMI subsamples.
Furthermore, a significant interaction shows a bigger difference between the HC-HMI and LC-
HMI subsamples in TT_GER compared to Sim_GER. No TOST is conducted due to the
potentially nullifying effect of the interaction Exp:HMI (see Section 5.7).
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Figure 6.2 Boxplot diagram visualizing the results of the metric TOT after Rtl for the study
Exp_Testing-Environment.

Note. The mean values are displayed as numbers in the figure. Refer to Table 6.3 for more statistics. The
red lines mark the start of the emergency braking for the respective Rtl.
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Take-Over Path after Rtl

This metric refers to the two test cases with Rtls (see Section 5.3). Only participants are
included that drive in L3 when the respective Rtl is triggered. Figure 13.2 and Figure 13.3 in
Appendix Il display the individual take-over paths for both Rtl types (Rtlxs & Rtlss). The
descriptive analysis is summarized in Table 6.2.

Most participants conduct a successful transition to LO with only one action. Participants
of TT_GER tend to use the brake more often than participants of Sim_GER. The difference is
more pronounced in the HC-HMI subsamples. Single participants in all four subsamples use
the button MOD (repeatedly), which switches between L2 and L3 before switching to LO. In
Sim_GER-LC and TT_GER-HC, single participants (temporarily) reactivate L2 after switching
to LO. In contrast to no participants in the other three subsamples, in subsample TT_GER-LC,
two participants in Rtlxs and three in Rtles do not take over at all.

Table 6.2 Descriptive analysis of the metric Take-over path after Rtl for the study
Exp Testing-Environment.

Successful 1 action: Transition to LO > 1 action*:

Rt Subsample (n) transition to LO via ... [% (n)]: number of actions
[% ()] Brake ACT M (SD) Max

Sim_GER-HC (26) 100% (26) 26.92% (7) 38.46% (10)  3.67 (1.49) 7

g  Sim_GER-LC (26) 100% (26) 46.15% (12) 34.62% (9) 2.5 (1.26) 5

& TT_GER-HC (32) 100% (32) 53.13% (17) 28.13% (9) 3.5(0.5) 4

TT_GER-LC (26) 92.31% (24) 57.69% (15) 26.92% (7) 2.5 (0.5) 3
Sim_GER-HC (26) 96.15% (25) 34.62% (9) 61.54% (16) 2 (nfay** nfax

8 Sim_GER-LC (26) 88.46% (23) 50% (13) 38.46% (10)  2.67 (0.47) 3
& TT_GER-HC (33) 96.97% (32) 72.73% (24) 24.24% (8) 3 (n/ay** n/a**

TT_GER-LC (26) 88.46% (23) 53.85% (14) 26.92% (7) 2 (0) 2

Note. Only participants driving LO at the start of the instruction are included. None of the participants
deactivates L3 through oversteering.

* Participants are excluded that do not react at all: TT_GER-LC: n = 2 (Rtl2os), n = 3 (Rtles).

»*n=1

Other Observations

If participants take their hands away from the steering wheel during L2 driving, they
receive a H-off detection warning that comprises three stages depending on the H-off driving
duration. The stages trigger notifications differing in their urgency (see Section 5.4).

In Sim_GER, only two participants of the LC-HMI subsample receive one H-off detection
warning each (1x stage 1, 1x stage 2). In TT_GER, the number of H-off detection warnings is
considerably higher. In TT_GER-HC, eight participants produce 13 H-off detection warnings
(12x stage 1, 1x stage 2). Additionally, another participant of TT_GER-HC produces nine
warnings (8x stage 1, 1x stage 2) alone. In TT_GER-LC, seven participants produce 13 H-off
detection warnings (7x stage 1, 1x stage 2, 5x stage 3). Additionally, another participant of
TT_GER-LC produces nine warnings (8x stage 1, 1x stage 2) alone.?

In test case TCB6, participants drive in L2 and receive a notification that L3 driving is no
longer available for optional activation due to a sensor error. The notification is only for

10 According to the protocol, the two participants (TT_GER-HCrps & TT_GER-LCrpgo) producing the
nine h-off detection warnings each show no other remarkable behavior.
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informational purposes and does not require an action by the participant. Nevertheless, in the
LC-HMI subsamples, two participants each (Sim_GER & TT_GER) deactivate L2, and one of
TT_GER-HC.

Summary

In both inferential statistical analyses, the factor HMI is significant. The interaction factor
Exp:HMI is significant for the metric TOT after Rtl. The difference between the HC-HMI and
LC-HMI subsamples is more extreme in TT_GER. The descriptive and qualitative analysis of
the driving behavior supports the findings of the inferential statistical tests: The performance
scores are lower for the LC-HMI subsamples. There are only little differences between the
experimental conditions. Where existent, performance scores are slightly lower for TT_GER
than Sim_GER (e.g., number of H-off detection warnings). In the Rtls, differences in the take-
over strategies could be observed, with participants of TT_GER tending to use the brake more
often than participants of Sim_GER. Furthermore, differences between the HC-HMI and LC-
HMI subsamples are more pronounced in TT_GER than in Sim_GER.
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Table 6.3 Summary table of the descriptive and inferential results of the quantitative metrics of the driving behavior for the study Exp_Testing-

Environment.

Descriptive data GLMMa TOST®
Metric  Subsample istri
P M SD  Min  Max D('ﬁ:]rk';" Factor  Est. SE z X2 df (N) p Wiax p  Pmax
< Sim_GER-HC 26 11.27 0.72 9 12 _ Intercept 321 039 814
; T
£9 Sim_GERLC 26 1092 1.6 6 12 EZ Exp 033 0.17 198 381 051 | 065
é 7 TT_GER-HC 33 11.15 1.12 8 12 % 2 HMI 0.54 0.17 3.24 10.51 (@ 3];56) .001** ' '
c ’
- TT_GER-LC 28 9.61 2.53 3 12 Exp:HMI -0.27 0.17 -1.62 .107
. ] 26| 1453| 55| 573| 25|
- Sim_GER-HC 26 4.9 245 14 083 Intercept 10.48 3.28 3.19
= . 26| 15.76| 7.88| 3.08| 25| c o~
id ) . ;
- Sim_GER-LC 26 6.14 292 253 12.15 '% E>~ Exp 0.15 0.4 0.37 0.14 713
= 32| 1216| 545| 37| 25 58 1 n/a n/a
© _ . . . © O _ _ Hkk
5 TT_GER-HC 33 3.49 191 1.4 10.1 o< HMI 1.7 04 429 16.98 (216) <.001
= 24| 1751| 7.95| 49| 25| , re
TT_GER-LC 23 9.07 4.94 > 19.3 Exp:HMI 1.08 0.4 2.73 7.22 .007

aGLMM formula: DV ~ Exp*HMI + (1 |TC) + (1|TP). The GLMM is fitted using the Laplace approximation. A type 3 ANOVA is calculated applying the LRT method.

bThe TOST applies the Wilcoxon rank sum test with continuity correction. The smallest effect size of interest is set to d = 0.5.
¢ The descriptive data distinguishes between the test cases TC10 (left, Rtl2os) and TC12 (right, Rtles).

4 The maximum TOT is capped at 25 s.
¢ Because of the significant interaction Exp:HMI, no TOST is calculated.

55



Validation Study Exp_Testing-Environment: Effect of the Testing Environment on Metrics for
Assessing Usability of HMIs for L3 ADS in User Studies

6.3.1.2 Eye-Tracking

Attention Ratio during Continuous Rides in LO, L2, & L3

Participants receive clear instructions on their responsibilities for the driving task for the
different LoAs (see Subsection 5.5.2). The analysis of the attention ratio checks whether
participants adhere to these instructions. Four AOIs are defined: Street, IC, Controls, and SuRT
(see Subsection 5.6.2). During LO and L2 driving, the visual attention should be focused on
AOI Street. In L3 driving, participants are instructed to engage in the NDRA if the situation
allows it. If participants adhere to the instructions, the attention ratio for the SuRT should be
close to zero in LO and L2 driving and considerably higher in L3 driving.

In Figure 6.3, the attention ratios for the SURT are displayed for the three LoAs and the
four subsamples. Attention ratios for all four AOls are attached in Appendix Il (Figure 13.4).
Participants who do not drive in the instructed LoA during the specified test cases are
excluded, leading to sample sizes differing within the subsamples.

In LO and L2 driving, the mean attention ratio for the SuRT is below 5% for all four
subsamples. The attention ratios are slightly higher in L2 driving compared to LO driving. In
L3 driving, the mean attention ratio for the SURT ranges between 63.27% (TT_GER-LC,
SD =28.41%) and 79.34% (Sim_GER-HC, SD =22.6%). In L3 driving, the variance in
TT_GER-HC is considerably higher compared to the other three subsamples. In all four
subsamples, single participants have an attention ratio for the SURT of 30% or lower when
driving in L3. The number of participants under this threshold is higher and the attention ratios
lower for participants of the LC-HMI subsamples and participants of Sim_GER (Sim_GER-HC:
n =2 with M =15.21% & SD = 8.79%; Sim_GER-LC: n =5 with M = 1.12% & SD = 0.42%j;
TT_GER-HC: n=1 with AR=26.69%; & TT _GER-LC: n=2 with M=5.62% &
SD = 5.62%). Table 6.4 presents the results of the GLMM and the TOST. Equivalence for the
factor Exp is confirmed. None of the factors in the GLMM is significant.

56



Validation Study Exp_Testing-Environment: Effect of the Testing Environment on Metrics for
Assessing Usability of HMIs for L3 ADS in User Studies

Sim_GER TT GER
100
60 - .
40
T 20- *
2 42
S o 0.32 °0.97 o 2037 425
&
S 100 — T
(0]
@@ 80-
,69.74 oy
.. =4 |
° T
40 g
o o
20 -
294 °
o 0 126 . 7 °
LO L2 L3 Lo L2 L3

Figure 6.3 Boxplot diagram visualizing the results of the metric Attention ratio during
continuous rides in LO, L2, & L3 for the AOI SuRT for the study Exp_Testing-Environment.
Note. The mean values are displayed as numbers in the figure. Refer to Table 6.4 for more statistics.

Gaze Behavior during Rtl

This qualitative analysis refers to the two test cases with Rtls (see Section 5.3). Figure 6.4
displays the proportion of glances to the four AOIs at the start of the Rtl for the four
subsamples and the two Rtls (Rtlys & Rtles). Participants who do not drive in L3 at the
scenario’s beginning are excluded. Figure 13.5 and Figure 13.6 in Appendix Il display the
individual gaze paths between the start and the end of the Rtls. The end of an Rtl is marked by
the start of an emergency braking maneuver or the transition to LO.

At the start of the first Rtl (Rtlxs), more than 80% of the participants in all four
subsamples look at the SURT. At the start of the second Rtl (Rtlss), participants of the LC-HMI
subsamples tend to look at the IC more often and less often at the SURT than at the start of the
first Rtl (Rtlxs). Participants of the HC-HMI subsamples do not show this effect.

Before the first glance at the IC, most participants look at the SURT and Street in turns. In
both Rtls, after the first glance at the IC, most participants look at the IC and other AOIs
(mostly Street) in turns. At the end of both Rtls, no participant of the HC-HMI subsamples
looks at the SURT; most participants look at the IC instead. In the LC-HMI subsamples, two
(Rtlgs: Sim_GER-LC) to six (Rtlxs: Sim_GER-LC) participants (still) look at the SuRT. The
other participants of the LC-HMI subsamples mainly look at the IC at the end of the Rtl. There
are no prominent differences between the experiments.
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Figure 6.4 Bar chart visualizing the results of the metric Glance allocation at start of Rtl for the
study Exp_Testing-Environment.

Note. The sample sizes are as follows: Sim_GER-HC: n =22 (Rtlzos), n =22 (Rtles); Sim_GER-LC:
n =25 (Rtlaos), N = 25 (Rtles); TT_GER-HC: n = 31 (Rtl2os), n = 32 (Rtles); & TT_GER-LC: n = 24 (Rtlz0s),
n = 25 (Rtles).

Glance Allocation Time to IC after Rtl

This metric refers to the two test cases with Rtls (see Section 5.3). Figure 6.5 displays the
glance allocation time to the IC for the four subsamples and the two Rtls (Rtlzs & Rtles). This
metric serves as an indicator of the salience of the Rtl notifications. Participants who do not
drive in L3 or that look at the IC already at the start of the respective Rtl are excluded.

In all four subsamples, the glance allocation time to the IC is higher in the first Rtl (Rtl.os)
compared to the second Rtl (Rtlgs). The mean glance allocation time is slightly higher for the
Sim_GER-HC subsample compared to the Sim_GER-LC subsample in Rtlxs. In comparison, in
the Rtlss of Sim_GER and in both Rtls of TT_GER, the mean glance allocation time is slightly
lower in the HC-HMI subsample than in the LC-HMI subsample. Table 6.4 presents the results
of the GLMM and the TOST. Equivalence for the factor Exp is confirmed. None of the factors
in the GLMM is significant.
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Figure 6.5 Boxplot diagram visualizing the results of the metric Glance allocation time to IC
after Rtl for the study Exp_Testing-Environment.

Note. The mean values are displayed as numbers in the figure. Refer to Table 6.4 for more statistics. The
red lines mark the start of the emergency braking for the respective Rtl.

First Glance Duration on IC after Rtl

This metric refers to the two test cases with Rtls (see Section 5.3). Figure 6.6 displays the
duration of the first glance to the IC for the four subsamples and the two Rtls (Rtl.os & Rtles).
This metric serves as an indicator for the presentation of information appropriate to the
situation. Participants who do not drive in L3 or that look at the IC already at the start of the
respective Rtl are excluded.

In all four subsamples, the first glance duration to the IC is higher in the first Rtl (Rtlxos)
compared to the second Rtl (Rtles). The first glance duration is slightly higher for the LC-HMI
subsamples than the HC-HMI subsamples. There are no prominent differences between the
experiments. Table 6.4 presents the results of the GLMM and the TOST. Equivalence for the
factor Exp is confirmed. None of the factors in the GLMM is significant.
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Figure 6.6 Boxplot diagram visualizing the results of the metric First glance duration on IC
after Rtl for the study Exp_Testing-Environment.

Note. The mean values are displayed as numbers in the figure. Refer to Table 6.4 for more statistics. The
red lines mark the start of the emergency braking for the respective Rtl.

Summary

In all three inferential statistical analyses, equivalence for Exp is confirmed. In the
GLMMs, none of the factors is significant. The descriptive analysis of gaze behavior shows
differences between the HMI subsamples, for example, an increase of glances to the IC after
the first Rtl (Rtlzos) in the LC-HMI subsamples or the shorter glance allocation time to the IC
in the second Rtl (Rtlss). In the gaze behavior analysis, several participants are excluded
because they do not meet preconditions for the metric, for example, wrong LoA at the scenario
start. The exclusion criteria mainly reduce the sample numbers of the LC-HMI subsamples.
Furthermore, participants of TT_GER are affected more often than participants of Sim_GER.
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Table 6.4 Summary table of the descriptive and inferential results of the quantitative metrics of the eye-tracking for the

Environment.

study Exp_Testing-

Descriptive data

GLMM? (gaussian distribution with identity link function)

TOSTP

Metric Subsample

M SD Min Max Factor Est. SE z X2 df (N) p Wmax_p Pmax
22| 0.32] 0.63| 0] 2.26 |
¥ Sim_GER-HC 22| 0.97] 2.19 | 0] 9.96| | Intercept 89.98 7.11  12.64
o9 22 79.34 22.6 6.42 98.86
c -
59 25| 0] 0] 0] 0]
© ek SMGERLC 25| 1.26] 5.45 | 0] 27.34 | Exp 111 098 114 1.29 256
= 0 X 25  69.74  36.81 0.4 98.8
gsg 3 573 .015*
S < 27| 0.37] 0.8 | 0] 3.2 1
,g ©3 TT_GER-HC 32| 4.25| 1477 0] 60.52 | HMI 146 098 149 22 (283) 238
8 S 27 76.36 18.9 26.69 96.79
= Cc
= 22| 1.7 5.73 | 0] 27.04 |
8 TT_GER-LC 20| 2.94| 11.32 | 0] 50.95| | Exp:HMI  0.14 0.98 0.14 0.02 .888
14 63.27 28.41 0 99.57
. . ) 21| 3.65]| 337 0.37] 8.82 |
s Sim_GER-HC 21 0.62 0.27 0.08 0.99 Intercept  2.12 0.96 2.20
S 3 : 21| 277 412 0.1 17.02 |
O = - - -
8% Sim_GER-LC 19 0.97 123 0.04 562 Exp 0.16 0.24 0.69 0.48 .488 - - oop
NS .
o= ) 29| 3.56| 434| 048] 15.37] 1
% % TT_GER-HC 31 0.81 0.6 0.09 301 HMI 0.02 0.24 0.08 0.01 (172) .934
0 E 19| 3.71]| 547| 0.26| 18.7 | ,
= TT_GER-LC 11 158 1.46 0.05 432 Exp:HMI 0.11 0.24 0.46 0.22 .643
_ . ) 21| 3.33] 2.06| 0.31] 8.09 |
% Sim_GER-HC 21 17 0.9 0.09 359 Intercept  2.93 0.79 3.7
[}
8O . ) 21| 4.28] 2.89| 074| 14.49] i i
5T. Sim_GER-LC 19 516 163 0.06 56 Exp 0.07 0.16 04 0.16 .690
SXN 969 .005**
7 c ) 29| 4.04| 2.82| 1.33] 13.82] i ) 1
= % TT_GER-HC 31 153 0.88 0.06 415 HMI 0.27 0.16 1.63 261 (172) .206
5 ) 19| 434 2.23| 0.95] 9.57 | _ i )
S TT_GER-LC [} 185 0.75 071 3.03 Exp:HMI  -0.07  0.16 0.43 0.19 664

aGLMM formula: DV ~ Exp*HMI + (1 |TC) + (1|TP). The GLMM is fitted using the Laplace approximation. A type 3 ANOVA is calculated applying the LRT method.
bThe TOST applies the Wilcoxon rank sum test with continuity correction. The smallest effect size of interest is set to d = 0.5.
¢ The descriptive data distinguishes between the LoAs LO (left), L2 (center), and L3 (right) or the test cases TC10 (left, Rtlos) and TC12 (right, Rtlss), respectively.
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6.3.1.3 Experimenter Rating

After each test case, the experimenter rates the participants’ interaction with the ADS.
Figure 6.7 displays the participants’ mean experimenter rating for the four subsamples. For
simplicity reasons, the figure does not visualize the experimenter ratings in the 12 test cases
but displays the distribution of the participants’ mean experimenter ratings. A visualization of
the mean experimenter ratings per test case is attached in Appendix Il (Figure 13.7).

Figure 6.7 and Table 6.5 show significantly better mean experimenter ratings for the HC-
HMI subsamples. Furthermore, a significant interaction shows a bigger difference between the
HC-HMI subsamples and LC in TT_GER compared to Sim_GER. No TOST is conducted due
to the potentially nullifying effect of the interaction Exp:HMI (see Section 5.7). The variance
of the participants’ mean experimenter ratings is exceptionally high for the subsample
TT_GER-LC.
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Figure 6.7 Boxplot diagram visualizing the results of the metric Experimenter rating for the
study Exp_Testing-Environment.
Note. The mean values are displayed as nhumbers in the figure. Refer to Table 6.5 for more statistics.
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Table 6.5 Summary table of the descriptive and inferential results of the metric Experimenter
rating for the study Exp Testing-Environment.

Descriptive data GLMM*
Sub- (gaussian distribution with logit link function)
sample 2
P M SD Med Min Max | Factor Est. SE z ?1%1) p
S'mﬁ(éER' 26 176 052 1.67 1.08 3 | Intercept 051 0.09 5.69
S'm[gER' 26 1.88 047 1.75 117 292| Exp 003 003 1.18 138  .240
TIOFR° 33 153 037 15 1 242| HWMI 009 003 -345 1126 001"
TT—L%ER' 28 207 074 179 125 3.92| ExpHMI 006 003 228 506 .024%

a GLMM formula: DV ~ Exp*HMI + (1 |TC) + (1|TP). The GLMM is fitted using the Laplace
approximation. A type 3 ANOVA is calculated applying the LRT method.
b Because of the significant interaction Exp:HMI, no TOST is calculated.

6.3.2 Self-Reported Metrics

6.3.2.1 Short Interviews

The short interviews refer to the participants’ interaction with the ADS during the test
drive. The set of questions refers to the mode awareness, the system understanding, and the
report of interaction problems during transitions. Most metrics are calculated by assessing the
ratio between correct and wrong replies. Only the metric Reported Problems during transitions
is calculated as the number of reported problems.

Awareness of Active LoA

At the end of each test case, participants are requested to name the last active LoA. The
reported LOA is compared to the observed active (not the instructed) LoA. Figure 6.8 displays
the match between the reported and the observed LoAs for the two experiments and the
respective HMI subsamples.

The two subsamples of Sim_GER and TT_GER-HC are very similar. The subsample
TT_GER-LC shows considerably fewer matching answers and a higher variance. The binomial
GLMM (Table 6.6) shows a significant influence of the factor HMI. Neither the factor Exp nor
the interaction Exp:HMI is significant. The TOST confirms equivalence for the factor Exp
(Table 6.6).
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Figure 6.8 Boxplot diagram visualizing the results of the metric Awareness of active LoA for
the study Exp_Testing-Environment.
Note. The mean values are displayed as numbers in the figure. Refer to Table 6.6 for more statistics.

Awareness of Change of Available LoAs

At the end of each test case, participants state whether a change in the available LoAs
occurred. The reported change of availabilities is compared to the implemented change of
availabilities. Figure 6.9 displays the match between the reported and the implemented
changes of availabilities for the two experiments and the respective HMI subsamples.

The two HMI subsamples of Sim_GER are very similar. In TT_GER, the number of
matching answers in both subsamples is slightly lower compared to Sim_GER. Furthermore,
participants of TT_GER-LC show fewer matching answers and a higher variance than
participants of TT_GER-HC. The binomial GLMM (Table 6.6) shows a significant influence
of the factor Exp. Neither the factor HMI nor the interaction Exp:HMI are significant. The
TOST does not confirm equivalence for the factor Exp (Table 6.6).
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Figure 6.9 Boxplot diagram visualizing the results of the metric Awareness of change of
available LoAs for the study Exp_Testing-Environment.
Note. The mean values are displayed as numbers in the figure. Refer to Table 6.6 for more statistics.

Awareness of Reason for Change of Available LoAs

In three test cases (see Section 5.3), a downward change of available LoAs occurs. In
these test cases, the HMI provides reasons for the availability change, for example, a sensor
error (see Section 5.4). Participants are requested to recall the reason for the change of
availabilities. The number of matching answers between implemented and reported reasons for
the change of availabilities is visualized in Figure 6.10.

In all four subsamples, the range is between zero and three matching answers. The
variance is slightly lower in the subsample Sim_GER-LC compared to the other three
subsamples. The mean value ranges between M =1.68 (TT_GER-LC, SD=1.22) and
M =227 (Sim_GER-LC, SD =0.83). None of the factors in the binomial GLMM is
significant.! The TOST does not confirm equivalence for the factor Exp (Table 6.6).
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Figure 6.10 Boxplot diagram visualizing the results of the metric Awareness of reason for
change of available LoAs for the study Exp_Testing-Environment.
Note. The mean values are displayed as numbers in the figure. Refer to Table 6.6 for more statistics.

1 Due to convergence, the model does not contain the random factor (1|TC).
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System Understanding: Allowance of NDRA

At the end of each test case, participants state whether it was allowed to engage in NDRA,
such as writing e-mails while driving in the last active LoA. The reported allowance for this
NDRA is compared to the observed LoA. Before the test drive, participants are instructed that
only in L3 driving engagement in NDRAs is allowed. Figure 6.11 displays the match between
the reported allowance to engage in the NDRA and the observed LoA for the two experiments
and the respective HMI subsamples.

The highest mean of matching answers and the lowest variance are shown by the
subsample Sim_GER-HC. The lowest mean of matching answers and the highest variance are
shown by the subsample TT_GER-LC. The subsamples of Sim_GER have slightly higher
means and lower variances than the subsamples of TT_GER. The binomial GLMM (Table 6.6)
shows a significant influence of the factor Exp. Additionally, the TOST confirms equivalence
for the factor Exp (Table 6.6), implying that the potential effect of the factor Exp is small.
Neither the factor HMI nor the interaction Exp:HMI are significant.
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Figure 6.11 Boxplot diagram visualizing the results of the metric System understanding:
allowance of NDRA for the study Exp_Testing-Environment.
Note. The mean values are displayed as nhumbers in the figure. Refer to Table 6.6 for more statistics.

System Understanding: Allowance of H-off Driving

At the end of each test case, participants state whether it was allowed to take their hands
away from the steering wheel while driving in the last active LoA. The reported allowance for
H-off driving is compared to the observed LoA. Before the test drive, participants are
instructed that only in L3 driving it is allowed to drive H-off. Figure 6.12 displays the match
between the reported allowance for H-off driving and the observed LoA for the two
experiments and the respective HMI subsamples.

The highest mean of matching answers and the lowest variance are shown by the
subsample Sim_GER-HC. The lowest mean of matching answers and the highest variance are
shown by the subsample TT_GER-LC. The subsamples of Sim_GER have slightly higher
means and lower variances than the subsamples of TT_GER. The binomial GLMM (Table 6.6)
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shows a significant influence of the factor Exp. Additionally, the TOST confirms equivalence
for the factor Exp (Table 6.6), suggesting that the potential effect of the factor Exp is small.
Neither the factor HMI nor the interaction Exp:HMI are significant.
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Figure 6.12 Boxplot diagram visualizing the results of the metric System understanding:
allowance of H-off driving for the study Exp_Testing-Environment.
Note. The mean values are displayed as numbers in the figure. Refer to Table 6.6 for more statistics.

Reported Problems during Transitions

In six test cases (see Section 5.3), participants are instructed to switch between LoAs by
the experimenter or the system. After each test case, participants state whether they
encountered problems when switching between LoAs. The number of reported problems is
visualized in Figure 6.13.

The maximum number of reported problems per participant is two (Sim_GER-HC) or
three (Sim_GER-LC, TT_GER-HC, & TT_GER-LC). Between 39.39% (TT_GER-HC) and
65.38% (Sim_GER-LC) of the participants report no problem. The mean number of reported
problems ranges between M =0.42 (Sim_GER-HC, SD =0.58) and M =0.97 (TT_GER-HC,
SD =0.98). The variance of TT_GER-HC is slightly higher compared to the other three
subsamples. None of the factors in the binomial GLMM is significant.!? The TOST confirms
equivalence for the factor Exp (Table 6.6).

2 Due to convergence, the model does not contain the random factor (1/TC).
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Figure 6.13 Boxplot diagram visualizing the results of the metric Reported problems during
transitions for the study Exp_Testing-Environment.
Note. The mean values are displayed as numbers in the figure. Refer to Table 6.6 for more statistics.

Most problems are reported after test cases with Rtls that required a time-critical action of
the participants and after the test case with the first activation of the ADS: Between 27.27%
(Sim_GER-HC) and 38.89% (TT_GER-LC) of the overall reported problems are reported after
the first activation. After the first Rtl (Rtlzs), between 11.11% (TT_GER-LC) and 63.64%
(Sim_GER-HC) of the overall reported problems are reported.

Participants reporting a problem are requested to describe it. Between 11.11% (TT_GER-
LC) and 18.75% (TT_GER-HC) of the reported problems do not refer to the LoA transition but
the study procedure (e.g., TT_GER-HCrpzs: “regarding performing no [problem], but [1] have
responded incorrectly to announcement*®) or more general problems (e.g., TT_GER-LCrpr:
“have problems myself to maintain 30 km/h""%).

Participants of all subsamples encounter similar problems with the control logic of the
HMI controls. Statements referring to the control logic make up between 38.89% (TT_GER-
LC) and 81.82% (Sim_GER-HC) of the reported problems. Participants make statements such
as “did not know what to do with the buttons. [...] maybe an info would be helpful what | can
press, for example, by lighting up the buttons ™ (TT_GER-LCrp74), or “didn't find the right
button”*® (Sim_GER-LCrps1).

In TT_GER-LC, 50% of the reported problems refer to the participants’ uncertainty
regarding the active LoA and its functions (e.g., TT_GER-LCqpss: “not sure what level 1
actually ended up in"""). In contrast, only single participants of the other subsamples
(Sim_GER-HC: 0%, Sim_GER-LC: 14.29%, & TT_GER-HC: 3.13%) report this issue.

Single participants in the subsamples Sim_GER-LC (14.29%) and TT_GER-HC (6.25%)
describe that they have tried other take-over strategies during the Rtls such as putting their
hands on the steering wheel which delayed the transition to LO (e.g., TT_GER-HCrp1: “have

13 Translated from German statement: ,,vom Ausfiihren her nein, habe aber falsch auf Ansage reagiert .
1% Translated from German statement: ,, habe selber Probleme, 30 km/h zu halten “.

15 Translated from German statement: ,,wusste nicht, was ich mit den Tasten machen muss. [...] hilfreich
wdren vielleicht Infos, was ich driicken kann, z.B. durch Aufleuchten der Tasten .

16 Translated from German statement: ,, habe den richtigen Knopf nicht gefunden “.

" Translated from German statement: ,, nicht sicher in welcher Stufe ich tatsiichlich gelandet bin *.
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first wanted to oversteer with hands on the steering wheel and gas, did not work, then turned
off with button"®).

Summary

Equivalence is confirmed for three of the six inferential statistical tests. For the test
System understanding: allowance of NDRA, the equivalence test and the GLMM are
significant. This suggests that the effect is rather small; it is neither in the 90% confidence
interval equivalence bounds nor includes zero in the 95% confidence intervals (see
Section 5.7). Two additional metrics show significance for the factor Exp in the GLMM. These
findings and the descriptive analysis show a tendency for participants of Sim_GER to interact
better with the ADS than participants of TT_GER. The factor HMI is only significant for the
metric Awareness of active LoA. The descriptive and qualitative analysis shows that
participants of the HC-HMI subsamples have slightly better interaction scores than participants
of the LC-HMI subsamples. The interaction factor Exp:HMI is not significant for any of the
metrics.

18 Translated from German statement: ,, habe erst mit Hinden am Lenkrad und Gas tibersteuern wollen,
hat nicht funktioniert, dann mit Button ausgeschaltet .
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Table 6.6 Summary table of the descriptive and inferential results of the short interviews for the study Exp Testing-Environment.

) Descriptive data GLMM? (binomial distribution with logit link function) TOST®
Metric Subsample -
M SD Min Max | Factor Est. SE z X? df (N) p Wmax_p  Pmax
Sim_GER-HC 26 1154 0.71 10 12 | Intercept 3.9 041 958
Awareness of Sim_GER-LC 26 1138 0.85 9 12 Exp 0.4 023 1.77 3 .083 1082 001
active LoA TT_GER-HC 33  11.33  1.27 7 12 HMI 048 023 209 442 a 3}56) .035* ' '
TT_GER-LC 28 10.14  2.46 4 12 | ExpHMI  -0.28 023 -1.23 153 ’ 217
Sim_GER-HC 26  10.19 1.3 7 12 | Intercept 221  0.44  4.98
Awareness of  gim GER-LC 26  10.19 1.3 7 12 Exp 028 011 266 6.77 .009**
change of 1 1,653 .652
available LoAs  TT_GER-HC 33 9.82 1.55 7 12 HMI 014 011 133 171 (1,356) 191
TT_GER-LC 28 8.96  2.05 6 12 | ExpHMI  -0.14 011 -1.33 17 192
Awareness of Sim_GER-HC 26 1.88 1.18 0 3 Intercept 0.96 0.25 3.84
reason for Sim_GER-LC 26 227 083 0 3 Exp 033 023 142 201 .156 1328 066
change of TT_GER-HC 33 1.88 1.17 0 3 HMI 011 023 -047 023 3%9 635 ' '
available LoAs® _ (339)
TT_GER-LC 28 1.68 1.22 0 3 | ExpHMI  -0.32 023 -1.39 1.96 162
System Sim_GER-HC 26 11.85 0.37 11 12 | Intercept -1.22 072 -1.69
understanding: Sim_GER-LC 26 1162  0.57 10 12 Exp 029 011 -256 6.02 .014* 1127 003w
allowance of  TT _GER-HC 33 1085 1.87 4 12 HMI -0.05 011 -045 0.19 a ;56) .666 ' '
NDRA TT GERLC 28 1021 183 7 12 | ExpHMI 014 011 121 137 242
System Sim_GER-HC 26 11.85 0.37 11 12 | Intercept -0.95 0.71 -1.33
understanding: Sim_GER-LC 26 1165 0.56 10 12 Exp -048 011 -43 16.83 001+ 1463 033
allowance of H-  TT_GER-HC 33 1142 1.09 8 12 HMI -006 011 -052 0.25 1 3}56) 617 ’ '
Off driving TT GER-LC 28 105 1.95 5 12 | ExpHMI 008 011 071 047 ’ 493
Reported Sim_GER-HC 26 042  0.58 0 2 | Intercept -2.38 02 -11.92
problems Sim_GER-LC 26 054  0.86 0 3 Exp 03 015 -191 37 .054 1933 020¢
during TT_GER-HC 33 097 0.98 0 3 HMI 007 015 044 019 6%8 .662 ' '
transitions® . (678)
TT_GER-LC 28 0.64 095 0 3 | ExpHMI 019 015 -1.25 157 210

aGLMM formula: DV ~ Exp*HMI + (1 |TC) + (1|TP). The GLMM is fitted using the Laplace approximation. A type 3 ANOVA is calculated applying the LRT method.

bThe TOST applies the Wilcoxon rank sum test with continuity correction. The smallest effect size of interest is set to d = 0.5.

¢Due to convergence, the GLMM omits the random factor (1|TC).
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6.3.2.2 Questionnaires

After completing the test drive, participants fill out a post-questionnaire with standardized
questionnaires and self-developed questions (see Section 5.6). The questions refer to the
participants’ experience with the HMI without specifying scenarios or functions.

SUS

The SUS score is calculated from 10 items and ranges between 0 and 100 (Brooke, 1996).
Figure 6.14 displays the results for the two experiments and the respective HMI subsamples.

The distribution of the answers is similar among the four subsamples. The minimum score
ranges between 40 (Sim_GER-HC) and 52.5 (Sim_GER-LC), and the maximum score ranges
between 97.5 (Sim_GER-HC & TT_GER-HC) and 100 (Sim_GER-LC & TT_GER-LC). The
mean score of the SUS ranges between M = 77.02 (Sim_GER-LC, SD = 12.35) and M = 81.44
(Sim_GER-HC, SD =16.16). The ANOVA for the CLM results in no significant results for
any factors. The TOST confirms equivalence for the factor Exp (Table 6.7).

Sim_GER TT_GER
100 1 —_
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80- 770 9| 7815
q’ 60- l
5 ° -
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40 e 2
20
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HC-HMI  LC-HMI HC-HMI  LC-HMI

Figure 6.14 Boxplot diagram visualizing the results of the metric SUS for the study

Exp_Testing-Environment.
Note. The mean values are displayed as numbers in the figure. Refer to Table 6.7 for more statistics.

UMUX

The UMUX score is calculated from four items and ranges between 0 and 100 (Finstad,
2010). Figure 6.15 displays the results for the two experiments and the respective HMI
subsamples.

The standard deviations differ distinctly between the subsamples of Sim_GER and range
between SD = 9.96 (Sim_GER-HC) and SD = 18.71 (Sim_GER-LC). The mean UMUX scores
are slightly higher for the HC-HMI subsamples than the LC-HMI subsamples. The LC-HMI
subsamples differ distinctly between the experiments, with a considerably higher mean score
in TT_GER (M =77.83) than Sim_GER (M =68.11). The ANOVA for the CLM results in
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significant results for factors Exp and HMI. The TOST does not confirm equivalence for the
factor Exp (Table 6.7).
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Figure 6.15 Boxplot diagram visualizing the results of the metric UMUX for the study

Exp_Testing-Environment.
Note. The mean values are displayed as numbers in the figure. Refer to Table 6.7 for more statistics.

UEQ

The UEQ comprises six subscales that result from four to six items each (Laugwitz et al.,
2008). Figure 6.16 displays the results for all six subscales grouped by the four subsamples.
The coloring in the figure marks the different evaluation categories (Schrepp, 2023): positive
(green: > 0.8), neutral (yellow: between -0.8 and 0.8), and negative evaluation (red: < -0.8).

The descriptive data shows a tendency for higher UEQ mean scores (all six dimensions)
and smaller standard deviations (four dimensions: Attractiveness, Perspicuity, Efficiency, &
Stimulation) in the TT_GER-LC subsample compared to the Sim_GER-LC subsample. The
observed trend of the standard deviations in the TT_GER-HC subsample is opposite to the
trend of the LC-HMI subsamples: In TT_GER-HC, the standard deviations are slightly greater
than the standard deviations in the Sim_GER-HC. For the mean scores of the HC-HMI
subsamples, no trend is observable. The ANOVA for the CLM results in significant results
only in two of the six subscales. In the subscale Attractiveness, the factor Exp is significant
with higher means in TT_GER than Sim_GER. In the subscale Dependability, the factor HMI is
significant with higher means in the HC-HMI subsamples compared to the LC-HMI
subsamples. The TOST confirms equivalence for the factor Exp for four subscales
(Perspicuity, Dependability, Stimulation & Novelty; Table 6.7).
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Figure 6.16 Bar chart visualizing the results of the metric UEQ with its six dimensions for the

study Exp_Testing-Environment.
Note. The error bars display the SD. Refer to Table 6.7 for more statistics.

Trust

Trust is evaluated with a self-developed 1-item question: “I trusted the system I just
used”. The response scale ranges between “1: strongly disagree” and “7: strongly agree”.
Figure 6.17 displays the participants’ answers for the four subsamples.

The distribution of responses is similar in all four subsamples. Three of the four
subsamples use the full range of the response scale (Sim_GER-LC, TT_GER-HC & TT_GER-
LC). The variance among the participants is high in all four subsamples, with standard
deviations between SD = 0.83 (TT_GER-HC) and SD = 1.35 (TT_GER-LC). The means of the
subsamples range between M =3.35 (Sim_GER-LC) and M =3.73 (Sim_GER-HC). The
ANOVA for the CLM results in no significant results for any factors. The TOST confirms
equivalence for the factor Exp (Table 6.7).

73



Validation Study Exp_Testing-Environment: Effect of the Testing Environment on Metrics for
Assessing Usability of HMIs for L3 ADS in User Studies

strongly' -
agree

3.3
L]

Score
w
1

s.trongly T hd
disagree  ycpMi LC-HMI  HC-HMI LC-HMI

Figure 6.17 Boxplot diagram visualizing the results of the metric Trust for the study

Exp_Testing-Environment.
Note. The mean values are displayed as numbers in the figure. Refer to Table 6.7 for more statistics.

Acceptance

Acceptance is evaluated with a self-developed 1-item question: “If my car were fitted with
a system like this, I’d use it when driving”. The response scale ranges between “1: strongly
disagree” and “7: strongly agree”. Figure 6.18 displays the participants’ answers for the four
subsamples.

The LC-HMI subsamples use the full range of the response scale (one participant each
with the answer “1: strongly disagree”). The variance among the participants is high in all four
subsamples, with standard deviations between SD =0.9 (TT_GER-HC) and SD =1.21
(TT_GER-LC). The means of the subsamples range between M = 3.65 (Sim_GER-LC) and
M = 4.14 (TT_GER-HC) and show slightly higher means for TT_GER compared to Sim_GER.
The ANOVA for the CLM results in significant results for the factor Exp. The TOST does not
confirm equivalence for the factor Exp (Table 6.7).
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Figure 6.18 Boxplot diagram visualizing the results of the metric Acceptance for the study
Exp_Testing-Environment.
Note. The mean values are displayed as numbers in the figure. Refer to Table 6.7 for more statistics.
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Summary

Overall, the results from the questionnaires are similar among all four subsamples. The
equivalence of the factor Exp is confirmed for most of the metrics. Only the metrics UMUX,
Attractiveness (subscale of the UEQ), and Acceptance produce significant results for the factor
Exp. The factor HMI is not significant for most of the metrics. The interaction factor Exp:HMI
is not significant for all of the metrics. The descriptive analysis shows a tendency for higher
ratings in TT_GER compared to Sim_GER and higher ratings for the HC-HMI subsamples
compared to the LC-HMI subsamples.
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Table 6.7 Summary table of the descriptive and inferential results of the questionnaires for the study Exp Testing-Environment.

. Descriptive data CLM & ANOVA? TOSTP
Metric Subsample -
M SD Med Min Max Factor Est. SE z X2 (1, 113) p Wmax_p Pmax
Sim_GER-HC 26 8144 16.16 88.75 40 97.5
g Sim_GER-LC 26 77.02 12.35 77.5 52.5 100 Exp -0.03 0.23 -0.15 0.5 481 1,205 .014*
2 TT_GER-HC 33 79.09 1437 80 425 97.5 HMI 0.31 0.24 1.3 2.94 .086
TT_GER-LC 28 7875 16.04 77.5 47.5 100 Exp:HMI  -0.39 0.33 -1.17 1.37 241
Sim_GER-HC 26 83.49 9.96 85.42 62.5 100
é Sim_GER-LC 26 6811 18.71 66.67 20.83 95.83 Exp 0.32 024 138 4.02 .045* 1,763 154
% TT_GER-HC 33 8144 1386 83.33 41.67 95.83 HMI 0.74 024 3.04 10.29 .001**
TT_GER-LC 28 7783 15.67 79.17 50 100 Exp:HMI  -0.54 0.33 -1.62 2.61 .106
o Sim_GER-HC 26 1.6 0.82 1.67 -0.17 3
O'% ¢ Sim_GER-LC 26 114 1.09 15 -1.67 2.83 Exp 045 024 1.89 4.88 .027* 1,668 319
I':')J g g TT_GER-HC 33 162 1.03 1.67 -1.5 3 HMI 0.1 0.23 042 1.47 .226
< TT_GER-LC 28 1.79 0.9 1.92 0 3 Exp:HMI  -0.44 0.33 -1.33 1.77 .185
= Sim_GER-HC 26 171 0.83 2 -0.25 2.75
8% - Sim_GER-LC 26 135 1.32 1.62 -1.75 3 Exp 0.09 0.23 0.4 0.27 .601 2,054 .004**
) g TT_GER-HC 33 155 1.31 1.75 -1.75 3 HMI 0.17 023 0.71 0.59 442
o TT_GER-LC 28 154 1.18 1.75 -0.75 3 Exp:HMI  -0.13 0.33 -0.38 0.15 .703
- Sim_GER-HC 26 135 0.85 1.25 -0.5 3
8:5 Sim_GER-LC 26 147 1.01 15 -1.5 3 Exp 032 024 136 0.19 .665 1735 196
D § TT_GER-HC 33 163 0.92 1.75 -1.75 3 HMI -0.06 0.23 -0.27 0.47 495 '
w TT_GER-LC 28 1.6 0.81 1.75 0 3 Exp:HMI 024 033 0.74 0.55 460
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) Descriptive data CLM & ANOVA? TOSTP
Metric Subsample -
M SD Med Min Max Factor Est. SE z X?2(1, 113) p Whmax_p Pmax
% Sim_GER-HC 26 1.61 0.67 15 0.25 2.75
58 Sim_GER-LC 26 0.98 1.06 1.25 -1.25 3 Exp 0.09 0.23 0.39 0.64 423
wc > 2,109 .001**
o2 TT_GER-HC 33 1.41 1.08 15 -2 3 HMI 0.48 0.24 2.03 3.95 .047*
8 TT_GER-LC 28 1.16 1.24 1.38 -1.25 3 Exp:HMI -0.26  0.33 -0.8 0.63 426
s Sim_GER-HC 26 1.21 0.94 1 -1.25 3
o k= Sim_GER-LC 26 0.82 1.1 075 -1.75 3 Exp 034 024 144 2.53 111
w = 1,136 .005**
D E TT_GER-HC 33 1.23 1.07 15 -1.75 3 HMI 0.24 0.23 1.02 1.66 .198
7 TT_GER-LC 28 1.29 0.93 1.12 -1 3 Exp:HMI -0.29 0.33 -0.87 0.76 .382
Sim_GER-HC 26 1.1 0.89 1 -0.25 3
P
% Sim_GER-LC 26 0.83 1.21 1 -2.25 2.5 Exp -0.05 0.23 -0.2 0.06 .800
w > 1,921 .027*
D § TT_GER-HC 33 0.81 1.2 1 -1.75 2.75 HMI 0.03 0.23 0.11 0.23 .634
TT_GER-LC 28 0.95 1.29 0.88 -2.25 3 Exp:HMI -0.19 0.33 -0.57 0.33 .566
Sim_GER-HC 26 3.73 0.83 4 2 5
7] Sim_GER-LC 26 3.35 1.09 4 1 5 Exp 0.1 0.25 0.4 0.96 327
2 1,996 .008**
= TT_GER-HC 33 3.55 0.97 4 1 5 HMI 0.13 0.25 0.53 1.26 .262
TT_GER-LC 28 3.54 1.35 4 1 5 Exp:HMI -0.38 0.35 -1.07 1.14 .285
3 Sim_GER-HC 26 3.96 0.96 4 2 5
§ Sim_GER-LC 26 3.65 1.2 4 1 5 Exp 0.39 0.25 1.58 4.12 .042*
Q 1,808 .098
I TT_GER-HC 33 4 0.9 4 2 5 HMI -0.08 0.25 -0.31 0.69 .408
2 TT_GER-LC 28 4.14 1.21 5 1 5 Exp:HMI -0.52 0.35 -1.48 2.19 139

aCLM formula: DV ~ Exp*HMI. A type 3 ANOVA is calculated with Wald chi-square tests.
bThe TOST applies the Wilcoxon rank sum test with continuity correction. The smallest effect size of interest is setto d = 0.5
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6.3.2.3 Final Interview

At the end of the post-questionnaire participants are requested to reflect on the
experienced HMI concept. Participants may praise or criticize components of the HMI concept
or make improvement suggestions. An overview of the clustered replies of the participants of
the four subsamples is attached in Appendix Il (Figure 13.8-Figure 13.10).

Participants of all subsamples praise similar qualities of the HMI concepts. The focus is
on the simple and clear design (between TT_GER-HC: 18.18% & Sim_GER-HC/Sim_GER-
LC: 30.77%) as well as the easy handling (between TT_GER-HC: 15.15% & TT_GER-LC:
32.14%). In contrast to participants of the LC-HMI subsamples, participants of the HC-HMI
subsamples additionally praise the usage of sounds (Sim_GER-HC: 26.92% & TT_GER-HC:
15.15%) and LED lights (Sim_GER-HC: 11.54% & TT_GER-HC: 12.12%). Single participants
in the four subsamples mention the color selection and the icon design. A typical statement of
the participants is: “quick learning of operation and functionality, simple display design ‘“*®
(TT_GER-HCrpss).

Regarding criticism, there are differences between the experiments and between the HMI
concepts. Participants of TT_GER appear to struggle more with the control logic (TT_GER-
HC: 15.15% & TT_GER-LC: 10.71%) than participants of Sim_GER (no mentions). In contrast
to the HC-HMI subsamples, participants of both LC-HMI subsamples criticize the missing
sounds (Sim_GER-LC: 26.92% & TT_GER-LC: 21.43%) and the position of notifications
(Sim_GER-LC: 3.85% & TT_GER-LC: 10.71%). In TT_GER-HC, 9.09% of the participants
criticize the long notifications’ texts compared to none of the participants in the other three
subsamples. Single participants in the four subsamples criticize the short display duration of
notifications, the unclear labeling of the control buttons, or the readability of the text and
icons. A typical statement of the participants is: “no warning sound at takeover request. You
had to randomly look at the display to see that you had to take over?° (Sim_GER-LCrpe1).

When asked for improvement suggestions, there is no difference between the
experiments. Participants of the LC-HMI subsamples express wishes for more sounds and
other signals more often (Sim_GER-LC: 61.54% & TT_GER-LC: 39.29%) than participants of
the HC-HMI subsamples (Sim_GER-HC: 11.54% & TT GER-HC: 12.12%). Single
participants of the LC-HMI subsamples mention the insufficient salience and urgency of the
Rtls (Sim_GER-LC: 7.69% & TT_GER-LC: 10.71%). Other improvement suggestions listed
by single participants are the improvement of the control logic and its labeling, the
improvement of the color selection, or the notifications. A typical statement of the participants
is: “active usage of sounds when automated driving fails/driver must take over”?* (TT_GER-
LCrpss).

In the interviews, differences in the HMI design are reflected in the different comments of
the respective HMI subsamples. The only difference between the experiments is a more critical

19 Translated from German statement: ,, Schnelle Erlernung der Bedienung und Funktionsweise, simple
Display-Gestaltung .

2 Translated from German statement: ,, Kein Warnton bei Ubernahmeaufforderung. Man musste zufillig
auf die Anzeige schauen, um zu sehen, dass man iibernehmen muss. “

2 Translated from German statement: ,, Aktiv Tone, wenn das automatisierte Fahren ausfallt, also der
Fahrer iibernehmen muss.”
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view toward the control logic and the length of text notifications in TT_GER compared to
Sim_GER.

6.3.3 Interindividual Factors

Two 1-item questions are posed to assess whether there is a difference between the
experiments regarding Nausea and Effort, respectively. The questions are answered on a 5-
point Likert scale ranging from “1: not at all strenuous/nauseous” to “5: very
strenuous/nauseous”. The analysis does not distinguish between participants of the HC-HMI
and the LC-HMI subsamples. Table 6.8 summarizes the participants’ answers to both
guestions.

Table 6.8 Distribution of responses for the interindividual factors Nausea and Effort for the
experiments Sim GER and TT GER.

Exp Nausea [% (n)] Effort [% (n)]

(n) 1 2 3 4 5 1 2 3 4 5
Sim_GER 48.08 19.23 1538 1346 3.85 | 57.69 1346 577 13.46 9.62

(52) (25) (10) (8) @) (2 (30) ) 3) ) (5)
TT GER 98.36 1.64 0 0 0 8852 9.84 0 1.64 0

(61) (60) (1) (0) (0) (0) (54) (6) (0) (1) (0)

Note. The scale ranges from “1: not at all nauseous/strenuous” to “5: very nauseous/strenuous”.

At the end of the final questionnaire, participants rate whether the turning after every test
case has made them nauseous.

The mean score in Sim_GER (M =2.06, SD =1.24) is considerably higher than in
TT_GER (M =1.02, SD = 0.13). A Wilcoxon rank sum test for difference shows a significant
difference between Sim_GER (Med = 2) and TT_GER (Med = 1) with p <.001 (W = 2,392).
The Wilcoxon rank sum test for equivalence is not significant, with p = .627 (W = 1,637).

At the end of the final questionnaire, participants rate whether the turning after every test
case has been strenuous for them.

The mean score in Sim_GER (M = 2.04, SD = 1.44) is higher than in TT_GER (M = 1.15,
SD =0.48). A Wilcoxon rank sum test for difference shows a significant difference between
Sim_GER (Med = 1) and TT_GER (Med = 1) with p <.001 (W = 2,117.5). The Wilcoxon rank
sum test for equivalence is also significant, with p=.031 (W = 1,283) suggesting a rather
small effect (see Section 5.7).

6.4 Discussion

This section starts with a summary of the results leading to answering the hypotheses.
Afterward, limitations and other observations on the experimental design are reflected. The
section closes with the conclusion of the study’s results.

6.4.1 Summary of Results

The observational data comprise driving behavior, eye-tracking data, and experimenter
ratings. Only data points that fulfilled the requirements could be included, for example, the
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correct LoA at the scenario start or not looking at the IC during the start of an Rtl. Thus, the
database for driving behavior and eye-tracking is reduced, leading to a lower statistical power.
More data points in the LC-HMI subsamples are excluded than in the HC-HMI subsamples.

The general driving behavior and the driving behavior in specific situations (the first
activation & during the Rtls) are assessed. The inferential and descriptive analyses show that
the driving performance is considerably better in the HC-HMI subsamples compared to the
LC-HMI subsamples. Overall, differences between the experimental conditions are only little
and non-significant in the inferential tests. Where differences exist, the driving performance is
lower in TT_GER than in Sim_GER. Furthermore, the differences between the HMI
subsamples are more pronounced in TT_GER than Sim_GER, resulting in a significant
interaction Exp:HMI in the metric TOT after Rtl. In the Rtls, differences in the take-over
strategies could be observed, with participants of TT_GER tending to use the brake more often
than participants of Sim_GER.

The eye-tracking data are assessed in test cases with continuous rides in LO, L2, and L3
and during Rtls. None of the factors in the GLMMs is significant, implying that neither the
factors Exp, HMI, nor their interaction Exp:HMI show significant differences. Furthermore,
equivalence between the experiments is confirmed for all three TOSTs. The descriptive
analysis of the metrics shows that there are differences between the HMI subsamples, for
example, an increase of glances to the IC after the first Rtl (Rtlags) in the LC-HMI subsamples
or the shorter glance allocation time to the IC in the second Rtl (Rtlgs). The difference between
the HMI subsamples is more pronounced in TT_GER compared to Sim_GER.

The Experimenter rating shows a significant difference between the HMI subsamples,
which is more pronounced in TT_GER than Sim_GER, resulting in a significant interaction
Exp:HMI. The variance in the subsample TT_GER-LC is considerably higher than the
variances of the other three subsamples.

The descriptive results of the short interviews imply a tendency for better performance
scores in Sim_GER and the HC-HMI subsamples, respectively. The six inferential statistical
tests support this observation: three of the metrics confirm equivalence, and half the metrics
show a significant influence of the factor Exp (the metric System understanding: allowance of
NDRA is significant in the equivalence test & the binomial GLMM). The factor HMI is
significant only for the metric Awareness of active LoA. There are no interactions.

The questionnaires show a rather high variance within the four subsamples. The results
themselves appear to be similar among all subsamples. The equivalence test is significant for
six of the ten metrics, and the factor Exp is significant for only three of the metrics in the
ANOVAs of the CLM. The factor HMI is significant only twice. Descriptive analysis suggests
a tendency for higher ratings in TT_GER compared to Sim_GER.

In the Final interview, the differences in the HMI design are reflected in the participants’
comments differing between the respective subsamples, for example, criticizing the missing
sounds and overall salience of notifications in the LC-HMI concept. Participants of TT_GER
report having problems with the control logic and the length of the text notifications
considerably more often than participants of Sim_GER. Otherwise, the participants’ answers
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are very informative and valuable for future development efforts but do not differ much
between the four subsamples.

6.4.2 Discussion of Hypotheses

Two hypotheses regarding the relative and absolute validity of driving simulators are
formulated.

H: The static driving simulator does not demonstrate absolute validity compared to the
test track setting regarding metrics for assessing the usability of HMIs for L3 ADS.

H: The static driving simulator demonstrates relative validity compared to the test track
setting regarding metrics for assessing the usability of HMIs for L3 ADS.

Equivalence is confirmed for most metrics, and no differences are found. However, few
performance metrics show lower performance scores for TT_GER compared to Sim_GER,
while some questionnaires show higher ratings for TT_GER compared to Sim_GER. Since
several usability metrics do not indicate absolute validity, hypothesis H: is confirmed.

Regarding relative validity, the HMI's effect and direction are essential. Based on the
inferential and descriptive analysis, the HMI predominantly affects observational metrics. Self-
reported metrics are less affected. In both experiments, the same effects are found differing in
their magnitude only in a few of the metrics. Hypothesis H: is confirmed.

It should be noted that single metrics, such as take-over strategies in Rtls, yield different
results in the experiments, illustrating the limits of a general conclusion on the validity of
driving simulators. This study's results align with previous driving simulator validation studies
(see reviews of Mullen et al., 2011; Wynne et al., 2019), indicating that driving simulators
mostly demonstrate relative but no absolute validity. It is a remarkable tendency that in
TT_GER, participants show lower performance ratings and report more problems in the final
interviews while giving higher ratings for the HMI compared to participants of Sim_GER. The
findings suggest that the more complex setting of a test track experiment (possibly due to
animals, persons, and objects in the surroundings; differing light & weather conditions; or a
more complex handling of the instrumented vehicle compared to the simulator mock-up)
increases the overall workload (see Purucker et al., 2018). The more complex setting leads to
lower performance scores in the experiment TT_GER. The higher self-reported ratings in
TT_GER can be attributed to the general enthusiasm for experiencing an innovative technology
“in the real world”.

A third hypothesis is formulated on differences in the usability assessment between the
HMI concepts:

Hs The concept HC-HMI receives higher usability evaluations than the concept LC-HMI.

In several metrics, differences between the HMI concepts demonstrate a higher usability
of the HC-HMI than the LC-HMI. More of the observational metrics than the self-reported
metrics show an apparent effect. Overall, the effect is smaller than expected after the
unambiguous heuristic expert evaluation conducted in the HMI development process (see
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Subsection 5.4.3). Following the framework of Bengler et al. (2020), the input channel and the
dialog logic are identical in both concepts. The output channel differs in the number of
included modalities and the design of the visual output channel. Furthermore, the information
content is identical in both concepts. The two-factor theory of Herzberg et al. (1967) may be
transferred to this observation to illustrate the limited variance of the two concepts. The
covering of the information demand takes the role of hygiene factors. According to Herzberg
et al. (1967, pp. 113-114), the absence of hygiene factors causes dissatisfaction, but the
presence of hygiene factors does not increase satisfaction. The presentation of the information
and the HMI's overall design take the motivators' role. These factors increase the satisfaction
(Herzberg et al., 1967, pp. 113-114). The two HMI concepts do not differ in the hygiene
factors, and the variance in the motivators is limited. Thus, the observed results of less clear
differences between the HMI concepts may be explained. Considering this limitation,
hypothesis Hs is confirmed.

6.4.3 Discussion of Limitations and Other Observations

The study compares one static driving simulator to one test track study. Therefore, the
transferability of the results to other driving simulators and, more importantly, naturalistic
driving situations in the field is limited. Past research has shown that changing specific settings
of the driving simulator, such as the motion cues, may severely affect both relative and
absolute validity (Bellem et al., 2017). Furthermore, the study setting is simple with low
speeds, straight roads without obstacles or interactions with other road users, and breaks
between test cases, limiting the generalizability of the study’s findings.

The smaller or non-present effects of differences between the HMI concepts aggravate the
derivation of statements regarding relative validity, which is concerned with the direction and
magnitude of effects. The statistical power is further lowered due to limitations in the data
availability: due to crashes, technical problems, data quality issues, and exclusions (e.g., wrong
LoA at scenario start), the number of data points is considerably reduced in the observational
metrics, primarily affecting the LC-HMI subsamples. This issue is partly compensated by the
descriptive data analysis stressing the importance of different data types and sources.

The database needs to be more sufficient to include confounding factors present in
TT_GER (e.g., extreme weather conditions such as glare or heavy rain) in the statistical
models. However, these factors are considered in inspecting outliers and are expected to
increase the participants’ overall workload.

Equivalence tests could not be conducted with subsamples but with total samples
(Sim_GER vs. TT_GER), only ignoring the variance through different HMI concepts. Tests
with subsamples, for example, Sim_GER-LC versus TT_GER-LC, could not be conducted due
to the small sample sizes limiting the statistical power.

The effort of turning the vehicle around at the end of a test drive is rated slightly higher in
Sim_GER than TT_GER. Since the difference and equivalence tests are statistically significant,
the effect is rather small and may be neglected. Nausea, however, is more prevalent among
participants of Sim_GER. Only one participant of TT_GER reports to feel a little nauseous. The
effect is highly significant and implies that Nausea might be a potential influencing factor.

The metrics Experimenter rating and the Final interview could be affected by the
experimenter who is aware of the HMI and Exp condition of the respective participants. To a
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lesser magnitude, the participants’ behavior and, therefore, other metrics could also be
unconsciously affected by the experimenter’s knowledge (e.g., Rosenthal effect, see Bortz &
Ddoring, 2006, pp. 82-83) of the experimental conditions.

The experiments are conducted in different areas near Munich (Sim_GER: TUM campus
in Garching vs. TT_GER: campus of the Universitat der Bundeswehr in Neubiberg). The
samples might originate from slightly differing populations. Due to similar sample
characteristics regarding sociodemographic features and driving behavior of the subsamples, a
potential effect is considered negligible.

Regarding the study procedure, participants report feeling exhausted due to the duration
of the experiment and the extensive instructions. At the same time, participants note that the
study setting is too simple because of low speeds and missing obstacles, interactions with other
road users, or curves. Several participants expressed their excitement for automated driving
before, during, and after the experiment (and their privilege to be part of the development
process by partaking in this study). Participants even answer questions referring to the HMI
design with general statements attributed to automated driving. Participants are not able to
separate these feelings of excitement from the interaction with an HMI and provide generally
high/positive ratings. Participants appear to tolerate flaws and problems (to some degree) when
the research subject is obviously in a prototype state. The overall scores in the standardized
guestionnaires are high for both HMI concepts. In the Final interview, participants mention
different aspects in their critique, but their overall rating is similar and positive for both HMI
concepts. Another aspect is that several times, participants activate the wrong LoA without
noticing their mistake. Because of missing feedback from the system or the experimenter, they
could not consider these problems in the ratings but refer to their self-estimated performance
when evaluating the HMI. Mistakes may be left unconsidered if no feedback is provided
(Drew et al., 2018). No clear decision could be made for overall satisfaction in the between-
subject experiments. If participants had compared the two HMI concepts, the satisfaction
ratings may have shown apparent differences. In planning the experimental design, a within-
subject design was excluded because of learning effects ruling out testing naive participants.
Furthermore, the study duration of a between-subject design is considerably shorter.

The observations described in this subsection will be used to derivate recommendations
for the experimental method in Chapter 10.

6.4.4 Conclusion

The validation study Exp_Testing-Environment confirms relative validity for driving
simulators for usability assessments of HMIs for L3 ADS (H: confirmed). While several
metrics show absolute validity, overall absolute validity is rejected (H: confirmed).
Furthermore, the study provides valuable insights into the study design for usability
assessments of HMIs for L3 ADS. The study’s results confirm differences between the HMI
concepts (H3 confirmed). However, limitations of specific metrics detecting differences in
HMI concepts are identified.

This study may draw a practical conclusion: Driving simulators are deemed a valid tool to
assess the usability of HMIs for L3 ADS. Problems with HMI concepts that arise in driving
simulator experiments will likely be more pronounced in more complex environments such as
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test track or field studies. Therefore, it is recommended to test and refine HMI concepts in
risk-free and resource-efficient driving simulator experiments before testing them in the field.
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7 Validation Study Exp_Culture: Effect of the Users’ Cultural
Background on Metrics for Assessing Usability of HMIs for
L3 ADS in User Studies

Two experiments build the empirical basis for the validation study Exp_Culture. The data
of the experiment TT_GER (see Chapter 6) is reused for this validation study. This
experiment?? is conducted in an instrumented vehicle on a test track at the Universitat der
Bundeswehr in Neubiberg in September and October 2020. The participant sample consists of
Germans. The experiment TT_USAZ is conducted in an instrumented vehicle on a test track at
the BMW Driving Academy in Maisach in July and August 2021. The participant sample of
the experiment TT_USA consists of U.S.-Americans currently residing in Germany. The
experimental designs are approved by the Ethical Committee of the Technical University of
Munich (520/20 S-EB & 394/21 S-KH). The experiments follow the study design presented in
Chapter 5. Furthermore, the results are presented and discussed regarding the validity of
usability assessments of HMIs for L3 ADS conducted in different cultural settings and,
thereby, the transferability of conclusions across cultures.

7.1 Hypotheses

The validation study Exp_Culture seeks answers to research question RQs. The literature
presented in Section 2.4 confirms the existence of cultural differences. Cross-cultural studies
suggest that differences are more pronounced between Western countries and Asian countries
compared to differences between Western countries. Nevertheless, previous studies identify
differences within Western countries, such as differences regarding expectations and aesthetics
in interface design (Roessger, 2003), differences in take-over performances and NDRA
engagement (Strle et al., 2021), and differences in the preferred display durations of maneuver
advice notifications (Heimgartner, 2007). Furthermore, several studies show that cultural
differences may show in specific metrics only (e.g., Heimgartner, 2007; Hergeth et al., 2015).

Following the proposed mapping of cultural dimensions to usability by Sogemeier et al.
(2022), the following tendencies in HMI design can be expected in this experiment: Long Term
Orientation is significantly more pronounced in Germany compared to the United States
(Hofstede Insights, 2023). Consequently, participants from the United States might show
stronger preferences for processes that can be influenced independently (abortions, alternative
options) (Sogemeier et al., 2022). The dimensions Individualism, Uncertainty Avoidance, and
Indulgence vs. Restraint have slightly differing scores in the United States compared to
Germany, that is, more pronounced Individualism, more pronounced Indulgence, and less
pronounced Uncertainty Avoidance in the United States compared to Germany (Hofstede
Insights, 2023). Thus, participants from Germany might show stronger preferences for simple
and organized interfaces that meet the participants’ expectations, while participants from the
United States might have stronger wishes for options for customization and individualization

22 The experiment was designed and conducted with the assistance of Julia Graefe (2021) as part of her
master’s thesis.

23 |nitially planned experiments in the United States and Japan had to be canceled due to the COVID-19
pandemic. Instead, one experiment was conducted in Germany with U.S.-American participants.
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(Sogemeier et al., 2022). The dimensions Power Distance and Masculinity have similar scores
in both cultures (Hofstede Insights, 2023). Therefore, no different preferences for HMI design
are derived from the mapping between cultural dimensions and usability criteria (Sogemeier et
al., 2022).

The differences between the two HMI concepts are limited and mainly concern the
multimodality (only in HC-HMI) and the visual appearance (see Section 5.4). German
participants might rate the simple designs of both concepts better than participants from the
United States. Regarding the low saliency of Rtls in the LC-HMI concept, German participants
might be more critical than participants from the United States due to a mismatch in their
expectations. Furthermore, participants from the United States might be more critical of the
missing customization and individualization options than those from Germany. Concluding,
slightly better overall ratings for both HMI concepts with a more pronounced effect between
the concepts can be expected for participants from Germany compared to participants from the
United States. The listed aspects mainly concern the usability facet satisfaction, while no
conclusions can be drawn for the facets effectiveness and efficiency. Satisfaction is mainly
assessed through self-reported metrics, while the other two facets are predominantly assessed
through observational metrics. Therefore, the following hypotheses for the validation study
Exp_Culture are formulated:

RQs  Which effect has the users’ cultural background on metrics for assessing the usability
of HMIs for L3 ADS?

H;: Relative and absolute validity are demonstrated for cross-cultural research
between the United States and Germany compared to the test track setting
regarding observational metrics for assessing the usability of HMIs for L3
ADS.

H. Relative and absolute validity are not demonstrated for cross-cultural research
between the United States and Germany compared to the test track setting
regarding self-reported metrics for assessing the usability of HMIs for L3
ADS.

Additionally, an effect of the HMI concept is expected. As described in Section 5.4, the
HMI concepts serve as the artificial research subject. Introducing HMI concepts varying in
their compliance with guidelines for HMI design (Naujoks, Wiedemann, et al., 2019) allows
for assessing relative validity, which refers to the agreement between the direction (and size)
of effects. Furthermore, the sensitivity of metrics toward specific differences in HMI design
may be assessed. The approach of variation between two HMI concepts is adapted from this
study as presented in Forster et al. (2020a) and Forster et al. (2020b).

Hs The concept HC-HMI receives higher usability evaluations than the concept
LC-HMI.
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7.2 Sample

The final sample size of TT_GER is h = 61 (N1 _cer-tc = 33; Nt7_cer-Lc = 28). In TT_GER-
HC, one session is aborted due to problems with the eye tracker (excluded from the final
sample), one data set is missing eye-tracking data completely, and two data sets have
incomplete eye-tracking data due to technical problems. In TT_GER-LC, two sessions are
aborted due to problems with the eye tracker or heavy rainfall (excluded from the final
sample), one data set is missing eye-tracking data completely, and three data sets have
incomplete eye-tracking data due to technical problems.

The final sample size of TT_USA is n =42 (nyr_usa-nc = 21; N7 usa-c = 21). In TT_USA-
HC, one data set lacks eye-tracking data because of technical problems. Additionally, one
session in TT_USA-LC is aborted due to heavy rain (excluded from the final sample).

The summary of the descriptive analysis of the sociodemographic data is attached in
Appendix Il (Table 14.2). The proportion of female participants ranges between 35.71%
(TT_GER-LC) and 47.62% (TT_USA-LC) among the subsamples, thereby fulfilling the
required minimum of 30% females (see Section 5.2). None of the participants indicates to be
diverse or decides not to indicate a gender. The mean age across the four subsamples ranges
between 37.43 (TT_GER-LC, SD = 15.12) and 38.43 (TT_USA-HC, SD = 9.70). The minimum
age of the participants is 20 (TT_GER-LC & TT_USA-LC), and the maximum is 69 (TT_GER-
HC). As described in Section 5.2, a minimum of five participants in four different age groups
(18-24; 25-39; 40-54; > 54; NHTSA, 2013) is aimed for. In TT_USA, this aim is not met for
two age groups in either subsample. Only two participants in each subsample represent age
group 18-24. The age group > 54 is represented by two participants (TT_USA-HC) and one
participant (TT_USA-LC), respectively.

The summary of the descriptive analysis of the driving background is attached in
Appendix 111 (Table 14.3). The driving frequency and mileage are lower in TT_USA compared
to TT_GER. The reported experience with ADAS is similar among the study samples.
Participants of TT_GER report a slightly higher frequency of using the ADAS than TT_USA.
Considerably fewer participants of TT_GER (TT_GER-HC: 42.42% & TT_GER-LC: 46.43%)
report having no prior knowledge in the field of automated driving compared to TT_USA
(TT_USA-HC: 23.81% & TT_USA-LC: 9.52%). Only single participants in TT_GER
(TT_GER-HC: 9.09% & TT_GER-LC: 3.57%) and in TT_USA-LC (9.52%) indicate expert
knowledge.

The recruitment criteria for TT_USA required participants to hold U.S.-American
citizenship and not live in Germany permanently. Participants are allowed to live in Germany
for eight years or less. The duration of living in Germany ranges between one week and eight
years (one participant each), with an average duration of 3.98 years (SD = 2.27).

The questionnaire VSM for cultural values is applied (Hofstede & Minkov, 2013b). The
results are compared to a sample of participants who hold U.S.-American citizenship and are
based in the United States. The results are presented and discussed in detail in Chapter 8 (see
Subsection 8.3.1 & Section 8.4). The analysis concludes that it may be assumed that the
TT_USA represents the United States regarding its cultural values.
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7.3 Results

In the following section, the results of all metrics are described. The inferential analysis of
the data follows the process described in Section 5.7.

Due to organizational reasons, the two experiments are not entirely identical but differ in
several aspects. The test courses in both experiments comprise two lanes marked with pylons,
delineator blades, and wires. In TT_GER, only one adjacent lane is present. In TT_USA, about
five adjacent lanes (with traffic cones but partially without lane markings) are present.

The protocol documents unusual behavior, unforeseen external events, or technical issues.
Such events are referred to in the analysis of outliers. In TT_GER and TT_USA, vehicles,
persons, and animals in areas near the test course could not be prevented entirely. Weather
conditions vary between and within the experiment sessions in both experiments. For safety
reasons, experiment sessions are canceled or aborted in cases of heavy rainfall. The
distributions of weather and light conditions in the experiment sessions are attached in
Appendix Il (Table 14.1).

7.3.1 Observational Metrics

Observational data are collected for all 12 test cases (see Section 5.3). Some of the
metrics presented in this section refer to specific test cases. An emphasis is put on the two Rtls
(Rtloos & Rtlgs) triggered during the test drives.

7.3.1.1 Driving Behavior

Observed LOA vs. Instructed LoA

The test case and the resulting instructions by the experimenter or system notifications
determine the active LOA at every point of the test drive. If participants fail to adhere to the
instructions or to react appropriately, deviances between the instructed LoA and the observed
LoA may arise. Figure 7.1 displays the match between the instructed and observed LoAs for
the two experiments and the respective HMI subsamples.

The figure and the binomial GLMM (Table 7.3) show that the number of deviances is
significantly higher in the LC-HMI subsamples compared to the HC-HMI subsamples. In
TT_USA, the variance appears to be greater compared to TT_GER. Additionally, the variance
is greater in the LC-HMI subsamples compared to the HC-HMI subsamples. Neither the factor
Exp nor the interaction Exp:HMI are significant. The TOST confirms equivalence for the
factor Exp (Table 7.3).
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Figure 7.1 Boxplot diagram visualizing the results of the metric Observed LoA vs. instructed
LoA for the study Exp_Culture.
Note. The mean values are displayed as nhumbers in the figure. Refer to Table 7.3 for more statistics.

Control Path of First Activation

When participants are requested to activate L3 for the first time, they have no prior
experience with the control logic of the HMI. Only participants are included who are in LO at
the experimenter’s request to activate L3 and who have not tried out the controls in prior test
cases. Figure 14.1 in Appendix Il displays the individual control paths of the first activation.
The descriptive analysis is summarized in Table 7.1.

A higher proportion of participants of the HC-HMI subsamples succeed in activating L3
than participants of the LC-HMI subsamples. More participants of HC-HMI subsamples
manage to activate L3 with the minimum number of actions (ACT — MOD). The maximum
number of actions ranges between five and six actions per subsample. Single participants
repeatedly use the button MOD (no effect in LO) and stay in LO, or use the button ACT (L0 «
L2). The difference between the HC-HMI and LC-HMI subsamples is slightly more
pronounced in TT_GER than in TT_USA.

Table 7.1 Descriptive analysis of the metric Control path of first activation for the study
Exp_Culture.

Successful Use of ideal path:  Number of actions for participants
Subsample (n) activation ACT — MOD not using the ideal path*
[% ()] [% (n)] M (SD) Max
TT_GER-HC (27) 62.96% (17) 37.04% (10) 2.35 (1.37) 5
TT_GER-LC (23) 34.78% (8) 17.39% (4) 2(1.3) 5
TT_USA-HC (14) 71.43% (10) 42.86% (6) 3.5 (2.06) 8
TT_USA-LC (14) 50% (7) 28.57% (4) 2.4 (1.62) 6

Note. Only participants driving LO at the start of the instruction are included.
* The statistics include non-successful interactions.
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TOT after Rtl

This metric refers to the two test cases with Rtls (see Section 5.3). Figure 7.2 displays the
TOT for the four subsamples and the two Rtls (Rtlas & Rtles).

Figure 7.2 and Table 7.3 show significantly higher TOTs for the LC-HMI subsamples.
Participants of TT_USA have slightly higher TOTs than participants of TT_GER (except for
Rtlss: TT_USA-LC). Neither the factor Exp nor the interaction Exp:HMI of the GLMM are
significant. The TOST does not confirm equivalence. The results indicate that the data are
inconclusive for both tests.

25 —_

20 4

151

104 e

- — Ll

Time [s]

254

21.58

201 1751 [
[ ]

151 o

IWH-O1

= : T

T T T T
Rtlogs Ritlgs Ritlygs Rtlgs

Figure 7.2 Boxplot diagram visualizing the results of the metric TOT after Rtl for the study
Exp_Culture.

Note. The mean values are displayed as numbers in the figure. Refer to Table 7.3 for more statistics. The
red lines mark the start of the emergency braking for the respective Rtl.

Take-Over Path after Rtl

This metric refers to the two test cases with Rtls (see Section 5.3). Only participants are
included that drive in L3 when the respective Rtl is triggered. Figure 14.2 and Figure 14.3 in
Appendix 11 display the individual take-over paths for both Rtl types (Rtlxs & Rtles). The
descriptive analysis is summarized in Table 7.2.

Most participants conduct a successful transition to LO with only one action. Participants
of TT_USA tend to use the brake more often than participants of TT_GER. Single participants
in all four subsamples use the button MOD (repeatedly), which switches between L2 and L3
before switching to LO. Primarily in the LC-HMI subsamples, single participants do not take
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over at all (Rtlyps: TT_GER-LC:n=2 & TT_USA-LC:n=2; Rtlgs: TT_GER-LC:n=3 &
TT_USA-HC: n=2).

Table 7.2 Descriptive analysis of the metric Take-over path after Rtl for the study Exp Culture.

Successful 1 action: Transition to LO > 1 action*:

Rtl  Subsample (n) transition to LO via ... [% (n)]: number of actions
[% ()] Brake ACT M (SD) Max

TT_GER-HC (32) 100% (32) 53.13% (17)  28.13% (9) | 3.5(0.5) 4

& TT_GER-LC (26) 92.31% (24) 57.69% (15)  26.92% (7) | 2.5(0.5) 3

& TT_USA-HC (21) 95.24% (20) 76.19% (16)  14.29% (3) | 2.5(0.5) 3

TT_USA-LC (16) 93.75% (15) 68.75% (11) 12.5% (2) 2 (0) 2
TT_GER-HC (33) 96.97% (32) 72.73% (24) 24.24% (8) 3 (nfa)** n/a**

& TT_GER-LC (26) 88.46% (23) 53.85% (14) 26.92% (7) 2(0) 2
€ TT_USA-HC (21) 95.24% (20) 85.71% (18) 9.52% (2) | n/a(nfa)**  nla**
TT_USA-LC (16) 100% (16) 75% (12) 25% (4) nfa (nfay**  nfa**

Note. Only participants driving LO at the start of the instruction are included. None of the participants
deactivates L3 through oversteering.

* Participants are excluded that do not react at all: TT_GER-LC: n = 2 (Rtl20s), n = 3 (Rtles); TT_USA-
HC: n =1 (Rtlss); & TT_USA-LC: n = 1 (Rtl2os).

*n=1

Other Observations

If participants take their hands away from the steering wheel during L2 driving, they
receive a H-off detection warning that comprises three stages depending on the H-off driving
duration. The stages trigger notifications differing in their urgency (see Section 5.4).

In TT_GER-HC, eight participants produce 13 H-off detection warnings (12x stage 1, 1x
stage 2). Additionally, another participant of TT_GER-HC produces nine warnings (8x stage 1,
1x stage 2) alone. In TT_GER-LC, eight participants produce 13 H-off detection warnings (7x
stage 1, 1x stage 2, 5x stage 3). Additionally, another participant of TT_GER-LC produces nine
warnings (8x stage 1, 1x stage 2) alone. In TT_USA-HC, six participants produce eight H-off
detection warnings (7x stage 1, 1x stage 2). In TT_USA-LC, five participants produce 12 H-off
detection warnings (9x stage 1, 2x stage 2, 1x stage 3). Additionally, another participant of
TT_USA-LC produces six warnings (2x stage 1, 2x stage 2, 2x stage 3) alone. Considering the
smaller sample size in TT_USA and the outliers in three of the four subsamples (TT_GER-HC,
TT_GER-LC, TT_USA-LC), both experiments' distribution of H-off detection warnings is
similar. Participants of TT_USA-LC produce repeated H-off detection warnings slightly more
often than participants of the other three subsamples.?*

In test case TC6, participants drive in L2 and receive a notification that L3 driving is no
longer available for optional activation due to a sensor error. The notification is only for
informational purposes and does not require an action by the participant. Nevertheless, in
TT_GER-LC, two participants deactivate L2. In the other three subsamples, one participant
each deactivates L2.

2 According to the protocol, the two participants (TT_GER-HCtps & TT_GER-LCrpso) of TT_GER
producing the nine h-off detection warnings each show no other remarkable behavior. The participant of
(TT_USA-LCrpeso) producing six h-off detection warnings reports that he registered the warnings but did
not feel the need to react. He further elaborates that he cannot tell any difference in the behavior of L2
and L3 driving and consequently took his hands away from the steering wheel.
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Summary

In both inferential statistical analyses, the factor HMI is significant. The factor Exp and
the interaction factor Exp:HMI are not significant in either of the tests. The equivalence test is
significant for the metric Observed LoA vs. Instructed LoA. The descriptive and qualitative
analysis of the driving behavior supports the findings of the inferential statistical tests: The
performance scores are lower for the LC-HMI subsamples. In the descriptive analysis, no
tendency for systematic differences between the experimental conditions is observable. In the
Rtls, differences in the take-over strategies could be observed, with participants of TT_USA
tending to use the brake more often than participants of TT_GER.
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Table 7.3 Summary table of the descriptive and inferential results of the guantitative metrics of the driving behavior for the study Exp Culture.

Descriptive data GLMMa TOST®
Metric  Subsample istri
P M SD  Min Max D('I?:]L")[" Factor  Est.  SE z X2 df (N) p Wmax p  Pmax
- o TT_GER-HC 33 1115 112 8 12 - Intercept  2.96 0.4  7.35
%3% TT_GER-LC 28 961 253 3 12 £E2 Exp 006 02 031 0.09 1 760 667 < .001%
£3F TT_USAHC 21 109 114 9 12 £2 HMI 0.63 021 305 896 (1,236) .003*
O7 = tTusAalc 21 967 297 3 12 ExpHMI 02 021 097 0096 328
] 32| 1216 545| 3.7| 25|
- TT_GER-HC 33 |349 1.91 14 10.1 Intercept 11.3 3.43 3.3
= 24| 1751 7.95| 49| 25] c
ad - - -
Y TTGERLC 35" (907 so4 2 108 | &2 Exp 0.68 047 -1.44 2.04 154
= 21| 136| 7.14| 49| 25] 38 1 1044 204
© _ . . . T O _ _ *hk
: TTusaHc S0 ool Lot ST 8= HMI 286 047 607 3106 (g, <001
= 15| 2158 549| 66| 25] ,
TIUSALC "l V520 Gos sr 1am ExpHMI 009 047 018 0.03 854

aGLMM formula: DV ~ Exp*HMI + (1 |TC) + (1|TP). The GLMM is fitted using the Laplace approximation. A type 3 ANOVA is calculated applying the LRT method.

bThe TOST applies the Wilcoxon rank sum test with continuity correction. The smallest effect size of interest is set to d = 0.5.

¢ The descriptive data distinguishes between the test cases TC10 (left, Rtl2os) and TC12 (right, Rtles).

4 The maximum TOT is capped at 25 s.
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7.3.1.2 Eye-Tracking

Attention Ratio during Continuous Rides in LO, L2, & L3

Participants receive clear instructions on their responsibilities for the driving task for the
different LoAs (see Subsection 5.5.2). The analysis of the attention ratio checks whether
participants adhere to these instructions. Four areas of interest (AQOIs) are defined: Street, IC,
Controls, and SuRT (see Subsection 5.6.2). During LO and L2 driving, the visual attention
should be focused on AOI Street. In L3 driving, participants are instructed to engage in the
NDRA if the situation allows it. If participants adhere to the instructions, the attention ratio for
the SURT should be close to zero in L0 and L2 driving and considerably higher in L3 driving.

In Figure 7.3, the attention ratios for the SURT are displayed for the three LoAs and the
four subsamples. Attention ratios for all four AOls are attached in Appendix Il (Figure 14.4).
Participants who do not drive in the instructed LoA during the specified test cases are
excluded, leading to sample sizes differing within the subsamples.

In LO and L2 driving, the mean attention ratio for the SURT is below 5% for three of the
four subsamples (slightly higher in L2 driving compared to LO driving). Only in TT_USA-LC
and L2 driving the mean attention ratio for the SuRT is considerably higher, with M = 15.68%
(SD = 28.27%). In L3 driving, the mean attention ratio for the SURT ranges between 39.56%
(TT_USA-LC, SD =33.52%) and 76.36% (TT_GER-HC, SD = 18.9%). The mean attention
ratios for the SURT are higher in the subsamples of TT_GER compared to the respective
subsamples in TT_USA. Furthermore, the variance in the subsamples of TT_USA is
considerably higher than that of TT_GER. In all four subsamples, single participants have an
attention ratio for the SURT of 30% or lower when driving in L3. The number of participants
under this threshold is higher and the attention ratios lower for participants of the LC-HMI
subsamples and participants of TT_USA (TT_GER-HC: n = 1 with AR = 26.69%; TT_GER-LC:
n =2 with M =5.62% & SD =5.62%; TT_USA-HC: n =4 with M = 9.62% & SD = 8.36%; &
TT_USA-LC: n=5withM =5.31% & SD = 8.18%).

Table 7.4 presents the results of the GLMM and the TOST. In the GLMM, the factors Exp
and HMI are significant. The interaction Exp:HMI is not significant. Equivalence for the factor
Exp is not confirmed.
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Figure 7.3 Boxplot diagram visualizing the results of the metric Attention ratio during
continuous rides in LO, L2, & L3 for the AOI SuRT for the study Exp_Culture.
Note. The mean values are displayed as numbers in the figure. Refer to Table 7.4 for more statistics.

Gaze Behavior during Rtl

This qualitative analysis refers to the two test cases with Rtls (see Section 5.3). Figure 6.4
displays the proportion of glances to the four AOIs at the start of the Rtl for the four
subsamples and the two Rtls (Rtlys & Rtles). Participants who do not drive in L3 at the
scenario’s beginning are excluded. Figure 14.5 and Figure 14.6 in Appendix Il display the
individual gaze paths between the start and the end of the Rtls. The end of an Rtl is marked by
the start of an emergency braking maneuver or the transition to LO.

At the start of the first Rtl (Rtlxs), more than 70% of the participants in all four
subsamples look at the SURT. At the start of the second Rtl (Rtles), fewer participants of the
LC-HMI subsamples look at the SURT than at the start of the first Rtl (Rtlxs). Instead, more
participants of TT_USA-LC look at the Street than the IC, while none of the participants of
TT_GER-LC look at the Street.

Before the first glance at the IC, most participants look at the SURT and Street in turns.
After the first glance at the IC, most participants look at the 1C and other AOIs (mostly Street)
in turns. At the end of the Rtls, no participant of the HC-HMI subsamples looks at the SURT
(except for two participants of TT_GER in Rtlxs). In all subsamples, most participants look at
the IC at the end of the Rtl. In the LC-HMI, five (Rtls & Rtlgs: TT_GER-LC) to seven (Rtls:
TT_USA-LC) participants (still) look at the SURT. No participants of the HC-HMI subsamples
look at the SURT. In the TT_GER subsamples, participants show more glances compared to the
TT_USA subsamples. Apart from that, there are no prominent differences between the
experiments.
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Figure 7.4 Bar chart visualizing the results of the metric Glance allocation at start of Rtl for the
study Exp_Culture.

Note. The sample sizes are as follows: TT_GER-HC: n =31 (Rtl2os), n =32 (Rtles); TT_GER-LC:
n = 24 (Rtlaos), N = 25 (Rtles); TT_USA-HC: n = 20 (Rtlos), n = 20 (Rtles); & TT_USA-LC: n = 16 (Rtl20s),
n = 16 (Rtles).

Glance Allocation Time to IC after Rtl

This metric refers to the two test cases with Rtls (see Section 5.3). Figure 7.5 displays the
glance allocation time to the IC for the four subsamples and the two Rtls (Rtlzs & Rtles). This
metric serves as an indicator of the salience of the Rtl notification. Participants who do not
drive in L3 or look at the IC already at the start of the respective Rtl are excluded.

In all four subsamples, the glance allocation time to the IC is higher in the first Rtl (Rtl.os)
compared to the second Rtl (Rtles). In both experiments and Rtls, the mean glance allocation
time is higher in the LC-HMI subsamples than in the HC-HMI subsamples. The variance in the
first Rtl (Rtlys) is slightly higher in the HC-HMI subsamples. In the second Rtl (Rtlgs), the
variance is higher in the LC-HMI subsamples. For both HMI concepts and Rtls, the glance
allocation times are higher for the TT_USA subsamples than for the TT_GER subsamples.
Table 7.4 presents the results of the GLMM and the TOST. The factor Exp is significant. The
factors HMI and Exp:HMI are not significant. Equivalence for the factor Exp is not confirmed.
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Figure 7.5 Boxplot diagram visualizing the results of the metric Glance allocation time to IC
after Rtl for the study Exp_Culture.

Note. The mean values are displayed as numbers in the figure. Refer to Table 7.4 for more statistics. The
red lines mark the start of the emergency braking for the respective Rtl.

First Glance Duration on IC after Rtl

This metric refers to the two test cases with Rtls (see Section 5.3). Figure 7.6 displays the
duration of the first glance to the IC for the four subsamples and the two Rtls (Rtloos & Rtles).
This metric serves as an indicator for the presentation of information appropriate to the
situation. Participants who do not drive in L3 or look at the IC already at the start of the
respective Rtl are excluded.

In all four subsamples, the first glance duration to the IC is higher in the first Rtl (Rtlzos)
compared to the second Rtl (Rtles). The first glance duration is slightly higher for the LC-HMI
subsamples than the HC-HMI subsamples. There are no prominent differences between the
experiments. Table 7.4 presents the results of the GLMM and the TOST. Equivalence for the
factor Exp is confirmed. None of the factors in the GLMM is significant.
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Figure 7.6 Boxplot diagram visualizing the results of the metric First glance duration on IC
after Rtl for the study Exp_Culture.

Note. The mean values are displayed as numbers in the figure. Refer to Table 7.4 for more statistics. The
red lines mark the start of the emergency braking for the respective Rtl.

Summary

In the GLMMs, the factor HMI is significant only for the metric Attention Ratio during
continuous rides in LO, L2, & L3: SuRT. The descriptive analysis of gaze behavior shows
differences between the HMI subsamples, for example, an increase of glances to the IC after
the first Rtl (Rtlos) in the LC-HMI subsamples or the shorter glance allocation times to the IC
in Rtls in the HC-HMI subsamples. The factor Exp is significant for two of the three metrics
included in inferential statistical tests (Attention ratio during continuous rides in LO, L2, & L3:
SURT, & Glance allocation time to IC after Rtl), reflecting better performance scores for
TT_GER compared to TT_USA. Equivalence for the factor Exp is confirmed only for the
metric First glance duration on IC after Rtl. The interaction factor Exp:HMI is not significant
for any metric. Descriptive analyses of the attention ratios and the gaze paths during Rtls show
differences in the gaze behavior for the factor Exp. In the gaze behavior analysis, several
participants are excluded because they do not meet preconditions for the metric, for example,
wrong LoA at the scenario start. The exclusion criteria mainly reduce the sample numbers of
the LC-HMI subsamples.
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Table 7.4 Summary table of the descriptive and inferential results of the guantitative metrics of the eye-tracking for the study Exp Culture.

) Descriptive data GLMM? (gaussian distribution with identity link function) TOST®
Metric Subsample - 5
M SD Min Max Factor Est. SE z X df (N) p Whax_p Pmax
27| 0.37] 0.8] 0] 3.2
3 TT_GER-HC 32| 4.25] 14.77 | 0] 60.52 | Intercept 85.25 9.26 9.21
o 27 76.36 18.9 26.69 96.79
c .
59 22 | 1.7 | 5.73 | 0] 27.04 |
”g cg TT_GER-LC 20| 2.94| 11.32 | 0] 50.95 | Exp 3.05 1.17 261 6.59 .010*
=9 14 6327 2841 0 99.57 433 356
S0 .
c = L. 19| 0.19| 0.5] 0] 1.92 | 1
-fé’ g 9 TT_USA-HC 20| 3.49] 12.22 | 0] 54.23 | HMI 3.39 1.17 2.9 8.07 (246) .005**
3 S 15 64.29 36.65 0 100
= C
= 20| 0.27| 0.56]| 0] 1.82 |
8 TT_USA-LC 18| 15.68| 28.27| 0] 94.14 | Exp:HMI -1.55 117 -1.33 175 .186
12 39.56 33.52 0 93.58
o i 29| 3.56]| 4.34 | 0.48| 15.37|
= TT_GER-HC 31 0.81 0.6 0.09 301 Intercept 3.24 1.38 2.35
T35 ) 19| 3.71| 5.47 | 0.26 | 18.7 | ) ) -
é = TT_GER-LC 1 158 146 0.05 432 Exp 1.06 0.33 3.24 992 .002 o .
[CN®) 1 .
o = ) 17| 5.22| 5.58 | 0.49| 15.86| i )
% % TT_USA-HC 18 113 0.97 0.24 377 HMI 0.6 0.33 1.83 3.28 (142) .070
[URS 7| 9.83 | 6.03 | 051| 17.95] .
= TT_USA-LC 10 03 108 012 411 Exp:HMI 0.64 0.33 1.97 3.79 .051
- i 29| 4.04| 2.82 | 1.33| 13.82]
& TT_GER-HC 31 153 0.88 0.06 415 Intercept 3.08 0.74 4.15
o ©
SNS) i 19| 4.34| 2.23| 0.95] 9.57 | ) )
5 . TT_GER-LC 1 185 075 071 303 Exp 0.07 0.18 0.39 0.14 .696 - o0
; cC 7T UsAHe 71 317 77| 0.52] 751 HMI 034 018 -1.88 3.44 (14111) 064 '
T -% - 18 2 1.19 0.03 5.03 ' ) ' ) '
5 i 7| 421 3.74 | 0.66| 11.12] .
© TT_USA-LC 9 276 1.16 0.94 3.94 Exp:HMI 0.13 0.18 0.07 0.49 483

aGLMM formula: DV ~ Exp*HMI + (1 |TC) + (1|TP). The GLMM is fitted using the Laplace approximation. A type 3 ANOVA is calculated applying the LRT method.

bThe TOST applies the Wilcoxon rank sum test with continuity correction. The smallest effect size of interest is set to d = 0.5.

¢ The descriptive data distinguishes between the LoAs LO (left), L2 (center), and L3 (right) or the test cases TC10 (left, Rtlos) and TC12 (right, Rtlss), respectively.
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7.3.1.3 Experimenter Rating

After each test case, the experimenter rates the participants’ interaction with the ADS.
Figure 7.7 displays the participants’ mean experimenter rating for the four subsamples. For
simplicity reasons, the figure does not visualize the experimenter ratings in the 12 test cases
but displays the distribution of the participants’ mean experimenter ratings. A visualization of

the mean experimenter ratings per test case is attached in Appendix Il (Figure 14.7).

Figure 7.7 and Table 7.5 show significantly better mean experimenter ratings for the HC-
HMI subsamples. The variance of the participants’ mean experimenter ratings is higher in the
subsample TT_GER-LC compared to the other three subsamples. Otherwise, no differences
between the experiments are observed. The factors Exp and Exp:HMI in the GLMM are not

significant. The TOST confirms equivalence.
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Figure 7.7 Boxplot diagram visualizing the results of the metric Experimenter rating for the

study Exp_Culture.

Note. The mean values are displayed as numbers in the figure. Refer to Table 7.5 for more statistics.
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Table 7.5 Summary table of the descriptive and inferential results of the metric Experimenter rating for the study Exp Culture.

Subsample Descriptive data GLMM? (gaussian distribution with logit link function) TOST®

n M SD Med Min Max Factor Est. SE z X2 (1, 113) p Whax_p Pmax
TT_GER-HC 33 153 0.37 15 1 2.42 Intercept 0.53 0.08 6.32
TT_GER-LC 28 207 074 179 125 3.92 Exp -0.02 0.03 -0.7 0.5 .480 1603 015*
TT_USA-HC 21 167 052 15 1 3 HMI -0.13 0.03 -4.2 16.22 <.001*** '
TT_USA-LC 21 202 068 1.83 1.08 4 Exp:HMI -0.03 0.03 -0.87 0.75 .390

aGLMM formula: DV ~ Exp*HMI + (1 |TC) + (1|TP). The GLMM is fitted using the Laplace approximation. A type 3 ANOVA is calculated applying the LRT method.
bThe TOST applies the Wilcoxon rank sum test with continuity correction. The smallest effect size of interest is set to d = 0.5.
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7.3.2 Self-Reported Metrics

7.3.2.1 Short Interviews

The short interviews refer to the participants’ interaction with the ADS during the test
drive. The set of questions refers to the mode awareness, the system understanding, and the
report of interaction problems during transitions. Most metrics are calculated by assessing the
ratio between correct and wrong replies. Only the metric Reported Problems during transitions
is calculated as the number of reported problems.

Awareness of Active LoA

At the end of each test case, participants are requested to name the last active LoA. The
reported LOA is compared to the observed active (not the instructed) LoA. Figure 7.8 displays
the match between the reported and the observed LoAs for the two experiments and the
respective HMI subsamples.

The LC-HMI subsamples show considerably fewer matching answers and a higher
variance than the HC-HMI subsamples. In the LC-HMI subsamples, single participants have
less than 50% correct matching answers. There are no prominent differences between the
experiments. The binomial GLMM (Table 7.6) shows a significant influence of the factor
HMI. Neither the factor Exp nor the interaction Exp:HMI are significant. The TOST confirms
equivalence for the factor Exp (Table 7.6).
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Figure 7.8 Boxplot diagram visualizing the results of the metric Awareness of active LoA for
the study Exp_Culture.
Note. The mean values are displayed as numbers in the figure. Refer to Table 7.6 for more statistics.

Awareness of Change of Available LoAs

At the end of each test case, participants state whether a change in the available LoAs
occurred. The reported change of availabilities is compared to the implemented change of
availabilities. Figure 7.9 displays the match between the reported and the implemented
changes of availabilities for the two experiments and the respective HMI subsamples.
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The number of matching answers is lower in the LC-HMI subsamples than in the HC-
HMI subsamples. Furthermore, the LC-HMI subsamples have a higher variance than the HC-
HMI subsamples. The difference between the subsamples is slightly more pronounced in
TT_USA than in TT_GER. The binomial GLMM (Table 7.6) shows a significant influence of
the factor HMI. Neither the factor Exp nor the interaction Exp:HMI are significant. The TOST
does not confirm equivalence for the factor Exp (Table 7.6).
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Figure 7.9 Boxplot diagram visualizing the results of the metric Awareness of change of
available LoAs for the study Exp_Culture.
Note. The mean values are displayed as nhumbers in the figure. Refer to Table 7.6 for more statistics.

Awareness of Reason for Change of Available LoAs

In three test cases (see Section 5.3), a downward change of available LoAs occurs. In
these test cases, the HMI provides reasons for the availability change, for example, a sensor
error (see Section 5.4). Participants are requested to recall the reason for the change of
availabilities. The number of matching answers between implemented and reported reasons for
the change of availabilities is visualized in Figure 7.10.

In three subsamples, the range is between zero and three matching answers. In TT_USA,
none of the participants of the HC-HMI subsample and only one participant of the LC-HMI
subsample reports the correct reason in all three scenarios. In comparison, 14 participants of
TT_GER-HC and 11 of TT_GER-LC report the correct reason in all three scenarios. Hence, the
subsamples of TT_USA have lower means of matching answers than the subsamples of
TT_GER. Furthermore, the LC-HMI subsamples have slightly lower means of matching
answers than the HC-HMI subsamples. The factor Exp in the binomial GLMM is significant,
but none of the other factors.?® The TOST does not confirm equivalence for the factor Exp
(Table 7.6).

% Due to convergence, the model does not contain the random factor (1/TC).
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Figure 7.10 Boxplot diagram visualizing the results of the metric Awareness of reason for
change of available LoAs for the study Exp_Culture.
Note. The mean values are displayed as numbers in the figure. Refer to Table 7.6 for more statistics.

System Understanding: Allowance of NDRA

At the end of each test case, participants state whether it was allowed to engage in NDRA,
such as writing e-mails while driving in the last active LoA. The reported allowance for this
NDRA is compared to the observed LoA. Before the test drive, participants are instructed that
only in L3 driving it is allowed to engage in NDRAs. Figure 7.11 displays the match between
the reported allowance to engage in the NDRA and the observed LoA for the two experiments
and the respective HMI subsamples.

The HC-HMI subsamples have slightly higher means and lower variances than the LC-
HMI subsamples. There are no prominent differences between the experiments. None of the
factors in the binomial GLMM (Table 7.6) is significant. The TOST confirms equivalence for
the factor Exp (Table 7.6).
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Figure 7.11 Boxplot diagram visualizing the results of the metric System understanding:
allowance of NDRA for the study Exp_Culture.
Note. The mean values are displayed as numbers in the figure. Refer to Table 7.6 for more statistics.
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System Understanding: Allowance of H-off Driving

At the end of each test case, participants state whether it was allowed to take their hands
away from the steering wheel while driving in the last active LoA. The reported allowance for
H-off driving is compared to the observed LoA. Before the test drive, participants are
instructed that only in L3 driving it is allowed to drive H-off. Figure 7.12 displays the match
between the reported allowance for H-off driving and the observed LoA for the two
experiments and the respective HMI subsamples.

The HC-HMI subsamples have slightly higher means and slightly lower variances than
the LC-HMI subsamples. There are no prominent differences between the experiments. None
of the factors in the binomial GLMM (Table 7.6) is significant. The TOST confirms
equivalence for the factor Exp (Table 7.6).
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Figure 7.12 Boxplot diagram visualizing the results of the metric System understanding:
allowance of H-off driving for the study Exp_Culture.
Note. The mean values are displayed as nhumbers in the figure. Refer to Table 7.6 for more statistics.

Reported Problems during Transitions

In six test cases (see Section 5.3), participants are instructed to switch between LoAs by
the experimenter or the system. After each test case, participants state whether they
encountered problems when switching between LoAs. The number of reported problems is
visualized in Figure 7.13.

The maximum number of reported problems per participant is two (TT_USA-HC &
TT_USA-LC) or three (TT_GER-HC & TT_GER-LC). Between 39.39% (TT_GER-HC) and
76.19% (TT_USA-LC) of the participants report no problem. The mean number of reported
problems is lower in the HC-HMI subsamples than in the LC-HMI subsamples. Additionally,
the mean number of reported problems is lower in the subsamples of TT_USA than in the
subsamples of TT_GER. The two factors Exp and HMI in the binomial GLMM are
significant.?® The interaction factor Exp:HMI is not significant. The TOST confirms

% Due to convergence, the model does not contain the random factor (1/TC).
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equivalence for the factor Exp (Table 7.6). The factor Exp is significant in both models,
suggesting a small effect.
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Figure 7.13 Boxplot diagram visualizing the results of the metric Reported problems during
transitions for the study Exp_Culture.
Note. The mean values are displayed as numbers in the figure. Refer to Table 7.6 for more statistics.

Most problems are reported after test cases with Rtls that required a time-critical action of
the participants and after the test case with the first activation of the ADS: Between 33.33%
(TT_USA-LC) and 38.89% (TT_GER-LC) of the overall reported problems are reported after
the first activation. After the first Rtl (Rtlxs), between 11.11% (TT_GER-LC) and 25%
(TT_GER-HC) of the overall reported problems are reported.

Participants reporting a problem are requested to describe it. Between 0% (TT_USA-LC)
and 18.75% (TT_GER-HC) of the reported problems do not refer to the LoA transition but the
study procedure (e.g., TT_GER-HCqp2: “regarding performing no [problem], but [I] have
responded incorrectly to announcement?’) or more general problems (e.g., TT_GER-LCrpr:
“have problems myself to maintain 30 km/h?®).

Participants of all subsamples encounter similar problems with the control logic of the
HMI controls. Statements referring to the control logic make up between 38.89% (TT_GER-
LC) and 100% (TT_USA-LC) of the reported problems. Participants make statements such as
“did not know what to do with the buttons. [...] maybe an info would be helpful what | can
press, for example, by lighting up the buttons®® (TT_GER-LCrps), or “had to guess which
button to use” (TT_USA-HCrpy).

In TT_GER-LC, 50% of the reported problems refer to the participants’ uncertainty
regarding the active LoA and its functions (e.g., TT_GER-LCqpss: “not sure what level |
actually ended up in"*°). In contrast, only once a participant of TT_GER-HC and no
participants of the TT_USA subsamples report this kind of issue.

Single participants in the HC-HMI subsamples (TT_GER-HC: 6.25% & TT_USA-HC:
7.69%) describe that they have tried other take-over strategies during the Rtls such as putting
their hands on the steering wheel which delayed the transition to LO (e.g., TT_GER-HCrpao:

27 Translated from German statement: ,,vom Ausfiihren her nein, habe aber falsch auf Ansage reagiert“.
2 Translated from German statement: ,, habe selber Probleme, 30 km/h zu halten “.

2 Translated from German statement: ,, Wusste nicht, was ich mit den Tasten machen muss. [...] hilfreich
waéren vielleicht Infos, was ich driicken kann, z.B. durch Aufleuchten der Tasten®.

30 Translated from German statement: ,, nicht sicher in welcher Stufe ich tatscichlich gelandet bin *.

106



Validation Study Exp Culture: Effect of the Users’ Cultural Background on Metrics for
Assessing Usability of HMIs for L3 ADS in User Studies

“have first wanted to oversteer with hands on the steering wheel and gas, did not work, then
turned off with button ).

Summary

Equivalence is confirmed for four of the six inferential statistical tests. The equivalence
test and the GLMM are significant for the metric Reported problems during transitions. This
suggests that the effect is rather small and that it is neither in the 90% CI equivalence bounds
nor includes zero in the 95% CI (see Section 5.7). One additional metric, Awareness of change
of available LoAs, shows significance for the factor Exp in the GLMM. The descriptive
analysis shows a tendency for participants of TT_GER to have a better interaction with the
ADS than participants of TT_USA. The only exception is the metric Reported problems during
transitions, where the interaction scores are not calculated through answers that could be right
or wrong but where participants can freely report problems when switching between LoAs. In
this metric, participants of TT_USA report fewer problems than participants of TT_GER.
Additionally, participants of TT_USA almost entirely report problems referring to the
transitions, while participants of TT_GER also report more general problems. The factor HMI
is significant for three of the six metrics. The descriptive analysis shows that participants of the
HC-HMI subsamples have (slightly) better interaction scores than participants of the LC-HMI
subsamples. The interaction factor Exp:HMI is not significant for any of the metrics.

31 Translated from German statement: ,, habe erst mit Hinden am Lenkrad und Gas iibersteuern wollen,
hat nicht funktioniert, dann mit Button ausgeschaltet .
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Table 7.6 Summary table of the descriptive and inferential results of the short interviews for the study Exp Culture.

i Descriptive data GLMM? (binomial distribution with logit link function) TOST®
Metric Subsample -
n M SD Min Max | Factor Est. SE z X2 df (N) p Wmax_p Pmax
TT_GER-HC 33 1133 127 7 12 | Intercept 3.76 041  9.25
Awareness of TT_GER-LC 28 10.14 246 4 12 Exp 011 027 -041 017 .680 1068 < 001
active LoA TT_USA-HC 21 1143 136 6 12 HMI 071 028 255 6.49 a 2136) .011* ' '
TT_USA-LC 21 1043 282 1 12 | Exp:HMI  0.07 027 027  0.07 ’ 787
TT_GER-HC 33 9.82 155 7 12 | Intercept 1.81 0.38 471
Awareness of 1T GER.LC 28 8.96 205 6 12 Exp -0.02 011 -019 0.04 .848
change of 1 e | L1075 .083
available LoAs TT_USA-HC 21 1024 134 7 12 HMI 039 0.11 36 1214 (1.236) .001
TT_USA-LC 21 8.57 204 6 12 | ExpHMI  -0.13 011 -1.22 145 229
Awareness of TT-GER-HC 33 1.88 117 0 3 | Intercept -0.25 021 -1.23
reason for TT_GER-LC 28 1.68 1.22 0 3 EXp 0.8 0.22 3.65 15.29 .001*** 1525 952
change of TT_USA-HC 21 1.24 062 0 2 HMI 039 021 188 371 3(1)9 .054 ' '
available LoAs® . (309)
TT_USA-LC 21 0.71 1.01 0 3 | ExpHMI 0.2 021 -097 0097 .325
System TT_GER-HC 33 1085 187 4 12 | Intercept -1 0.65 -1.53
understanding: TT_GER-LC 28 1021 183 7 12 Exp 0 014 0.04 0 972 867 002+
allowance of  TT USA-HC 21 11 134 8 12 HMI -0.17 014 -1.25 147 @ 2136) 225 '
NDRA TT USALC 21 1029 217 4 12 | ExpHMI 002 014 017 003 866
System TT_GER-HC 33 1142 1.09 8 12 | Intercept -0.66 0.61 -1.07
understanding: TT_GER-LC 28 10.5 1.95 5 12 Exp 0.07 0.13 0.56 0.3 .582 970 017
allowance of H-  TT_USA-HC 21 1148 081 9 12 HMI 006 013 047 021 2136) 643 '
Off driving TT USALC 21 1019 271 2 12 | ExpHMI  -005 013 -04  0.15 ' 695
Reported TT_GER-HC 33 0.97 098 0 3 | Intercept -2.38 0.21 -11.54
problems TT_GER-LC 28 0.64 095 0 3 Exp 035 017 215 477 .029* 1003 028+
during TT_USA-HC 21 0.62 067 0 2 HMI 034 017 205 441 618 .036* ' '
transitions® . (618)
TT_USA-LC 21 0.29 056 0 2 | ExpHMI  -0.09 017 -0.54 0.29 .588

aGLMM formula: DV ~ Exp*HMI + (1 |TC) + (1|TP). The GLMM is fitted using the Laplace approximation. A type 3 ANOVA is calculated applying the LRT method.
bThe TOST applies the Wilcoxon rank sum test with continuity correction. The smallest effect size of interest is set to d = 0.5.

¢Due to convergence, the GLMM omits the random factor (1|TC).
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7.3.2.2 Questionnaires

After completing the test drive, participants fill out a post-questionnaire with standardized
questionnaires and self-developed questions (see Section 5.6). The questions refer to the
participants’ experience with the HMI without specifying scenarios or functions.

SUS

The SUS score is calculated from 10 items and ranges between 0 and 100 (Brooke, 1996).
Figure 7.14 displays the results for the two experiments and the respective HMI subsamples.

The mean scores range between M =78.75 (TT_GER-LC, SD =16.04) and M = 86.19
(TT_GER-HC, SD = 11.2). One outlier in TT_USA-LC has a score of 17.5. The other minimum
scores range between 425 (TT_GER-HC) and 47.5 (TT_GER-LC, TT_USA-HC). The
maximum score ranges between 97.5 (TT_GER-HC) and 100 (TT_GER-LC, TT_USA-HC, &
TT_USA-LC). Except for the outlier, the distribution of answers appears to be similar among
the four subsamples. The ANOVA for the CLM results in no significant results for any factors.
The TOST does not confirm equivalence for the factor Exp (Table 7.7).
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Figure 7.14 Boxplot diagram visualizing the results of the metric SUS for the study
Exp_Culture.
Note. The mean values are displayed as nhumbers in the figure. Refer to Table 7.7 for more statistics.

UMUX

The UMUX score is calculated from four items and ranges between 0 and 100 (Finstad,
2010). Figure 7.15 displays the results for the two experiments and the respective HMI
subsamples.

The distribution of answers appears to be similar among the four subsamples. The mean
UMUX scores are slightly higher for the HC-HMI subsamples than the LC-HMI subsamples.
Additionally, the mean UMUX scores are slightly higher in the TT_USA subsamples than in the
TT_GER subsamples. The mean scores range between M = 77.83 (TT_GER-LC, SD = 15.67%)
and M =286.31 (TT_USA-HC, SD =10.8). The minimum scores range between 41.67
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(TT_GER-HC) and 54.17 (TT_USA-HC). The maximum score ranges between 95.83
(TT_GER-HC) and 100 (TT_GER-LC, TT_USA-HC, & TT_USA-LC). The ANOVA for the
CLM results in no significant results for any factors. The TOST does not confirm equivalence
for the factor Exp (Table 7.7).
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Figure 7.15 Boxplot diagram visualizing the results of the metric UMUX for the study

Exp_Culture.
Note. The mean values are displayed as humbers in the figure. Refer to Table 7.7 for more statistics.

UEQ

The UEQ comprises six subscales that result from four to six items each (Laugwitz et al.,
2008). Figure 7.16 displays the results for all six subscales grouped by the four subsamples.
The coloring in the figure marks the different evaluation categories (Schrepp, 2023): positive
(green: > 0.8), neutral (yellow: between -0.8 and 0.8), and negative evaluation (red: < -0.8).

The descriptive data shows a tendency for higher UEQ mean scores (all dimensions) and
smaller standard deviations (all dimensions) in the TT_USA-HC subsample compared to the
TT_GER-HC subsample. In the LC-HMI subsamples, the tendency is not as pronounced. In
four dimensions (Perspicuity, Efficiency, Dependability, & Novelty), the mean scores of
TT_USA-LC are higher than the respective mean scores of TT_GER-LC. The dimensions
Attractiveness and Stimulation result in similar mean ratings in both LC-HMI subsamples. For
the standard deviations of the LC-HMI subsamples, no trend is observable. The ANOVA for
the CLM results in non-significant results for all six subscales. Neither does the TOST confirm
equivalence for the factor Exp for any of the six subscales (Table 7.7).
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Figure 7.16 Bar chart visualizing the mean results of the metric UEQ with its six dimensions
for the study Exp_Culture.
Note. The error bars display the SD. Refer to Table 7.7 for more statistics.

Trust

Trust is evaluated with a self-developed 1-item question: “I trusted the system I just
used”. The response scale ranges between “1: strongly disagree” and “7: strongly agree”.
Figure 7.17 displays the participants’ answers for the four subsamples.

Three of the four subsamples (TT_GER-HC, TT_GER-LC, & TT_USA-LC) use the full
range of the response scale. The variance among the participants is high in all four subsamples
with standard deviations between SD = 0.91 (TT_USA-HC) and SD = 1.35 (TT_GER-LC). The
means of the subsamples range between M = 3.54 (TT_GER-LC) and M = 3.86 (TT_USA-HC).
There are no prominent differences between the experiments. The ANOVA for the CLM
results in no significant results for any factors. The TOST does not confirm equivalence for the
factor Exp (Table 7.7).
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Figure 7.17 Boxplot diagram visualizing the results of the metric Trust for the study

Exp_Culture.
Note. The mean values are displayed as numbers in the figure. Refer to Table 7.7 for more statistics.

Acceptance

Acceptance is evaluated with a self-developed 1-item question: “If my car were fitted with
a system like this, I’d use it when driving”. The response scale ranges between “1: strongly
disagree” and “7: strongly agree”. Figure 7.18 displays the participants’ answers for the four
subsamples.

The LC-HMI subsamples use the full range of the response scale (one participant each
with the answer “1: strongly disagree”). The variance among the participants is high in all four
subsamples with standard deviations between SD =0.85 (TT_USA-HC) and SD =1.24
(TT_USA-LC). The means of the subsamples range between M =3.95 (TT_USA-LC) and
M =4.29 (TT_USA-HC). In TT_GER, the mean score of the HC-HMI subsample (M = 4) is
slightly lower compared to the LC-HMI subsample (M = 4.14). In TT_USA, the mean score of
the HC-HMI subsample (M = 4.29) is slightly higher than the LC-HMI subsample (M = 3.95).
The distribution of answers appears to be similar in all four subsamples. The ANOVA for the
CLM results in no significant results for any factors. The TOST confirms equivalence for the
factor Exp (Table 7.7).
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Figure 7.18 Boxplot diagram visualizing the results of the metric Acceptance for the study

Exp_Culture.
Note. The mean values are displayed as numbers in the figure. Refer to Table 7.7 for more statistics.

Summary

Overall, the questionnaire results are similar among all four subsamples. In almost all
metrics, neither the ANOVA for the CLM nor the equivalence test yields significant results for
any factor. Only the metric Acceptance shows equivalence for the factor Exp. The interaction
factor Exp:HMI is not significant for any metric. Regarding the effect of the HMI, a slight
tendency for higher ratings in the HC-HMI subsamples compared to the LC-HMI subsamples
is observed.
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Table 7.7 Summary table of the descriptive and inferential results of the questionnaires for the study Exp Culture.

. Descriptive data CLM & ANOVA? TOSTP
Metric Subsample -
n M SD Med Min Max Factor Est. SE z X2 (1, 113) p Wmax_p Pmax
TT_GER-HC 33 79.09 14.37 80 42.5 97.5
% TT_GER-LC 28 78.75 16.04 77.5 47.5 100 Exp 0.44 0.25 1.77 0.74 .39 1,478 093
2 TT_USA-HC 21 86.19 11.2 90 47.5 100 HMI 0.15 0.25 0.6 0.01 .933
TT_USA-LC 21 8131 18.12 85 17.5 100 Exp:HMI 0.17 0.35 0.5 0.25 .62
TT_GER-HC 33 81.44 13.86 83.33 41.67 95.83
é TT_GER-LC 28 77.83 15.67 79.17 50 100 Exp 0.41 0.25 1.62 1.43 232 1413 188
% TT_USA-HC 21 86.31 108 87.5 54.17 100 HMI 029 025 1.15 1.08 .299 ' '
TT_USA-LC 21 8234 1536 91.67 45.83 100 Exp:HMI -0.06 0.35 -0.17 0.03 .867
o TT_GER-HC 33 1.62 1.03 1.67 -15 3
8:'% ﬁ TT_GER-LC 28 1.79 0.9 1.92 0 3 Exp 0.12 0.25 0.48 0 1.000 1555 595
S ¢C TT_USA-HC 21 1.88 0.59 1.83 0.83 3 HMI -0.08 0.25 -0.32 0.37 .542 ' '
< TT_USA-LC 21 1.73 1.08 1.83 -1.33 3 Exp:HMI 0.17 0.35 0.48 0.23 .629
= TT_GER-HC 33 1.55 1.31 1.75 -1.75 3
0,_5 TT_GER-LC 28 1.54 1.18 1.75 -0.75 3 Exp 0.52 0.25 2.05 2.77 .096
o g > 521 143
%5 TT_USA-HC 21 2.07 0.77 2.25 -0.25 3 HMI -0.05 0.25 -0.21 0.02 .878
a TT_USA-LC 21 1.98 1.21 2.5 -1.25 3 Exp:HMI -0.14 0.35 -0.42 0.17 677
- TT_GER-HC 33 1.63 0.92 1.75 -1.75 3
8:5 TT_GER-LC 28 1.6 0.81 1.75 0 3 Exp 0.43 0.25 1.69 1.08 .298 691 291
D E TT_USA-HC 21 2.01 0.5 2 1 3 HMI 0.15 0.25 0.59 0.13 716
w TT_USA-LC 21 1.82 0.83 2 0.5 3 Exp:HMI 0.05 0.35 0.13 0.02 .897
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) Descriptive data CLM & ANOVA? TOSTP
Metric Subsample -
n M SD Med Min Max Factor Est. SE z X2 (1, 113) p Wmax_p Pmax
% TT_GER-HC 33 141 1.08 1.5 -2 3
o3 TT_GER-LC 28 1.16 1.24 1.38 -1.25 3 Exp 0.22 0.25 0.89 0.64 425
wc > 1,628 417
5% TT_USA-HC 21 157 0.82 1.75 0 3 HMI 0.18 0.25 0.74 0.64 425
a TT_USA-LC 21 143 1.09 1.75 -1 3 Exp:HMI  -0.10 0.35 -0.29 0.08 773
5 TT_GER-HC 33 1.23 1.07 1.5 -1.75 3
8»:_‘; TT_GER-LC 28 1.29 0.93 1.12 -1 3 Exp 028 025 114 0 .963 667 187
D E TT_USA-HC 21 174 0.67 2 0.25 3 HMI 029 025 116 0.01 .933
7 TT_USA-LC 21 133 0.98 1 -0.25 3 Exp:HMI 0.38 035 1.06 1.13 .287
TT_GER-HC 33 0381 1.2 1 -1.75 2.75
8’% TT_GER-LC 28 0.95 1.29 0.88 -2.25 3 Exp 0.37 0.25 15 0.3 .586 1.424 199
52 TT_USA-HC 21 14 0.83 1.25 -0.25 2.75 HMI 0.06 025 0.24 0.13 715
TT_USA-LC 21 112 1.22 1 -1.5 3 Exp:HMI 025 035 0.71 0.51 475
TT_GER-HC 33 355 0.97 4 1 5
g TT_GER-LC 28 354 1.35 4 1 5 Exp 0.18 0.26 0.68 0 961 1505 064
[ TT_USA-HC 21 3.86 0.91 4 2 5 HMI 0.05 026 0.19 0.11 744
TT_USA-LC 21  3.62 1.24 4 1 5 Exp:HMI 022 037 061 0.37 .544
8 TT_GER-HC 33 4 0.9 4 2 5
§ TT_GER-LC 28 4.14 121 5 1 5 Exp 0.04 027 0.14 0.56 .453
o 1,651 .006**
o TT_USA-HC 21 4.29 0.85 4 2 5 HMI -0.07 0.27 -0.26 1.39 .238
2 TT_USA-LC 21 3.95 1.24 4 1 5 Exp:HMI 0.48 0.38 1.26 1.59 .207

aCLM formula: DV ~ Exp*HMI. A type 3 ANOVA is calculated with Wald chi-square tests.
bThe TOST applies the Wilcoxon rank sum test with continuity correction. The smallest effect size of interest is set to d = 0.5.
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7.3.2.3 Final Interview

At the end of the post-questionnaire participants, are requested to reflect on the
experienced HMI. Participants may praise or criticize components of the HMI or make
improvement suggestions. An overview of the clustered replies of the participants of the four
subsamples is attached in Appendix Il (Figure 14.8-Figure 14.10).

Participants of TT_GER mainly praise the easy handling (TT_GER-HC: 15.15% &
TT_GER-LC: 32.14%) and the simple and clear design (TT_GER-HC: 18.18% & TT_GER-LC:
28.57%). Only single participants of TT_USA-HC (9.52%) and no participants of TT_USA-LC
praise the simple and clear design. Instead, considerably more participants of TT_USA praise
the easy handling (TT_USA-HC: 52.38% & TT_USA-LC: 76.19%). In contrast to participants
of the LC-HMI subsamples, participants of the HC-HMI subsamples additionally praise the
usage of sounds (TT_GER-HC: 15.15% & TT_USA-HC: 19.05%) and LED lights (TT_GER-
HC: 12.12% & TT_USA-HC: 19.05%,). Single participants in the four subsamples mention the
color selection and the icon design. A typical statement of the participants is: “symbols were
easy to understand after a short familiarization period, and the system was very tidy and not
cluttered®® (TT_GER-LCrpsg).

Several participants in all four subsamples criticize the control logic (between TT_GER-
LC: 10.71% & TT USA-HC/TT_USA-LC: 19.05%) and the insufficient salience of
notifications (more prevalent among LC-HMI subsamples; TT_GER-HC: 6.06%, TT_GER-LC:
10.71%, TT_USA-HC: 9.52%, & TT_USA-LC: 23.81%). In contrast to the HC-HMI
subsamples, participants of both LC-HMI subsamples criticize the missing sounds (TT_GER-
LC: 21.43% & TT_USA-LC: 28.57%). Additionally, single participants in the four subsamples
criticize that the display duration of notifications is too short. Single participants of TT_GER
criticize that the labels of the control buttons are unclear. The position of notifications in the
right area of the display is criticized by 10.71% of the participants in TT_GER-LC. In contrast,
none of the participants in the other three subsamples mention this issue. A typical statement
of the participants is, for example, “The instructions to changes should be backed up with a
sound, since instructions can be missed when answering emails, for example ** (TT_GER-
LCrpe1).

When asked for improvement suggestions, the wish for more sounds, light, and haptic
signals is expressed most often. Considerably more participants in TT_USA compared to
participants in TT_GER, and more participants in LC-HMI subsamples compared to
participants in HC-HMI subsamples express this wish (TT_GER-HC: 12.12%, TT_GER-LC:
39.29%, TT_USA-HC: 52.38%, & TT_USA-LC: 71.43%). Participants in TT_USA wish to
improve the control logic more often than participants in TT_GER (TT_GER-HC: 6.06%,
TT_GER-LC: 7.12%, TT_USA-HC: 33.33%, & TT_USA-LC: 14.29%). The same observation
is true for improvement suggestions regarding the overall design (TT_GER-HC: 6.06%,
TT_GER-LC: 0%, TT_USA-HC: 19.05%, & TT_USA-LC: 23.81%). In TT_GER-LC, 14.29% of
the participants wish for a central positioning of notifications and an improvement in the color

%2 Translated from German statement: ,Symbole waren nach kurzer Eingewohnungszeit gut
verstdindlich, das System sehr aufgerdumt und nicht iiberladen.”

3 Translated from German statement: ,, Die zu cindernden Anweisungen sollten mit einem Ton hinterlegt
werden, da Hinweise z.B. beim E-Mails beantworten untergehen kénnen.
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selection. Furthermore, 10.71% of the participants of TT_GER-LC wish to increase the
salience and urgency of Rtls. None of the participants of the other three subsamples mention
one of these suggestions. A typical statement of the participants is, for example, “I would have
liked more sound alerts to draw my attention back to the steering wheel if a problem with the
system occurs” (TT_USA-LCrpe1).

Differences between the HC-HMI subsamples and the LC-HMI subsamples are evident in
the interviews. Furthermore, participants of TT_USA criticize the overall design more often
and express wishes for more sound, light, and haptic signals more often than participants of
TT_GER.

7.3.3 Interindividual Factors

Two 1-item questions are posed to assess whether there is a difference between the
experiments regarding Nausea and Effort, respectively. The questions are answered on a 5-
point Likert scale ranging from “l: not at all strenuous/nauseous” to “5: very
strenuous/nauseous”. The analysis does not distinguish between participants of the HC-HMI
and the LC-HMI subsamples. Table 7.8 summarizes the participants’ answers to both
guestions.

Table 7.8 Distribution of responses for the interindividual factors Nausea and Effort for the
experiments TT GER and TT USA.

Exp Nausea [% (n)] Effort [% (n)]

(n) 1 2 3 4 5 1 2 3 4 5
TT GER 98.36 1.64 0 0 0 88.52 9.84 0 1.64 0

(61) (60) () (0) (0) (0) (54) (6) (0) 1) (0)
TT USA 9524 238 238 0 0 7857 1190 7.14  2.38 0

(42) (40) (1) (1) (0) (0) (33) (5) (3) (1) (0)

Note. The scale ranges from “1: not at all nauseous/strenuous” to “5: very nauseous/strenuous”.

At the end of the final questionnaire, participants rate whether the turning after every test
case has made them nauseous.

The mean scores are low and similar in both experiments (TT_GER: M = 1.02, SD =0.13
& TT_USA: M =1.07, SD = 0.34). Only single participants in both experiments report having
a Nausea score higher than 1 (“not at all nauseous™). A Wilcoxon rank sum test for difference
shows no significant difference between TT_GER (Med =1) and TT_USA (Med = 1), with
p =.357 (W=1,240.5). The Wilcoxon rank sum test for equivalence is significant, with
p <.001 (W =2,441).

At the end of the final questionnaire, participants rate whether the turning after every test
case has been strenuous for them.

The mean score in TT_USA (M =1.33, SD =0.72) is slightly higher than in TT_GER
(M =115, SD=0.48). A Wilcoxon rank sum test for difference shows no significant
difference between TT_GER (Med = 1) and TT_USA (Med = 1), with p =.150 (W = 1,145.5).
The Wilcoxon rank sum test for equivalence is significant, with p <.001 (W = 1,283).
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7.4 Discussion

This section starts with a summary of the results leading to answering the hypotheses.
Afterward, limitations and other observations on the experimental design are reflected. The
section closes with the conclusion of the study’s results.

7.4.1 Summary of Results

The observational data comprise driving behavior data, eye-tracking data, and
experimenter ratings. Only data points that fulfill the requirements could be included, for
example, the correct LoA at the scenario start or not looking at the IC during the start of an
Rtl. Thus, the database for driving behavior and eye-tracking is reduced, leading to a lower
statistical power. More data points in the LC-HMI subsamples are excluded than in the HC-
HMI subsamples.

The general driving behavior and the driving behavior in specific situations (the first
activation and Rtls) are assessed. The inferential and descriptive analyses show that the driving
performance is considerably better in the HC-HMI subsamples compared to the LC-HMI
subsamples. Overall, differences between the experimental conditions are only little and non-
significant in the inferential tests. The equivalence test is only significant for the metric
Observed LoA vs. instructed LoA. There is a tendency that in TT_USA, the TOTSs after Rtls are
slightly higher than TT_GER. The database is inconclusive since the GLMM and the
equivalence test for the factor Exp are non-significant. Overall, there are no interactions in the
GLMMs or observable in the descriptive analysis. In the Rtls, differences in the take-over
strategies could be observed, with participants of TT_USA tending to use the brake more often
than participants of TT_GER.

The eye-tracking data are assessed in test cases with continuous rides in specific LoA and
during Rtls. The factor HMI is significant only for the metric Attention ratio during continuous
rides in LO, L2, & L3: SuRT. The descriptive analysis of gaze behavior shows differences
between the HMI subsamples, for example, an increase of glances to the IC after the first Rtl
(Rtlags) in the LC-HMI subsamples or the shorter glance allocation times to the IC in Rtls in the
HC-HMI subsamples. Additionally, the descriptive analysis of the attention ratios and the gaze
paths during Rtls show differences in the gaze behavior for the factor Exp. In the inferential
tests, the factor Exp is significant for two metrics (Attention ratio during continuous rides in
LO, L2, & L3: SURT & Glance allocation time to IC after Rtl), reflecting better performance
scores for TT_GER than TT_USA. Equivalence for the factor Exp is confirmed only for the
metric First glance duration on IC after Rtl. The interaction factor Exp:HMI is not significant
for any metric.

The Experimenter rating shows a significant difference between the HMI subsamples.
The variance in the subsample TT_GER-LC is considerably higher than the variances of the
other three subsamples. Neither the factor Exp nor the interaction factor Exp:HMI is
significant. Instead, the equivalence test is significant.

The descriptive results of the short interviews imply a tendency for better interaction
scores in the HC-HMI subsamples compared to the LC-HMI subsamples, where variances tend
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to be greater and mean interaction scores lower. In the inferential statistical analyses, the factor
HMI is significant in three out of six tests. Regarding the influence of the experiment,
equivalence is confirmed in four of the six inferential statistical tests, and two of the metrics
show a significant influence of the factor Exp (metric Reported problems during transitions is
significant in the equivalence test & the binomial GLMM). Participants of TT_GER report
more problems in total and more problems referring to other issues than the control logic of the
HMI concepts. There are no interactions.

The questionnaires show a high variance within the four subsamples, decreasing the
power of the inferential statistical tests. The distributions appear to be similar among all
subsamples. In almost all metrics, neither the ANOVA for the CLM nor the equivalence test
yields significant results for any factor. Only the metric Acceptance shows equivalence for the
factor Exp. The interaction factor Exp:HMI is not significant for any of the metrics. The
descriptive analysis shows a slight tendency for higher ratings in the HC-HMI subsamples
compared to the LC-HMI subsamples. The results suggest that the database is insufficient to
conclude whether effects for the factor Exp are present. However, the results imply that the
potential effects are minor.

In the Final interview, the differences in the HMI design are reflected in the participants’
comments differing between the HMI subsamples, for example, criticizing the missing sounds
and overall salience of notifications in the LC-HMI concept. Participants of TT_USA criticize
the overall design more often and express wishes for more sound, light, and haptic signals
considerably more often than participants of TT_GER. Otherwise, the participants’ answers are
very informative and valuable for future development efforts but do not differ much between
the four subsamples.

7.4.2 Discussion of Hypotheses

Two hypotheses on relative and absolute validity regarding observational and self-
reported metrics are formulated.

H; Relative and absolute validity are demonstrated for cross-cultural research between the
United States and Germany compared to the test track setting regarding observational
metrics for assessing the usability of HMIs for L3 ADS.

H; Relative and absolute validity are not demonstrated for cross-cultural research between
the United States and Germany compared to the test track setting regarding self-
reported metrics for assessing the usability of HMIs for L3 ADS.

Equivalence for the factor Exp is confirmed for about half of the observational metrics.
While the Experimenter rating yields similar results for both experimental conditions,
differences are observed in the driving behavior and are even more pronounced in the gaze
behavior. Descriptive analyses indicate differences in strategies reflected in the gaze behavior
or the take-over strategies. However, the analyses do not paint a clear picture, with single
metrics indicating less trust or system understanding (e.g., Attention ratio during continuous
rides in LO, L2, & L3: SuRT) or lower performance scores (e.g., Glance allocation time to IC
after Rtl) in TT_USA compared to TT_GER. Nonetheless, differences between the HMI
concepts could be identified in most of the metrics in both inferential and descriptive analyses.
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The database is insufficient to conclude the matter of validity. The rather small power of the
inferential statistical tests—increased by exclusions of single data points due to wrong
prerequisites—Iimits the confidence with which a statement on relative validity may be drawn.
However, both the inferential statistical tests and the descriptive analyses do not show
systematic differences between the experimental conditions. Furthermore, there are no
interactions between factors Exp and HMI. Regarding the first hypothesis, relative validity for
observational metrics may be assumed, while no conclusion on absolute validity shall be
drawn. Hypothesis Hi is only partially confirmed.

The results of the self-reported metrics appear to be inconclusive. The questionnaires
produce almost no significant results (except for the equivalence test of the metric
Acceptance), and only tendencies are observable for differences between the HMI concepts.
Regarding differences between the experiments, only the UEQ shows a tendency (descriptive
only) for higher ratings in TT_USA compared to TT_GER. The short interviews and the Final
interview demonstrate more distinctly the differences between the HMI concepts. Here, small
differences between the experiments are observable, for example, differing performance scores
and ratings for TT_GER and TT_USA, though without a clear direction. In the Final interview,
participants focus on different aspects of their evaluation, which aligns with previous research
(e.g., Roessger, 2003). As for the observational metrics, there are no interactions between
factors Exp and HMI. Again, the rather small power of the inferential statistical tests—due to
high variances—Ilimits the confidence with which a statement on the relative validity may be
drawn. Concluding, both the inferential statistical tests and the descriptive analyses do not
show systematic differences between the experimental conditions. Therefore, the conclusion
for the hypothesis H: is the same as for the observational metrics: Relative validity for self-
reported metrics may be assumed. In contrast, no conclusion on absolute validity shall be
drawn. Consequently, hypothesis H- is partially rejected.

The results do not contradict previous research in Section 2.4, indicating that cultural
differences between Western countries are less pronounced and may even show in specific
metrics only (e.g., Heimgartner, 2007).

A third hypothesis is formulated on differences in the usability assessment between the
HMI concepts:

Hs The concept HC-HMI receives higher usability evaluations than the concept LC-HMI.

In several metrics, differences between the HMI concepts demonstrate a higher usability
of the HC-HMI than the LC-HMI. Only single metrics of the self-reported data reflect
differences in the HMI concepts. All descriptive and most inferential analyses of the
observational data indicate differences in the HMI concepts. Overall, the effect is—just as in
the validation study Exp_Testing-Environment—smaller than expected after the unambiguous
heuristic expert evaluation conducted in the HMI development process (see Subsection 5.4.3).
Following the framework of Bengler et al. (2020), the input channel and the dialog logic are
identical in both concepts. The output channel differs in the number of included modalities and
the design of the visual output channel. Furthermore, the information content is identical in
both concepts. The two-factor theory of Herzberg et al. (1967) may be transferred to this
observation to illustrate the limited variance of the two concepts. The covering of the
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information demand takes the role of hygiene factors. According to Herzberg et al. (1967,
pp. 113-114), the absence of hygiene factors causes dissatisfaction, but the presence of
hygiene factors does not increase satisfaction. The presentation of the information and the
HMI's overall design take the motivators' role. These factors increase the satisfaction
(Herzberg et al., 1967, pp. 113-114). The two HMI concepts do not differ in the hygiene
factors, and the variance in the motivators is limited. Thus, the observed results of less clear
differences between the HMI concepts may be explained. Considering this limitation, the
hypothesis Hs is confirmed.

7.4.3 Discussion of Limitations and Other Observations

The study compares usability assessments of two cultures. Furthermore, these cultures
belong to Western industrialized countries and resemble each other more than other countries
regarding their cultural values (Hofstede, 2011; Hofstede Insights, 2023). Due to the COVID-
19 pandemic, the experiment TT_USA is conducted in Germany and includes U.S.-American
citizens currently based in Germany. The assignment of the participants to the U.S.-American
culture is checked via the VSM by Hofstede and Minkov (2013b). The analysis concludes that
it may be assumed that the TT_USA represents the United States regarding its cultural values
(see Subsection 8.3.2 & Section 8.4).

The smaller or non-present effects of differences between the HMI concepts aggravate the
derivation of statements regarding relative validity, which is concerned with the direction and
magnitude of effects. The statistical power is further lowered due to limitations in the data
availability: due to crashes, technical problems, data quality issues, and exclusions (e.g., wrong
LoA at scenario start), the number of data points is considerably reduced in the observational
metrics, mainly affecting the LC-HMI subsamples. This issue is partly compensated by the
descriptive data analysis stressing the importance of different data types and sources.

The database is not sufficient to include confounding factors present in both experiments
(e.g., extreme weather conditions such as glare or heavy rain) in the statistical models.
However, these factors are considered in the inspection of outliers.

Equivalence tests could not be conducted with subsamples but with total samples
(TT_GER vs. TT_USA), only ignoring the variance through different HMI concepts. Tests with
subsamples, for example, TT_GER-LC versus TT_USA-LC, could not be conducted due to the
small sample sizes limiting the statistical power.

The Experimenter rating and the Final interview could be affected by the experimenter’s
awareness of the HMI and Exp condition of the respective participants. To a lesser magnitude,
the participants’ behavior and, therefore, other metrics could also be unconsciously affected by
the experimenter’s knowledge (e.g., Rosenthal effect, see Bortz & Doring, 2006, pp. 82-83) of
the experimental conditions.

In contrast to the experiments’ language in TT_GER (German), the experimenter in
TT_USA is not a native speaker (U.S.-American English). As shown in a study by Vatrapu and
Pérez-Quifiones (2006), this may have affected the extent and content of self-reported data. An
agency translated the materials. Nonetheless, misunderstandings of single terms (e.g.,
“emergency brake”) could not be entirely prevented. An effect on specific metrics, such as
TOT after Rtl or self-reported metrics covering understandability or satisfaction, is possible.
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An agency recruited U.S.-Americans living in Germany for a maximum of eight years
before the experiment. Due to the COVID-19 pandemic, travel and work visits were limited;
therefore, no stricter recruitment criteria could be applied. The samples are possibly drawn
from differing populations in experiments TT_GER and TT_USA. Due to similar sample
characteristics regarding sociodemographic features and driving behavior of the subsamples, a
potential effect is considered negligible. However, unprompted comments of participants
reveal potentially important sample characteristics that are not considered in the current
experiment: Single participants of TT_USA describe that they transferred prior knowledge of
experiences with Tesla vehicles to the interaction with the tested HMI concepts, thus posing a
confounding variable that is not systematically collected. Another potential confounding
variable is the familiarity with vehicles featuring automatic transmission, which is more
common in the United States than Germany. Thus, the different degrees of familiarity with
automatic transmission potentially reduce the cognitive demand and thereby increase the
subjective well-being of participants in TT_USA compared to TT_GER.

Regarding the study procedure, participants report feeling exhausted due to the duration
of the experiment and the extensive instructions. At the same time, participants note that the
study setting is too simple because of low speeds and missing obstacles, interactions with other
road users, or curves.

Several participants expressed their excitement for automated driving before, during, and
after the experiment (and their privilege to be part of the development process by partaking in
this study). Participants even answer questions about the HMI design with general statements
about automated driving. Participants seem to not separate these feelings of excitement from
the interaction with an HMI and provide generally high/positive ratings. Participants seem to
tolerate flaws and problems (to some degree) when the research subject is obviously in a
prototype state. The overall scores in the standardized questionnaires are high for both HMI
concepts. In the Final interview, participants mention different aspects in their critique, but
their overall rating is similar and positive for both HMI concepts.

Another aspect is that several times, participants activate the wrong LoAs without
noticing their mistake. Because of missing feedback from the system or the experimenter, they
could not consider these problems in the ratings but refer to their self-estimated performance
when evaluating the HMI. Mistakes may be left unconsidered if no feedback is provided
(Drew et al., 2018). No clear decision could be made for overall satisfaction in the between-
subject experiments. If participants had compared the two HMI concepts, the satisfaction
ratings may have shown clear differences. During the planning of the experimental design, a
within-subject design was excluded because of learning effects ruling out testing naive
participants. Furthermore, the study duration of a between-subject design is considerably
shorter.

The observations described in this subsection will be used to derivate recommendations
for the experimental method in Chapter 10.

7.4.4 Conclusion

The validation study Exp_Culture confirms relative validity for observational data (H:
partially confirmed) and self-reported data (H. partially rejected). The database is inconclusive

122



Validation Study Exp Culture: Effect of the Users’ Cultural Background on Metrics for
Assessing Usability of HMIs for L3 ADS in User Studies

to conclude absolute validity for observational or self-reported data. Based on the empirical
data available, it is believed that absolute validity is likely not to be achieved in potential
future studies, especially for studies conducted with more diverse cultures. Therefore, more
cultures should be examined that show greater differences in their cultural values than
Germany and the United States. However, the study provides valuable insights into the study
design for usability assessments of HMIs for L3 ADS. The study’s results confirm differences
between the HMI concepts (Hs confirmed). However, limitations of specific metrics detecting
differences in HMI concepts are identified.

This study may draw a practical conclusion: Usability assessments for HMIs for L3 ADS
may be conducted within one culture of the Western industrialized world. If the focus is on the
refinement of design elements mainly contributing to the facet satisfaction, the transferability
of results is expected to be limited.
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8 Validation Study Survey Culture: Effect of the Users’
Cultural Background on the Subjective Importance Rating
of Usability Factors in the Context of HMIs for L3 ADS

The validation study Survey Culture examines the effects of the users’ cultural
background on the self-reported importance of different usability factors in the context of
HMIs for L3 ADS. Self-reported data on cultural values and importance ratings are collected
via online surveys. The samples are drawn from the German population, the U.S.-American
population (currently residing in the USA), and from the experiment TT_USA conducted with
U.S.-American participants in Maisach, Germany. The data of the U.S.-American participants
in Maisach is collected in July and August 2021. The data from the other two samples is
collected between December 2021 and February 2022. This chapter aims to answer research
guestion RQ. and thus provides more insights into the importance of culture in usability
testing. Furthermore, the data are used to check whether the U.S.-American sample in TT_USA
represents the United States regarding its cultural values (see Section 7.2).

8.1 Hypotheses

The validation study Survey Culture seeks answers to research question RQs. The
literature presented in Section 2.4 confirms the existence of cultural differences. Cross-cultural
studies suggest that differences are more pronounced between Western countries and Asian
countries compared to differences between Western countries. Nonetheless, a previous study
by Roessger (2003) identifies differences between samples from the United States and
Germany regarding expectations and aesthetics in interface design— usability-related aspects.

Differences in the preferences of usability aspects are examined in this study. A list of
usability factors provided by Hinderks et al. (2019) is applied in this study (see
Subsection 8.2.2). Following the proposed mapping of cultural dimensions to usability criteria
by Sogemeier et al. (2022), the following tendencies for subjective importance ratings of
usability factors can be expected: Long Term Orientation is significantly more pronounced in
Germany compared to the United States (Hofstede Insights, 2023). Consequently, participants
from the United States are expected to show stronger preferences for factors relating to
processes that can be influenced independently (Sogemeier et al., 2022), such as the usability
factor Flexibility (Hinderks et al., 2019, see Table 8.2). The dimensions Individualism,
Uncertainty Avoidance, and Indulgence vs. Restraint have slightly differing scores in the
United States compared to Germany; that is, the United States show more pronounced
Individualism, more pronounced Indulgence, and less pronounced Uncertainty Avoidance
compared to Germany (Hofstede Insights, 2023). Thus, participants from Germany might
show stronger preferences for simple and organized interfaces that meet the participants’
expectations, while participants from the United States might have stronger wishes for options
for customization and individualization (Sogemeier et al., 2022). These differences may be
expressed in higher subjective importance ratings of the factors Appearance/Attractiveness,
Emotion/Affect, Fun, Identity, and Stimulation (Hinderks et al., 2019, see Table 8.2) for
participants from the United States compared to participants from Germany. Furthermore,
participants from Germany might emphasize the factors Controllability/Dependability and
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Trust/Credibility (Hinderks et al., 2019, see Table 8.2) compared to participants from the
United States. As the differences in the cultural values of the respective dimensions are only
minor, differences in the importance ratings of the factors are expected to be minor, too. The
dimensions Power Distance and Masculinity have similar scores in both cultures (Hofstede
Insights, 2023). Therefore, no expectations toward differing preferences are derived from the
mapping between cultural dimensions and usability criteria (Sogemeier et al., 2022).

Overall, the cultural values between the United States and Germany are similar.
Therefore, no substantial differences in the importance ratings of the usability factors are
expected. Nevertheless, small differences in the factors mentioned above are predicted based
on the literature findings and the model for mapping cultural values to usability criteria by
Sogemeier et al. (2022). Therefore, the following hypotheses for the validation study
Survey_Culture are formulated:

RQs4  Which effect has the users’ cultural background on the subjective importance rating of
usability factors in the context of HMIs for L3 ADS?

H; The factor Flexibility receives considerably higher importance ratings from
participants from the United States than from Germany.

H, The factors Appearance/Attractiveness, Emotion/Affect, Fun, ldentity, and
Stimulation receive slightly higher importance ratings from participants from
the United States than from Germany.

Hs The factors Controllability/Dependability and Trust/Credibility receive slightly
higher importance ratings from participants from Germany than from the
United States.

8.2 Method

The survey method is presented in the following section, covering the sample, the metrics,
the study procedure, and the data analysis. The goal is to gain insights into the relationship
between cultural values and individual ratings of the importance of usability factors in the
context of HMIs for L3 ADS. Unless stated otherwise, the translation of survey materials is
conducted by a team at the Chair of Ergonomics following the procedure of Jones et al. (2001).

8.2.1 Sample

The study comprises three samples: TT_USA, ON_USA and ON_GER. The sample
TT_USA partakes in the validation study Exp_Culture presented in the previous chapter (see
Chapter 7). In addition to the metrics presented in Section 5.6, the data presented in the
following subsection is collected. The other two samples only participate in this study via
online surveys. The sample ON_USA is recruited via Amazon Mechanical Turk (Amazon
Mechanical Turk, Inc., 2023), a crowdsourcing marketplace widely used in social sciences to
recruit participants (Cheung et al., 2017). The participation requirements ensure that residency
in the United States and citizenship as a U.S.-American are fulfilled. The participants receive
an incentive of 1 USD as compensation. The sample ON_GER is recruited via social media
platforms and the Chair of Ergonomics’ participant database.
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Sociodemographic data are collected to describe the sample and evaluate its
representativity. In addition to age and gender, participants provide data on their citizenship.

Regarding the driving background, participants report the mileage and driving frequency
of the last 12 months. Afterward, participants indicate their familiarity with the ADAS CC,
ACC, and LKA. If participants report familiarity with specific ADAS, a subsequent question
inquires on the frequency of using the ADAS. Finally, participants are requested to report their
prior knowledge of automated driving on a 5-point Likert scale with the anchors “0: no
knowledge” and “4: expert”.

The total sample of the validation study consists of N =110 participants. In TT_USA,
n = 42 participants are included in the sample (male: n = 23; female: n = 19; diverse: n = 0).
In ON_USA, n =30 participants are included in the sample (male: n = 20; female: n=29;
diverse: n =1). In ON_GER, n = 38 participants are included in the sample (male: n = 28;
female: n = 9; diverse: n =1). The mean age ranges between 38.14 (TT_USA, SD =9.8) and
51.08 (ON_GER, SD = 21.99). The minimum age of the participants is 20 (TT_USA), and the
maximum is 80 (ON_GER). While the age distribution of TT_USA and ON_USA are similar,
the mean age and the standard deviation of ON_GER are considerably higher.

The descriptive analysis of the driving background is summarized in Table 8.1. The
driving frequency is slightly higher in the sample ON_USA (“every day” or “several times a
week”: 86.67%) compared to ON_GER (“every day” or “several times a week”: 71.05%) and
considerably higher compared to TT_USA (“every day” or “several times a week”: 52.38%).
The mileage of TT_USA is lower (“< 5,000 km”: 50%) compared to the other two samples
(“< 5,000 km”: ON_USA = 50%; ON_GER = 28.95%). The experience with ADAS and the
frequency of using the systems is similar among the study samples. The reported prior
knowledge in the field of automated driving is slightly lower in TT_USA compared to the other
two samples. Only single participants in all three study samples indicate to have expert
knowledge.
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Table 8.1 Summary table of the descriptive analysis of the metrics on the driving background

for the study Survey Culture.

Proportion [% (n)]

Metric Response
TT_USA (42) ON_USA (30) ON_GER (38)
Every da 16.67 (7 46.67 (14 18.42 (7
y day
Frequency Several times a week 35.71 (15) 40 (12) 52.63 (20)
of driving Several times a month 14.29 (6) 0 (0) 10.53 (4)
(12months) | g5 than once a month 30.95 (13) 3.33(1) 18.42 (7)
Never 2.38 (1) 10 (3) 0 (0)
> 20,000 km 4.76 (2) 6.67 (2) 2.63 (1)
Mileage 10,001 km-20,000 km 14.29 (6) 26.67 (8) 26.32 (10)
(12 months) 5,001 km-10,000 km 30.95 (13) 40 (12) 42.11 (16)
< 5,000 km 50 (21) 26.67 (8) 28.95 (11)
No ADAS Yes 4.76 (2) 16.67 (5) 10.53 (4)
experience No 95.24 (40) 83.33 (25) 89.47 (34)
Several times a day 0 (0) 6.67 (2) 7.89 (3)
Every day 7.14 (3) 0 (0) 5.26 (2)
f Usage Every week 11.9 (5) 20 (6) 13.16 (5)
requency
(12 months): Every month 23.81 (10) 10 (3) 10.53 (4)
cC Seldom 50 (21) 33.33 (10) 34.21 (13)
Never 2.38 (1) 6.67 (2) 13.16 (5)
No prior experience 4.76 (2) 23.33(7) 15.79 (6)
Several times a day 2.38 (1) 3.33(2) 2.63 (1)
Every day 0 (0) 3.33(1) 5.26 (2)
f Usage Every week 2.38 (1) 10 (3) 7.89 (3)
requency
(12 months): Every month 9.52 (4) 6.67 (2) 7.89 (3)
ACC Seldom 19.05 (8) 10 (3) 13.16 (5)
Never 2.38 (1) 0 (0) 10.53 (4)
No prior experience 64.29 (27) 66.67 (20) 52.63 (20)
Several times a day 2.38 (1) 3.33(1) 2.63 (1)
Every day 4.76 (2) 6.67 (2) 15.79 (6)
. Usage Every week 2.38 (1) 3.33(2) 15.79 (6)
requency
(12 months): Every month 7.14 (3) 6.67 (2) 2.63 (1)
LKA Seldom 28.57 (12) 10 (3) 18.42 (7)
Never 2.38 (1) 6.67 (2) 10.53 (4)
No prior experience 52.38 (22) 63.33 (19) 34.21 (13)
Prior 4: expert 4.76 (2) 6.67 (2) 5.26 (2)
knowledge 3 9.52 (4) 30 (9) 26.32 (10)
in the field of 2 28.57 (12) 16.67 (5) 18.42 (7)
auéc!mated 1 40.48 (17) 30 (9) 23.68 (9)
rivin
g 0: no prior knowledge 16.67 (7) 16.67 (5) 26.32 (10)

Note. The mode values of each metric are indicated in bold.

8.2.2 Data Collection

In addition to sociodemographic data and the data on the driving background to describe
the sample, data on the cultural values and the usability factors are collected.
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As presented in Subsection 2.1.5, different models aim to make cultural values and
categorization measurable. In this study, the model of cultural values by Hofstede is applied
(Hofstede, 2011; see Subsection 2.1.5 for more details). The VSM (Hofstede & Minkov,
2013b) is applied to gain information on the cultural values of the samples. It consists of 24
items with differing response scales in Likert format. The questionnaire is available in both
German and English.

In a study by Hinderks et al. (2019), the authors identify 25 usability aspects listed in
Table 8.2. In this study, the authors provide a context and request that participants rate the
importance of each of the 25 factors on a 7-point Likert scale from “-3: not important at all” to
“+3: very important”. This procedure is repeated here with an adaptation of the context. The
context information requests the participant to imagine a situation where he or she drives a car
equipped with an ADS comprising three LoAs: L0, L2, and L3. Further information on the
ADS explains that an HMI indicates the active LoA and the availability of the LoAs L2 and
L3. The participant is informed that transitions between the LoAs may be conducted via the
HMI voluntarily or upon the ADS' request. Explanations and examples complement the
context information. Finally, the participant is requested to indicate for each factor how
important the factor or product quality is for him/her for the just described HMI.

8.2.3 Study Procedure

The survey starts with the informed consent of the participant. After that, the participant
provides sociodemographic data, followed by the VSM (Hofstede & Minkov, 2013b) and the
guestionnaire on the importance rating of the usability factors (Hinderks et al., 2019). The
survey closes with a free text field for comments. In TT_USA, the survey additionally serves as
the prequestionnaire for the validation study Exp_Culture. Thus, the participant information
for the informed consent differs slightly from that for ON_GER and ON_USA. The duration of
the survey is about 15 min.

8.2.4 Data Analysis

The analysis of the data is performed on a descriptive basis. The responses for the VSM
(Hofstede & Minkov, 2013b) are used to calculate scores for the six dimensions Power
Distance, Individualism, Masculinity, Uncertainty Avoidance, Long Term Orientation, and
Indulgence vs. Restraint. The formulas for each dimension include arbitrary constants that
prevent the interpretation of scores without comparing with other samples using the same
constants (Hofstede & Minkov, 2013a, 2013b). Thus, the scores are interpreted as relative
values related to the values obtained in the other samples in this study. These differences are
hereafter referred to as delta. The differences between the samples are visually compared to a
set of reference data provided by Hofstede Insights (2023). This reference data compares the
scores in the cultural dimensions from a German sample to a U.S.-American sample. The
constants applied to calculate scores in the reference data are unknown. Therefore, the
comparison between the reference data and the data obtained in this study is limited to
reviewing similarities and differences between the deltas in the six dimensions.

The three samples’ mean scores and standard deviations for each usability factor are
calculated. For each sample, the usability factors are ranked based on the mean scores. These
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rankings are compared to each other. Furthermore, noticeable differences between the samples
or standard deviations are examined.

The data analysis and visualization are conducted with the statistical software R (R Core
Team, 2022) using the packages tidyverse (Wickham et al., 2019), reshape (Wickham, 2007),

skimr (Waring et al., 2022), and ggplot2 (Wickham, 2016).

Table 8.2 Description of the usability factors from Hinderks et al. (2019, pp. 1724-1726).

Usability Factor

Description

Appearance/
Attractiveness

Completeness

Controllability/
Dependability

Convenience
Craftsmanship
Ease of use

Efficiency
Emotion/Affect
Flexibility

Fun
Helpfulness

Identity
Immersion
Intuitive Operation

Learnability/
Perspicuity

Loyalty

Novelty
Originality

Overall

Relevancy

Pragmatic Quality
Simplicity

Social Influences

Stimulation
Trust/Credibility

“The product is attractive, beautiful and/or designed in an appealing way.”

“The user considers the information and/or functionality provided and/or offered
to the user by the product to be complete.”

“The product always responds to user interaction in a predictable and consistent
way.”

“The product makes life easier and/or makes performing a task easier.”

“The product appears to be of high quality and robust.”

“The product is easy to operate.”

“The user can reach their goals with minimum time required and minimum
physical effort.”

“The product causes positive or negative emotions in the user.”

“The user can adapt the product to their personal needs and requirements and/or
their working style.”

“Interacting with the product brings the user fun.”
“The product helps the user.”

“The user can relate to the product and adopt properties of the product for
himself.”

“When interacting with the product, the user loses track of time.”

“The user is able to operate the product with their present skills immediately and
without any training or instruction by others.”

“It is easy for the user to perform their tasks with the product.”

“The user is so convinced of the product that they tell others about it in a positive
way and use the product again and again themselves.”

“The product is new or innovative.”
“The product is designed in an interesting and unusual way.”

“Describes the overall impression of the product in general. The product is good
or poor in summary. This is typically a valence factor.”

“The information provided to the user by the product is relevant and/or significant
to the user.”

“The product is practical and functional overall.”
“The product is simple in operation.”

“Interacting with the product helps the user to socialize or present themselves in
a favorable way.”

“Working with the product encourages the user to work with it again and again.”
“The product appears trustworthy to the user.”

Note. The German version is partially based on Winter et al. (2017), supplemented by translations
conducted at the Chair of Ergonomics following Jones et al. (2001).
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8.3 Results

This section describes the results of the cultural dimensions and the subjective ratings of
the importance of usability factors.

8.3.1 Cultural Dimensions

The results are described for each of the dimensions. First, the expected differences
between the U.S.-American samples TT_USA and ON_USA and the German sample ON_GER
are described based on the reference data (Hofstede Insights, 2023). After that, the differences
between the samples in the study are examined. The results are visualized in Figure 8.1. The
deltas are calculated as the difference between the German sample (Ref GER) and the U.S.-
American sample (Ref _USA) in the reference data (Aret cer), and the difference of ON_USA
and ON_GER to TT_USA in the study data (Aon_usa & Aon_cer), respectively.

1009 [J Ref USA [] Ref GER
80 —
o
3 60-
x
T 40-
20 r
0 - |
ity dan tatlo"‘ s'cr’cl‘r"L
pista" ldUa“s cU“n‘ Avol or|en 5. Re
powe’ dN Ma S erta' Lond Term ndu genC
1004 [@ 77 USA [J ON USA [l ON_GER
80 -
I
§ o
x
T 401
20 1
0 -
tion traint
jstdl dua| Cuunl ty ldaﬂ |enta Res
pow wer D Indiv! Mas Uncertalr\ty Lond ormO" nd |gen09\/

Figure 8.1 Visualization of the score differences for the cultural dimensions between the
samples of the reference data (top) and between the study samples of the study

Survey_Culture (bottom).

The reference data (Hofstede Insights, 2023) shows that the Power Distance score is
slightly smaller in Germany than in the United States with Ager cer = -5. The trend in the study
is the same with Aon cer = -21.6, though the difference is more pronounced. The difference
between the U.S.-American samples in the study is small, with Aon usa = -6.7.
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The reference data (Hofstede Insights, 2023) shows that the Individualism score is smaller
in Germany than in the United States, with Aret ger = -24. The trend in the study is the same
with Aon_cer = -15.2., though the difference is less pronounced. The difference between the
U.S.-American samples in the study is considerable, with Aon usa = -25.2. This results in a
lower Individualism score in ON_USA compared to ON_GER, showing a different trend than
the reference data and Aon cer.

The reference data (Hofstede Insights, 2023) shows that the Masculinity score is slightly
higher in Germany than in the United States with Aret cer = 4. The trend in the study is the
opposite, with Aon cer = -12.2. The overall distance is rather small. The difference between the
U.S.-American samples in the study is small, with Aon_usa = 12.2. This results in an even more
pronounced difference between the samples ON_USA and ON_GER compared to the reference
data than Aon_cer.

The reference data (Hofstede Insights, 2023) shows that the Uncertainty Avoidance score
is higher in Germany than in the United States with Arer cer = 19. The trend in the study is the
same with Aon cer = 25.5., though the difference is slightly more pronounced. The difference
between the U.S.-American samples in the study is small, with Aon_usa = 11.9. This results in a
less pronounced difference between ON_USA and ON_GER compared to the reference data or
AON_GER.

The reference data (Hofstede Insights, 2023) shows that the Long Term Orientation score
is considerably higher in Germany than in the United States, with Aret cer = 57. The trend in
the study is different: All three samples yield about identical scores, with Aon cer = 1.2 and
Aon_usa = 0.9.

The reference data (Hofstede Insights, 2023) shows that the Indulgence vs. Restraint score
is considerably smaller in Germany than in the United States, with Aret cer = -28. The trend in
the study is different: The difference between the U.S.-American samples is small, with
Aon_usa = 7.7. The difference between the U.S.-American and German samples is considerable
and in the opposite direction with Aon cer = 101. In the study, the Indulgence vs. Restraint
score is considerably higher in ON_GER than in the U.S.-American samples.

8.3.2 Subjective Rating of Importance of Usability Factors regarding
HMIs for L3 ADS

The mean scores and the standard deviations for each of the usability factors and the three
samples are displayed in Figure 8.2. The sample of TT_GER has the highest overall mean and
the lowest standard deviation (Mt usa = 1.44, SDrr usa = 1.14), and the sample of ON_USA
has the lowest overall mean and the highest standard deviation (Mon usa=1.11,
SDon_usa = 1.68). The overall mean and the standard deviation of ON_GER is between the two
U.S.-American samples (Mon_cer = 1.28, SDon_cer = 1.21). The variance of the single factor
ratings increases as the mean rating decreases. In general, the ratings of the single factors are
very similar among the samples. Only the factor Fun receives considerably differs between the
samples with MTT_USA =0.64 (SDTT_USA = 1.45), MON_USA =-0.3 (SDON_USA = 1.88), and
Mon_cer = 1.18 (SDon_cer = 1.33). Due to a technical problem, data for the factor Relevancy
are missing, and the factor is therefore not included in the analysis.
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Figure 8.2 Bar chart visualizing the results of the importance scores for the usability factors
(Hinderks et al., 2019) in the study Survey_Culture.
Note. The scores are ordered based on the overall mean scores. The error bars display the SD. Due to a

technical problem, data for the factor Relevancy are missing.

8.3.2.1 Factors Included in the Hypotheses

The hypotheses concern differences in the importance ratings of eight usability factors of
Hinderks et al. (2019). Table 8.3 presents these eight factors' mean ratings and respective
ranking positions. Considering the small differences in the overall means between the samples,
the ranking positions are included to provide information on the importance rating of the
respective factors in relation to the other factors—the relative importance ranking.

Hypothesis H: predicts considerably higher importance ratings for the factor Flexibility
from participants from the United States compared to participants from Germany. The results
show similar mean ratings and similar relative importance rankings. The ranking position of
the ON_GER sample is 14. Thus, the factor Flexibility receives a relative importance ranking
lower or the same as in the U.S.-American samples (TT_USA: 14 & ON_USA: 11).

Hypothesis H, predicts slightly higher importance ratings for the factors
Appearance/Attractiveness, Emotion/Affect, Fun, Identity, and Stimulation from participants
from the United States compared to participants from Germany. As described before, the factor
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Fun shows considerable differences between the samples. In the relative importance rating, the
factor is ranked at position 15 in ON_GER and at position 21 in both U.S.-American samples,
while the mean of ON_GER lies between the means of the U.S.-American samples. The other
factors do not paint a clear picture. The ranking positions among the three samples are the
same or deviate only about one position. The means of the factors Identity and Stimulation
reflect, like the factor Fun—the general tendency in the response behavior with the ON_GER
mean lying between the means of TT_USA and ON_USA. For the factors
Appearance/Attractiveness and Emotion/Affect, the means of ON_GER are slightly lower than
those of the U.S.-American samples.

Hypothesis Hs predicts slightly higher importance ratings for the factors
Controllability/Dependability and Trust/Credibility from participants from Germany compared
to participants from the United States. The factor Controllability/Dependability is ranked in the
second position in ON_GER and the first in the U.S.-American samples. The mean of
ON_GER (M = 2.47, SD = 0.76) is lower than the mean of TT_USA (M = 2.86, SD = 0.35) and
very similar to the mean of ON_USA (M = 2.4, SD = 1.33). The factor Trust/Credibility is
ranked at position 8 in ON_GER and positions 2 and 3 in TT_USA and ON_USA, respectively.
The mean of ON_GER is lower than the means of the U.S.-American samples.

Table 8.3 Ranking positions of the usability factors (Hinderks et al., 2019) included in the
hypotheses in the study Survey Culture.

Hvpothesis Usability factor Ranking position (M; SD)
yp (Hinderks et al., 2019) TT_USA ON_USA ON_GER
Hai: considerably
higher importance
14 11 14
ratings in the United Flexibility ] ] )
States than in (1.4; 1.19) (1.53;1.62)  (1.55;1.13)
Germany
. 15 15 16
Appearance/Attractiveness (1.24: 1.36) (1.03; 1.47) (1: 1.59)
. 19 18 19
Emotion/Affect ; ;
Hz: slightly higher (0.67,1.08)  (0.51.83)  (0.29;1.56)
importance ratings 21 21 15
in the United States Fun (15;145)  (0.3;1.88)  (1.18;1.33)
than in Germany dentit 20 19 20
y (0.67;1.56)  (0.1;2.04)  (0.18;1.66)
Stimulation 17 17 17
(1.1; 1.25) (0.53;2.18)  (0.95;1.31)
Ha: slightly higher  controllability/Dependabili ! ! 2
importance ratings yimep ty (2.86; 0.35) (2.4;,1.33) (2.47;0.76)
in Germany than in TrustiCredibil 2 3 8
the United States rustiCredibility (2.52;0.74)  (2.07;155)  (1.97;1.1)

8.3.2.2 Highest-Ranked Factors

For each sample, the usability factors are ranked based on the mean scores. The five
highest-ranked usability factors per sample are compared to each other in Table 8.4. The
factors Controllability/Dependability and Ease of Use are rated among the most important
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factors in all samples. Additionally, the factors Trust/Credibility and Pragmatic Quality are
ranked highly in the U.S.-American samples TT_USA and ON_USA. In ON_GER, these factors
rank 8 and 7, respectively. In ON_GER, the factors Helpfulness and Craftmanship rank 3 and
4, respectively. ON_USA ranks Helpfulness at position 4 (TT_USA: position 10). Craftmanship
receives ranking positions 8 in TT_USA and 7 in ON_USA.

Table 8.4 Comparison of the ranking positions of the highest-ranked usability factors (Hinderks
et al., 2019) in the study Survey Culture.

Ranking position (M; SD) in

Usability factor

TT_USA ON_USA ON_GER
N N 1 1 2

Controllability/Dependability (2.86; 0.35) (2.4; 1.33) (2.47: 0.76)
" 2 3 8

Trust/Credibility (2.52; 0.84) (2.07; 1.55) (1.97; 1.1)
3 5 1

Ease of Use (2.5; 0.63) (1.93; 1.48) (2.55; 0.65)
Pragmatic Qualit 4 2 !

9 y (2.29; 1.04) (2.27; 1.26) (2; 0.87)
Convenience 5 6 10

(2.26; 0.73) (1,9; 1.49) (1.87; 1.04)
. 8 7 4

Craftmanship (2.1; 1.08) (1.9; 1.81) (2.18; 0.9)
Helpfulness 10 4 3

P (2.1; 0.82) (2: 1.62) (2.21: 0.81)
Simplicit 11 13 >

phicity (2.92: 1) (1.43: 1.76) (2.18: 0.8)

Note. The five highest-ranked factors per sample are indicated in bold.

8.4 Discussion

This section discusses the results under consideration of the hypotheses and subsequently
reflects the limitations of this validation study. The section closes with the conclusion of the
study’s results.

8.4.1 Discussion of Results and Hypotheses

The descriptive analysis of the cultural values shows that, overall, the differences between
the cultural values of TT_USA and ON_USA are minor. Therefore, it may be assumed that the
U.S.-American sample recruited in Germany for TT_USA represents the United States
regarding its cultural values. Furthermore, most dimensions show the same or similar trends
for the differences between German and U.S.-American samples compared to the reference
data (Hofstede Insights, 2023). There are two exceptions: The dimension Long Term
Orientation shows no differences between the samples in the study. In contrast, the reference
data shows a considerably higher score in Germany compared to the United States. For the
dimension Indulgence vs. Restraint, the reference data shows considerably higher scores for
the United States than Germany. This contradicts the study results where ON_GER yields
considerably higher scores than the U.S.-American samples TT_USA and ON_USA. The
reasons for these differences are unclear. Previous studies have encountered similar problems
naming attitudes, selection processes, and small sample sizes as possible reasons (e.g.,
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Hofstede, 2013 on a study of Fischer & Al-Issa, 2012; Khan et al., 2016; Young et al., 2012).
Possible influences could be attributed to differences in the sample, such as age. While the age
distribution is similar for TT_USA and ON_USA, ON_GER features a considerably higher
mean age and standard deviation. Differences in the demographic features of the samples
might severely affect the scores on the cultural dimensions or, as Hofstede (2013, p. 5) puts it:
“Valid cross-cultural studies compare apples with apples across countries; basing a country
comparison upon apples in one country versus oranges in another (or even in the same)
country or countries produces fruit salad.”

Regarding the subjective ratings of usability factors, the ratings are very similar among
the samples. The variance is high in all samples and increases as the mean ratings decrease.
The high means and small standard deviations for some of the usability factors (e.g.,
Controllability/Dependability) may be an indicator of a ceiling effect; that is, the rating scale is
not sufficient to reflect variances in extreme response areas (Bortz & Doring, 2006, p. 558).

The usability factors Controllability/Dependability and Ease of Use are rated among the
most important factors in all samples. Additionally, Trust/Credibility and Pragmatic Quality
are ranked highly in the U.S.-American samples, while the German sample attributes high
importance ratings to the factors Helpfulness and Craftmanship. Only one factor—the factor
Fun—receives importance ratings considerably differing among the three samples. The survey
results indicate that the subjective importance of different usability factors in the context of
HMIs for L3 ADS does not differ substantially between different cultures.

This leads to the answer to the three hypotheses formulated based on the literature
findings in Section 2.4.

H: The factor Flexibility receives considerably higher importance ratings from
participants from the United States than from Germany.

Ho The factors Appearance/Attractiveness, Emotion/Affect, Fun, Identity, and Stimulation
receive slightly higher importance ratings from participants from the United States
than from Germany.

Hs The factors Controllability/Dependability and Trust/Credibility receive slightly higher
importance ratings from participants from Germany than from the United States.

The descriptive analysis of the data comprises examining the means and standard
deviations, and ranking the single usability factors relative to the other usability factors. As
described, the results do not indicate clear differences between the samples. Instead, seven of
the eight factors receive quite similar means. Only the factor Fun shows different means, with
the mean rating in ON_USA differing considerably from the mean ratings in TT_USA and
ON_GER. Moreover, the relative importance ratings do not support the hypotheses. Regarding
hypothesis Hi the relative importance rating compared to other usability factors does not
indicate the expected higher importance ratings compared to TT_USA and ON_USA (positions
14 & 11, respectively). In hypothesis Hy, slightly higher importance ratings for the five factors
Appearance/Attractiveness, Emotion/Affect, Fun, Identity, and Stimulation are expected for the
U.S.-American samples compared to the German sample. Instead, the ranking positions are the
same or deviate only about one position in all three samples. The only exception is the factor
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Fun—the rankings (TT_USA & ON_USA: 21 & ON_GER: 15) contradict the hypothesis. The
same is evident for Hs where slightly higher importance ratings for the two factors
Controllability/Dependability and Trust/Credibility are expected for the German sample
compared to the U.S.-American samples. Again, the rankings (Controllability/Dependability:
TT _USA & ON_USA: 1, ON_GER: 2; & Trust/Credibility: TT_USA: 2, ON_USA: 3, &
ON_GER: 8) are contrary to the hypothesis.

8.4.2 Discussion of Limitations

The results need to be considered in light of the study’s limitations. Only two Western
industrialized cultures are compared. Differences between more diverse cultures likely exist
for the subjective importance rating of usability factors in the provided context (e.g., Chau et
al., 2002; Frandsen-Thorlacius et al., 2009; Young et al., 2012). The samples are recruited via
different methods, which might have affected specific sample characteristics. Furthermore, the
age distribution of ON_GER differs considerably from the age distributions of TT_USA and
ON_USA. The proportion of females ranges between 24% in ON_USA and 45% in TT_USA.
This might have affected the importance ratings since gender and age are known to influence
usability and related constructs for ADAS and ADS (Liu et al., 2021; Piao et al., 2005; Rodel
et al., 2014). The small size of the samples limits the data analysis to descriptive examinations
of trends with rather high variances. The existence of user groups could explain the high
variances. Due to the sample sizes, no analysis targeted to identify user groups could be
conducted. No other information, for example, via interviews, could have supported the
interpretation of the results, such as the trends for the dimensions Long Term Orientation and
Indulgence vs. Restraint deviating from the reference data. Differences in the overall means
and standard deviations between the samples could be identified, with ON_GER having the
highest means and lowest standard deviations and ON_USA having the lowest means and
highest standard deviations. This observation could indicate a difference in the response
behavior described by previous researchers (Douglas & Liu, 2011; Moss & Vijayendra, 2020).
Potential biases in the response behavior limit the value of analyzing the means alone. Thus,
the contemplation of the relative importance ratings is recommended as the superior analysis
tool. Due to a technical problem, data are missing for one of the twenty-five usability factors
(Relevancy). Thus, the analysis of the usability factors, as presented by Hinderks et al. (2019),
could not be fully repeated.

8.4.3 Conclusion

The results of the validation study Survey Culture allow the conclusion that the U.S.-
American sample recruited in Germany for TT_USA represents U.S.-American citizens
regarding its cultural values. Furthermore, comparing between the reference data for Germany
and the United States provided by Hofstede Insights (2023) and the study samples yields the
same or similar trends for four dimensions. The study results for the two dimensions Long
Term Orientation and Indulgence vs. Restraint differ considerably from the reference data.
Possible influences could be attributed to differences in the sample, such as age.

Regarding the research question and the posed hypotheses, no considerable and
systematic influence of the users’ cultural background on the subjective importance rating of
usability factors (Hinderks et al., 2019) in the context of HMIs for L3 ADS could be identified.
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Thus, all three hypotheses are rejected. The usability factors Controllability/Dependability and
Ease of Use are rated among the most important factors in all samples.

This study may draw a practical conclusion: Usability assessments for HMIs for L3 ADS
may be conducted within one culture of the Western industrialized world. However, the
transferability of results to more diverse cultures is expected to be limited.

137



Expert Workshop: Recommendations for Methods for Assessing Usability of HMIs for L3
ADS in User Studies

9 Expert Workshop: Recommendations for Methods for
Assessing Usability of HMIs for L3 ADS in User Studies

This chapter presents the results of an expert workshop. In this workshop, a set of
preliminary recommendations for assessing usability in HMIs for L3 ADS is discussed. The
preliminary recommendations are derived from the findings and experiences of the studies
Exp_Testing-Environment, Exp_Culture, and Survey Culture. They serve as a starting point
for the expert discussion and do not claim to be final. The expert workshop is conducted in
February 2023 after a preparation phase requiring input from the experts between December
2022 and January 2023. The results are incorporated into deriving the final recommendations
presented at the end of this chapter.

9.1 Method

The expert workshop is conducted with five employees of the Chair of Ergonomics. The
experts are selected due to their prior experiences with user tests in the field of HMIs for ADS.

The experts are required to provide input during a preparation phase of four weeks.
Information is provided in written form and video format, covering the workshop procedure,
the instructions, and background information. The background information includes an
overview of the studies Exp_Testing-Environment, Exp_Culture, and Survey Culture. After
familiarizing the studies, the experts are requested to provide their inputs to the
recommendations. The experts fill out a table that lists 15 recommendations, complemented
with comments and supporting observations from the empirical data. Furthermore, a preface
clarifies the goal and application context of the recommendations.

The experts rate their level of approval for each of the 15 recommendations on a 7-point
Likert scale (-3: “I completely disagree”; -2: “I disagree”; -1: “I rather disagree”; 0: “I am
uncertain”; +1: “I rather agree”; +2: “I agree”; +3: “I completely agree”) and comment their
thoughts for each of the recommendations. The instructions encourage the experts to critically
reflect on the recommendations based on their experiences and suggest additional
recommendations.

The experts’ input is prepared for the second phase of the workshop. This phase is
conducted in a 4hr session at the Chair of Ergonomics in February 2023. The
recommendations, their supporting observations, the experts’ comments, and their ratings are
printed out and pinned on whiteboards. These whiteboards are installed for the workshop,
leaving space for editing and further comments (see Figure 9.1). The session is moderated by
the author of this thesis. The experts discuss the recommendations based on their professional
experience and the provided information. The discussion results are consolidated and
documented by the moderator. The final set of recommendations is derived following the
results of the expert workshop.
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Figure 9.1 Setting of the expert workshop on recommendations for methods for assessing the
usability of HMIs for L3 ADS in user studies. Five experts participate in the workshop at the
Chair of Ergonomics in February 2023.

9.2 Preliminary Recommendations and Results of the Expert
Workshop

This section presents the preliminary set of recommendations and the workshop results.
The recommendations are assigned to different categories intended to provide a structure for
the discussion. The four categories are Experimental Design, Testing Environment, Procedure,
and Sample. Each recommendation is complemented by one or more observations obtained in
the studies Exp_Testing-Environment, Exp_Culture, and Survey Culture. Single
recommendations include comments reminding of the limitations of the recommendations as
stated in the preface. The experts’ ratings in the workshop’s preparation phase and the results
of the workshop session are included. The summary is presented in Table 9.1.

Besides the recommendations, the preface is discussed, and suggestions for rephrasing it
are made. The preface informs the experts about the goal and application context of the
recommendations. It is formulated as follows:

The recommendations refer to experiments aiming to assess the usability of HMIs
for L3 ADS that are still in a prototype state. Experiments following these
recommendations may help to identify flaws in the design of specific HMI
components and compare different design approaches. The recommendations do
not cover validations of HMIs integrated into series vehicles for the final
approval for market launch.

During the discussion of the preface and the recommendations, the experts identify
several aspects that should be added to the preface or that need rephrasing. First, it should be
specified that the goal and application context are the assessment of intuitive and relative
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usability. This means that the assessments focus on usability during first-contact interactions.
Furthermore, the recommendations are formulated for comparisons of different HMI concepts
and do not claim to provide absolute usability ratings sufficient for assessing one HMI concept
alone. Second, the experts want to stress that safety and ethical considerations in planning the
experimental design are always prioritized over the recommendations. Additionally, every
recommendation should be weighed against whether it is compatible with the research
questions of the planned experiment: An experimental design compatible with the research
guestion must be prioritized over the recommendations. Third, the experts suggest including
the definition of usability applied in the recommendations (i.e., ISO standard 9241-11, ISO,
2018a) in the preface instead of stating it in a recommendation (preliminary
recommendation 1). Moreover, the experts suggest structuring the recommendations by
assigning them to the definition’s elements. Thereby, it becomes clear which recommendations
are usability-specific and which could be transferred to experimental designs with other
research focuses.
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Table 9.1 Overview of the preliminary recommendations with supporting observations and results of the expert workshop with proposed changes.

o . Rating
# | Category Pre"m'“?‘ry recommendation Supporting observation [M (SD); Proposed changes by experts
[optional comment] Med]
Apply the definition of ISO ) . L . .
standard 9241-11 (SO, 2018a, The_facet_satlsfactlon is cov_ered in standardized Discard:
1| 2). Investigate usability b questionnaires and the Final interview. The overall 1.8 - The applied definition of usability and the
Experimental I(C:)énve-rin all t?wree facets T ratings for both HMI concepts are high, while the (1.17); related [?gcets of usability should l)ale included
Design N9 - Final interviews' results reflect differences between 2 . . Y :
effectiveness, efficiency, and in the preface, not in a recommendation.
X . the concepts.
satisfaction.
- Several participants express their excitement for
automated driving. They seem to superimpose these
If the test focuses on satisfaction, feelings, leading to high/positive ratings while Reformulate for mitigation:
2| apply a within-subject design. If tolerating identified flaws and problems. o Instead of recommending a specific
Experimental  the test focuses on effectiveness - Naive participants have no background knowledge 2 (1.55); rgsearch design, the advaljtages and.
Design and efficiency. apply a between- and, therefore, no mtgrnal reference system that 3 d!sadvantages of each_d_e3|gn regarding the
. . Y, apply they may apply in ratings of ADS HMs. different facets of usability should be focused
subject design. - In between-subject designs, HMI concepts can be on.
tested with (fully) naive participants, and no learning
effects need to be considered.
Define a set of test cases that
covers the most important o Reformulate and shorten:
3 _ transitions (such as switching - _Only test cases addressing implemented 1.4 - The testing of all HMI elements, as
Experimental differences in the HMI concepts reflect these (1.02); presented in Bengler et al. (2020), should be
) between LO & L3) and the NHTSA . ; "
Design differences (e.g., Rtls). 1 covered, ensuring that transitions, etc. are

minimum requirements (NHTSA,
2017).

covered.
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o . Rating
# | Category PreI|Er;|gt?(r)¥];(|e(égmrrnn22(tj]atlon Supporting observation [M (SD); Proposed changes by experts
Med]
Shorten:
Define a set of observational and - A set of metrics should be defined,
self-reported metrics that covers covering all three facets of usability, as
all threpe facets of usability as defined in the 1ISO standard 9241-11 (ISO,
4 defined in the ISO standard 9241- . . i il 1.2 o). it ofh
Experimental 11 (1SO, 2018a), AND the most - Different metrics uncover different usability (0.98); - Due to repetition with other 3
Desion im ortar,n transitions (such as problems in both HMI concepts. 5 e recommendations, the section on transitions
9 sw?tching between LO & L3), AND and the NHTSA minimum requirements
the NHTSA minimum requirements (NT—SA’ 2.0.17).ShOU|d be.omlltted.
(NHTSA, 2017) - The specn‘lcatlon of metrics into _
' ’ observational and self-reported metrics
should be included in Recommendation 5.
Reformulate for clarification:
- The qualitative analysis of control paths provides - The collection of qualitative vs. guantitative
Do not rely on inferential statistics q Y paths p data and self-reported vs. observational data
; both success rates and type of errors while the TOT
alone, but also consider ! . should be recommended.
5] - o confirms differences between the HMI concepts. 1.8 ) .
E . descriptive and qualitative . - ) - The analysis through descriptive as well as
xperimental ; o - Participants notice HMI flaws and problems. They (1.94); . . s .
: analyses, especially qualitative . - ; . inferential statistics should be advised.
Design . - . express these in the interviews. However, their 3 o
interviews, open questions, or critique does not affect the aenerally high ratings in - Future research should be initiated to
other possibilities for feedback. uegtionnaires 9 yhg 9 obtain absolute usability assessments with
q ’ thresholds such as “acceptable” or “good”
usability.
- Some participants do not notice interaction
6 If the study design allows, provide ml_stak.es (e.g., wrong LoA). Consequently, thel_r 18 Reform_ulate for mitigation: _
£ . .~ ; objective performance measurements may deviate . - Attention should be drawn to the potential
xperimental - feedback on participants' errors from their subjective performance. Mistakes may be (1.47); discrepancy between objective and
Design and interaction problems. X

left unconsidered if no feedback is provided (Drew et
al., 2018).

subjective performance.
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. . Rating
# | Category Pre"m'“?‘ry recommendation Supporting observation [M (SD); Proposed changes by experts
[optional comment] Med]
Split into two recommendations:
L . - The study Exp_Testing-Environment confirms - A first recommendation should recommend
Conduct tests in driving simulators. - - . - ) e ) .
- . relative validity between the environments driving conducting tests in driving simulators instead
The environment should simulate - ' . L
L o . simulator and test track. of field studies providing reasons for the
7| a realistic setting, including other o : . o 1.6 ;
. - A driving simulator experiment is risk-free, allows ) choice.
Testing road users, curves, etc. hiah dardizati d ad bili (0.49); A d dati hould f
Environment  [HMIs should be validated in igher standardization and adaptability (e.g., R - A second recommendation should focus on
naturalistic settinas before their weather conditions, data quality, & test route), and is the design of the simulated environment. A
final approval ] g more efficient (e.g., time & costs) than a test track realistic setting (e.g., implementation of
PP ' experiment. curves, other traffic participants, & higher
speeds) is suggested.
Test the first contact interaction .
and give only general instructions - . oo . Shorten: o )
. - Participants receive no detailed instruction or - It should be clarified that the first contact
on the ADS functions and S . . . . )
L . training on handling the HMI concepts. This allows interaction refers to the research subject,
responsibilities beforehand without . . S . . o
) e testing whether the handling of a system is intuitively i.e., the HMI in total or a specific HMI
detailed descriptions of the HMI or . . . L .
8| . understandable without consulting the manual 2.6 (0.8); element. Prior interactions (e.g.,
the ADS operation. p - S h . .
Procedure [Resource-intensive experiments (“rental car scenario”, see Albers, Radlmayr, et al., 3 familiarization drive) with the ADS in general
P 2020 or Forster, Hergeth, Naujoks, Krems, & or elements of the HMI that are not focused
on long-term usage should be . A X
- > Keinath, 2019), which is highly important from a on are accepted.
conducted only if good usability of ) . o .
: . —— safety point of view. - The specification instructions should be
the HMI is established for intuitive . . .
use.] included in Recommendation 9.
Provide instructions that are as . Reformulate for clarification:
. . - Several participants comment that they were . -
short as possible and briefly - S . - Details should be kept to a minimum,
9| . . overwhelmed and overloaded with information inan 2.6 (0.8); . « ”
explain the ADS functions and . o . referring to the “rental car” problem (see
Procedure . S . unknown domain (amplified due to tension due to the 3
resulting responsibilities in plain study participation) Albers, Radlmayr, et al., 2020 or Forster,
language. yp P ' Hergeth, Naujoks, Krems, & Keinath, 2019).
. . - Several participants comment that they were Discard:
Conduct experiments with a o S 2.2 L
10| - . overwhelmed and overloaded with information in an . - The recommendation is deemed too
maximum study duration of 2.5 hr . s . (2.17); X : o
Procedure (or include breaks) unknown domain (amplified due to tension due to the 3 generic. Only recommendations specific to

study participation).

usability assessments should be included.
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o . Rating
# | Category PreI|Er;|gt?(r)¥];(|e(égmrrnn22(tj]atlon Supporting observation [M (SD); Proposed changes by experts
Med]
Reformulate for clarification:
- The question should be posed before
- Many participants express their excitement for obtaining the qualitative feedback on the
- automated driving. Participants even answer HMI. The discussion ends undecided
fr‘]”e?mggmcfz%s trr?oor ;?Se;rf)ress questions about the HMI design with general 26 whether the question should be posted even
11| automate dg driving in gneral statements about automated driving. If participants (d 49). before obtaining the quantitative feedback or
Procedure before requestin gfee%back onthe \Vere allowed to express their feelings and thoughts 3 n possibly in an additional question before the
HMI concqe ts 9 on automated driving in general, it might increase test drive.
pis. the ability to rate the HMI concept detached from the - Future research should be initiated on the
context of the study. potential effect of the attitude toward
automated driving on quantitative
assessments of HMIs for ADS.
- The study Exp_Culture confirms relative validity
between the two samples from Germany and the
United States. Furthermore, participants from
Conduct tests within one culture Germany and the United States rate
12| [HMIs should be validated in ' Controllability/Dependability and Ease of Use 0.8 Discard:
Sample different cultural settinas before (Hinderks et al., 2019) among the most important 1.72); - The empirical data is deemed insufficient to
P final approval ] 9 factors. Only second-order factors and design 1 formulate this generic recommendation.
pp ‘ aspects show differences between the samples,
implying differing preferences (= facet satisfaction).
- The implementation of the experiment in only one
culture is more efficient.
- The effects in the standardized questionnaires are
. too small to be detected with the available sample . .
Apply sample sizes of at least 20 - . Discard:
2 sizes. The database of other metrics such as eye- . N
13| participants per subsample. tracking is reduced due to crashes. wron 2.4 (1.2); - The recommendation is deemed too
Sample Include some buffer regarding the 9 ! 9 3 generic. Only recommendations specific to

planned statistical tests.

preconditions (e.g., wrong LoA at scenario start),
missing suitability of participants (e.g., bifocals), and
insufficient data quality (glare, heavy lids, ...).

usability assessments should be included.
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. . Rating
# | Category Pre"m'“?‘ry recommendation Supporting observation [M (SD); Proposed changes by experts
[optional comment] Med]
Reformulate to shift the focus:
- A target user should be defined, and the
characteristics should be included in the
recruitment criteria, ensuring that the sample
- Participants must be naive to investigate the represents the target user.
Recruit participants who are naive intuitive use during first contact interactions. - The term “naive” should be avoided to
14| re ardinp HMIF')s for ADS and cover - Female and older participants seem to be more 1.6 preserve the relevance of the
Sample a galancged aoe and gender insecure. Additionally, some older participants (1.02); recommendation: It is expected that in future
P distribution 9 9 comment that they struggle with reading small (italic) 2 settings, automated driving might already be
) fonts and report using reading glasses, but not more prevalent. It is deemed possible that
necessarily glasses for driving. depending on the research focus, the user
group of interest might have prior experience
with automated driving, which can be both a
benefit as well as a handicap (“wrong”
mental model).
Inquire about the participants’
driving experience (general and L
regarding ADAS) and prior - Single participants comment unprompted that they Shorte_n and S|mpllfy.
- . ’ ; - The first sentence is deemed to be a
knowledge of automated driving. If  transferred prior knowledge of experiences with - .
15 . N . . - . . repetition of Recommendation 14.
| possible, inquire after the Tesla vehicles to the interaction with the HMI 2.4 (1.2); T .
; - L - It should be inquired after the experiment
Sample experiment whether participants concepts. Other participants comment that they 3

have transferred knowledge and
experience from other areas or
domains to their interaction with
the HMI.

associated L2 with blue and L3 with green due to the
colors on the instruction sheet.

whether participants were reminded of
something similar when they experienced
the HMI.
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9.3 Derivation of Final Recommendations

This section presents the formulation of the final set of recommendations regarding
methods to assess the usability of HMIs for L3 ADS. A preface and a set of 12
recommendations are derived. This section presents the preface and recommendations
individually, supplemented with a brief explanation. The explanations consider learnings from
the expert workshop, supplemented by learnings from the literature. Additionally, the
recommendations are assigned to the terms included in the definition. An overview of the final
recommendations is presented in Table 9.2.

The preface is formulated as follows:

The recommendations refer to experiments aiming to assess the relative and
intuitive usability of HMIs for L3 ADS that are still in a prototype state. That is,
the experiences focus on usability during first contact interactions and focus on
comparisons of different HMI concepts. Experiments following these
recommendations may help to identify flaws in the design of specific HMI
components when comparing different design approaches. The experiments do
not claim to provide answers to absolute usability ratings. Moreover, the
recommendations do not cover validations of HMIs integrated into series vehicles
for the final approval for market launch.

Safety and ethical considerations are always to be prioritized over compliance
with recommendations during the planning of the experiment. Additionally,
compliance with recommendations should be weighed against the compatibility
with the experiment’s research question(s).

According to the 1SO standard 9241-11, usability is defined as the “extent to
which a system, product or service can be used by specified users to achieve
specified goals with effectiveness, efficiency and satisfaction in a specified context
of use” (ISO, 2018a, p.2). The recommendations are assigned to the terms
included in the definition.

The preface specifies the preliminary preface in several aspects. The goal of the extension
is to narrow down the goals and the scope of the recommendations. Thus, the preface is
extended, clearly stating four aspects. First, usability is narrowed down to relative and intuitive
usability. Based on the scope of the thesis, no recommendations could be derived for the
usability of prolonged use or absolute usability assessments. The latter is identified as a
research gap that needs addressing in future research efforts. These efforts may build upon the
findings of this thesis. The recommendations refer to relative usability assessments when
comparing different HMI concepts. Second, safety and ethical considerations are prioritized
over compliance with recommendations. Third, the recommendations serve as a decision aid
that must not interfere with the research question of the planned experiment. Thus, the
compliance of the study design with the research question is to be prioritized over the
compliance with recommendations. Fourth, the definition of usability provided by the ISO
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standard 9241-11 (I1SO, 2018a) that underlies all recommendations is stated in the preface. In
addition to the four aspects, the preface adds the information that all recommendations are
assigned to terms of the stated definition of usability to provide a structure.

Table 9.2 Overview of the final recommendations refined after the expert workshop.

Assigned terms of the ISO
standard 9241-11 (ISO, 2018a)

Recommendation

Effectiveness, efficiency, and

A within-subject design enables participants to compare
different HMI concepts even though the underlying technology
is novel and unknown. Thus, a within-subject design is

1 - . advantageous if the focus is on satisfaction. A between-subject

satisfaction . - e L
design may test fully naive participants to assess intuitive
usability. Thus, a between-subject design is advantageous if
the focus is on effectiveness or efficiency.
Define a set of test cases that covers the input channel(s),
output channel(s), and dialog logic (Bengler et al., 2020) of the

2 Specified goals HMI concepts. To evaluate the output channel(s), principles

such as the NHTSA minimum requirements (NHTSA, 2017)
should be applied.

3 Effectiveness, efficiency, and Define a set of metrics covering all three facets of usability as
satisfaction defined in the 1SO standard 9241-11 (ISO, 2018a).
Effectiveness, efficiency, and Collect q_ualltatlve as well as quantitative data and

4 - . observational as well as self-reported data. Pay regard to
satisfaction S ) : . .

descriptive data analysis as well as inferential data analysis.

5 Specified goals; effectiveness, Be aware of the potential discrepancy between objective and
efficiency, and satisfaction subjective performance measurements.

6 Specified context of use Con(_:iuct user studies in driving simulators instead of field

studies.
Simulate an environment that provides a realistic setting for the

7 Specified context of use context of interest, this includes, for example, curves, other

traffic participants, or higher speeds.
o Test the first contact interaction with the HMI concepts or their

8 Specified context of use o .

specific elements of interest.
9 Specified goals; specified context  Provide instructions that are as short as possible, providing
of use only the necessary extent of details (determined in pilot tests).
Encourage participants to express their feelings and thoughts
10 Specified users on automated driving in general, e.g., through an unstructured
P interview, before inquiring qualitative feedback on the HMI
concepts.
11 Specified users Define a target_ user (group) and r_ec_runt a representative
sample according to its characteristics.
Inquire after the experiment whether the participants associate

12 Specified users the HMI (interaction) with something they have experienced

before. This provides insights into mental models and
knowledge transfer.

9.3.1 Recommendation 1

A within-subject design enables participants to compare different HMI concepts
even though the underlying technology is novel and unknown. Thus, a within-
subject design is advantageous if the focus is on satisfaction. A between-subject
design may test fully naive participants to assess intuitive usability. Thus, a
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between-subject design is advantageous if the focus is on effectiveness or
efficiency.

This recommendation is assigned to the three facets of usability effectiveness, efficiency,
and satisfaction listed in the 1SO standard 9241-11 (ISO, 2018a). It is based on the preliminary
recommendation 2 (Table 9.1). Following the experts’ conclusions, the recommendation is
rephrased and slightly toned down. Instead of giving clear recommendations for a study
design, the advantages are pointed out. The recommendation is based on the empirical findings
in this thesis, underlining the advantage of a between-subject design when testing effectiveness
and efficiency and the disadvantage of this design when testing satisfaction. The findings align
with the experts’ experiences with both within- and between-subject designs in the context of
HMIs for ADS.

9.3.2 Recommendation 2

Define a set of test cases that covers the input channel(s), output channel(s), and
dialog logic (Bengler et al., 2020) of the HMI concepts. To evaluate the output
channel(s), principles such as the NHTSA minimum requirements (NHTSA, 2017)
should be applied.

This recommendation is assigned to the specified goals stated in the 1ISO standard 9241-
11 (I1SO, 2018a). It is based on the preliminary recommendation 3 (Table 9.1). Following the
experts’ conclusions, the recommendation discards the part on transitions and refers to the
framework for HMIs by Bengler et al. (2020) instead. This reference ensures the coverage of
all elements of the HMI concept(s). The empirical findings in Exp_Testing-Environment and
Exp_Culture show that single test cases (especially TC10 & TC12) reveal differences between
the HMI concepts regarding their output channels. In contrast, other test cases (especially TC3)
indicate problems with the control logic. Principles facilitate the selection of test cases and
evaluation criteria. While this thesis applies the NHTSA minimum requirements (NHTSA,
2017), other principles (e.g., Mendoza et al., 2022) may be applied based on the research
focus.

9.3.3 Recommendation 3

Define a set of metrics covering all three facets of usability as defined in the 1SO
standard 9241-11 (ISO, 2018a).

This recommendation is assigned to the three facets of usability effectiveness, efficiency,
and satisfaction listed in the 1ISO standard 9241-11 (1SO, 2018a). It is based on the preliminary
recommendation 4 (Table 9.1). Following the experts’ conclusions, the only changes are the
removal of the parts on the type of metrics (“observational and self-reported”), the transitions,
and the minimum requirements (NHTSA, 2017). The recommendation is supported by the
empirical findings in Exp_Testing-Environment and Exp_Culture that link the different metrics
to single facets of usability. Furthermore, the 1SO standard 9241-11 (ISO, 2018a, p. 25) states
that a single facet of usability cannot fully represent overall usability. Therefore, the standard
demands the combination of metrics by covering at least one metric per usability facet. Testing
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only single facets of usability has been criticized in previous works by Hornbak (2006, p. 84)
and Frokjeer et al. (2000).

9.3.4 Recommendation 4

Collect qualitative as well as quantitative data and observational as well as self-
reported data. Pay regard to descriptive data analysis as well as inferential data
analysis.

This recommendation is assigned to the three facets of usability effectiveness, efficiency,
and satisfaction listed in the 1SO standard 9241-11 (ISO, 2018a). It is based on the preliminary
recommendation 5 (Table 9.1). Following the experts’ conclusions, the recommendation is
rephrased, providing a more systematic description of the data types and distinguishing it from
the data analysis. In Exp_Testing-Environment and Exp_Culture, a wide range of metrics is
presented that cover differing usability aspects. The analysis of the qualitative metric of
control paths, for example, could identify success rates, types of errors, and strategies through
descriptive analysis. At the same time, the analysis of TOTs confirms differences between the
HMI concepts through statistical tests. Regarding the equal treatment of descriptive and
inferential statistical tests, Russell and Grove (2020) strongly recommend not relying on
statistical significance when interpreting results in human factors research on automated
vehicles. The inclusion of different data types is supported by literature emphasizing the
importance of collecting self-reported and observational data. Multiple studies report that
results obtained from observational data do not correspond to results obtained from self-
reported data (e.g., Drew et al., 2018; Herman, 1996; Large et al., 2019). The ISO standard
9241-11 states that missing feedback might contribute to a discrepancy between observational
and self-reported data since users might not be aware of not having successfully completed a
task (ISO, 2018a, p. 25). This issue is addressed in the following recommendation.

9.3.5 Recommendation 5

Be aware of the potential discrepancy between objective and subjective
performance measurements.

This recommendation is assigned to the specified goals and the three facets of usability
effectiveness, efficiency, and satisfaction listed in the ISO standard 9241-11 (1SO, 2018a). It is
based on the preliminary recommendation 6 (Table 9.1). Following the experts’ conclusions,
the first part of the preliminary recommendation is discarded as it is included in the preface
already. Furthermore, the recommendation is toned down, merely drawing attention to the
potential discrepancy without recommending to provide feedback. The recommendation is
based on the empirical findings in Exp_Testing-Environment and Exp_Culture, where
participants fail to report problems in the interaction, presumably because they overlooked
their non-compliance, for example, with instructed LoAs. This discrepancy between objective
and subjective performance measurements has been the subject of previous research bodies
(e.g., Drew et al., 2018; Forster, 2020) and the 1SO standard 9241-11 (I1SO, 2018a, p. 25).
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9.3.6 Recommendation 6
Conduct user studies in driving simulators instead of field studies.

This recommendation is assigned to the specified context of use stated in the ISO standard
9241-11 (1S0O, 2018a). It is based on the first part of the preliminary recommendation 7 (Table
9.1). Following the experts’ conclusions, the two aspects covered in the preliminary
recommendation are differentiated by creating two separate recommendations. Chapter 6
concludes with the assumption of the relative validity of testing environments. Furthermore,
the data quality, the degree of standardization, and the overall efficiency are considered
superior in the driving simulator experiment compared to the test track experiment.
Additionally, the driving simulator experiment is more risk-free than the test track experiment.
Results suggest that differences identified in the driving simulator are more extreme in test
track conditions, which implies that driving simulators are a less sensitive testing environment.
In contrast, Purucker et al. (2018) report more conservative results for controllability
assessments from the driving simulator experiment compared to the test track experiment in
the form of situations rated as more dangerous in the simulator than on the test track. Wynne et
al. (2019) argue that perceived risk is lower in driving simulators compared to real-world
settings (Bella, 2008; McAvoy et al., 2007), thus facilitating riskier behavior in driving
simulators compared to similar settings in real-world settings. This leads to the conclusion that
usability problems identified in driving simulator settings will likely be more extreme in real-
world settings. Thus, user studies on HMI concepts should first be conducted in driving
simulator conditions that pose risk-free, resource- and cost-efficient testing environments
(Caird & Horrey, 2011, Table 5.1). After the refinement of the HMI concept(s), follow-up user
studies can be carried out in field studies.

9.3.7 Recommendation 7

Simulate an environment that provides a realistic setting for the context of
interest, this includes, for example, curves, other traffic participants, or higher
speeds.

This recommendation is assigned to the specified context of use stated in the ISO standard
9241-11 (ISO, 2018a). It is based on the second part of the preliminary recommendation 7
(Table 9.1). Following the experts’ conclusions, the two aspects covered in the preliminary
recommendation are differentiated by creating two separate recommendations. The call for
realistic settings is based on participants’ comments throughout all three experiments presented
in Exp_Testing-Environment and Exp_Culture. These align with the ISO standard’s definition
of usability, which emphasizes the significant role of the context of use in the usability
assessment (1SO, 2018a).

9.3.8 Recommendation 8

Test the first contact interaction with the HMI concepts or their specific elements
of interest.

This recommendation is assigned to the specified context of use stated in the 1SO standard
9241-11 (1SO, 2018a). It is based on the preliminary recommendation 8 (Table 9.1). Following
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the experts’ conclusions, the second part of the preliminary recommendation is discarded as it
targets a different aspect, which is now covered in the following recommendation.
Furthermore, the rephrasing specifies that the first contact interaction refers to the research
subject: the HMI in total or a specific HMI element. Interactions with the ADS in general or
elements of the HMI that are not focused on are accepted, for example, during a familiarization
drive. While acknowledging the importance of usability testing in long-term usage to minimize
effects such as disuse, misuse, and abuse (Parasuraman & Riley, 1997), the preface limits the
scope of the recommendations to testing intuitive usability. HMI concepts for L3 ADS should
demonstrate intuitive usability before usability in prolonged use is targeted. By testing the first
contact without prior information, the extreme, but relevant use case of using the car without
consulting the manual beforehand (“rental car scenario”, see Albers, Radlmayr, et al., 2020 or
Forster, Hergeth, Naujoks, Krems, & Keinath, 2019) is covered.

9.3.9 Recommendation 9

Provide instructions that are as short as possible, providing only the necessary
amount of details (determined in pilot tests).

This recommendation is assigned to the specified goals and the specified context of use
stated in the ISO standard 9241-11 (ISO, 2018a). It is based on the preliminary
recommendation 9 (Table 9.1). Following the experts’ conclusions, the second part of the
preliminary recommendation is discarded as it is considered too vague. Instead, the
recommendation states that details should be kept to a minimum. Like the previous
recommendation, this recommendation refers to the use case described as the “rental car
scenario” (see Albers, Radlmayr, et al., 2020 or Forster, Hergeth, Naujoks, Krems, & Keinath,
2019).

9.3.10Recommendation 10

Encourage participants to express their feelings and thoughts on automated
driving in general, e.g., through an unstructured interview, before inquiring
qualitative feedback on the HMI concepts.

This recommendation is assigned to the specified users referred to in the ISO standard
9241-11 (ISO, 2018a). It is based on the preliminary recommendation 11 (Table 9.1).
Following the experts’ conclusions, the preliminary recommendation is rephrased through the
specification of the timing of the feedback request. The empirical findings in Exp_Testing-
Environment and Exp_Culture suggest that participants’ enthusiasm for the topic of automated
driving masks potential usability problems. By allowing participants to express their
enthusiasm (and other thoughts) before qualitative feedback is requested, the previously
described effect is expected to be lessened. Furthermore, the participants’ feedback might
provide valuable insights that otherwise would be overlooked. The findings typically relate to
the UX of automated driving in general (especially the anticipated use), which can be
integrated into the further development of HMIs (and ADS functions).
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9.3.11 Recommendation 11

Define a target user (group) and recruit a representative sample according to its
characteristics.

This recommendation is assigned to the specified users referred to in the ISO standard
9241-11 (ISO, 2018a). It is based on the preliminary recommendation 14 (Table 9.1).
Following the experts’ conclusions, the preliminary recommendation is rephrased by
discarding the specific user samples’ characteristics regarding age and gender distribution and
their naivety. The experts argue that naivety with HMIs for L3 ADS may lose its relevance as
ADS become common in vehicles. They acknowledge the empirical findings in Exp_Testing-
Environment and Exp_Culture, indicating gender- and age-specific differences. Nonetheless,
they propose referring to a target user or a group of target users through the research questions,
e.g., with naivety regarding HMIs for L3 ADS. By recruiting a representative sample, the
potential effects of specific characteristics like age and gender are covered.

9.3.12 Recommendation 12

Inquire after the experiment whether the participants associate the HMI
(interaction) with something they have experienced before. This provides insights
into mental models and knowledge transfer.

This recommendation is assigned to the specified users referred to in the ISO standard
9241-11 (ISO, 2018a). It is based on the preliminary recommendation 15 (Table 9.1).
Following the experts’ conclusions, the first part of the preliminary recommendation is
discarded as it overlaps with the previous recommendation. The second part is rephrased using
a more general formulation of the information to be obtained. The experts acknowledge the
empirical findings in Exp_Testing-Environment and Exp_Culture, indicating that single
participants transfer knowledge from similar systems or other information sources. Thus, they
propose asking whether participants experience associations when interacting with the HMI
concept(s).

9.4 Discussion and Outlook

This chapter presents the preliminary recommendations regarding methods to assess the
usability of HMIs for L3 ADS formulated by the author of this thesis and the subsequent
discussion of these recommendations during an expert workshop. The recommendations are
supplemented with observations and comments to facilitate the recommendations'
understanding and motivation. After the presentation of the workshop results, the final
recommendations are supplemented with a short explanation. The explanation comprises
(empirical) findings that partially seem contradictory. By integrating the findings, the
explanation intends to facilitate the understanding of deriving the recommendations.

During the expert workshop, two main problems are identified. First, the preface setting
the goals and scope of the recommendations is considered too short, leaving room for
interpretation. Thus, clarifying the recommendations' goals and limitations formed a recurring
theme during the discussion. Second, several recommendations are criticized for being
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imprecise, covering several aspects simultaneously. This prolonged and aggravated the
discussion since the aspects had to be identified and differentiated before the discussion of the
individual aspects could take place.

In addition to these content-related points of criticism, further limitations of the expert
workshop should be mentioned. All participating experts are experienced in conducting user
tests in the field of HMIs for ADS. Since all experts have worked at the Chair of Ergonomics,
the experiences overlap, and their methodological approaches are likely similar. Thus, the
resulting variance in the workshop results is assumed to be limited. Furthermore, the expert
workshop aims to discuss the set of preliminary recommendations. Therefore, the experts
could not formulate recommendations unaffected by the set of recommendations formulated by
the author of this thesis. A brainstorming session of the experts without prior input in the form
of preliminary recommendations could have provided valuable results, potentially providing a
broader picture of recommendations regarding methods to assess the usability of HMIs for L3
ADS. Nonetheless, the expert workshop has generated valuable knowledge within the scope of
this chapter. The results form the basis for formulating the final set of recommendations.

A few aspects need to be mentioned regarding formulating the final set of
recommendations. The scope of the recommendations is limited. Four of the preliminary
recommendations are discarded in the final set of recommendations. Two of these
recommendations (preliminary recommendations 10 & 13; Table 9.1) are deemed not specific
enough for the scope of the recommendations. The preliminary recommendation 1 (Table 9.1)
covers the definition of usability, which is now included in the preface. The preliminary
recommendation 12 (Table 9.1) suggests only conducting tests within one culture. Considering
the limitations of the two studies—foremost the testing of two Western cultures only—the
experts conclude that no general recommendation regarding the cultural effects should be
made. The knowledge of cultural effects gained in this thesis is not translated into the
formulation of a recommendation. Despite this experts’ perception, the findings in
Exp_Culture and Survey Culture provide valuable findings that are considered in the
following chapter.

Finally, the experts identify research gaps for the potential effect of the attitude toward
automated driving on quantitative assessments of HMIs or ADS and for developing methods
and thresholds for absolute usability assessments.
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10 Conclusion

This chapter summarizes and reflects the learnings and limitations of this thesis. The
results of the chapters Chapter 4 to Chapter 9 are discussed individually in their respective
chapters. Thus, this chapter focuses on the general discussion. The first section briefly presents
the answers to the five research questions posed in Chapter 3. Afterward, the limitations of this
thesis and the generalizability of results are reflected. Following, fields for future research
efforts are identified. The thesis concludes with the formulation of key messages.

10.1Answers to the Research Questions

This thesis strives to answer the questions on the effect of the testing environment and the
users’ cultural background on the usability assessment of HMIs for L3 ADS. In the following,
the main findings of this thesis are presented and briefly discussed alongside the research
guestions.

10.1.1 RQ1: Based on Common Research Methods and Findings, what is
the Best Practice Advice for an Experimental Design for Assessing
the Usability of HMIs for L3 ADS?

The answer to research question RQ; is addressed in Chapter 4 and Chapter 5. In the first
step, a systematic literature review is conducted comprising 16 study and theoretical articles.
The articles are analyzed regarding the six study characteristics: definition of usability, testing
environment, sample characteristics, test cases, dependent variables, and conditions of use.
The review reveals that data on the selected study characteristics is unavailable in some
articles. The most striking observation is that four articles do not define usability. Nonetheless,
a best practice advice is developed based on the review’s results.

The best practice advice recommends defining and operationalizing usability in the
context of HMIs for L3 ADS by combining the definition provided by the ISO standard 9241-
11 (ISO, 2018a) and the NHTSA minimum requirements (NHTSA, 2017). Regarding the
testing environment, the best practice advice recommends using high-fidelity driving
simulators. For early prototypes, the value of desktop methods is acknowledged. The best
practice advice further recommends conducting tests with potential end users. The sample
characteristics are supposed to represent the potential user regarding the distribution of
characteristics such as age, gender, prior experience, or affiliation with technical devices. The
best practice advice recommends focusing on transitions between LoAs, the availability of
LoAs, and non-critical scenarios for selecting test cases. The database for the usability
assessment is recommended to include both observational and self-reported metrics. The
observational data are further specified in collecting visual behavior and interaction
performance data. The advice recommends applying the SUS, short interviews, and
supplementing standardized questionnaires for self-reported data. Finally, the best practice
advice recommends providing only general information on the ADS and testing the first
contact interaction for the conditions of use.

In the second step, the best practice advice is transcribed into a study design of the
validation studies Exp_Testing-Environment and Exp_Culture. Considering the challenges of
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the varying test settings, the applied definition of usability, the targeted sample characteristics,
the test cases, the study procedure, the selection of dependent variables, and their analysis are
drafted. Furthermore, two HMI concepts are developed that vary in their compliance with
guidelines for HMI design (Naujoks, Wiedemann, et al., 2019).

10.1.2RQ2: Which Effect has the Testing Environment on Metrics for
Assessing the Usability of HMIs for L3 ADS?

In Chapter 6, the validation study Exp_Testing-Environment is presented. A static driving
simulator experiment is compared to an experiment conducted in an instrumented vehicle on a
test track to answer research question RQ,. The experimental design follows the general
method presented in Chapter 5 and includes several observational and self-reported metrics to
assess usability. The study sample includes N = 113 participants (Nsim_cer = 52 & Nr7_cer = 61)
that experience either an HMI for L3 ADS that is highly compliant (HC-HMI) with guidelines
for HMI design (Naujoks, Wiedemann, et al., 2019) or deliberately violates these guidelines
(LC-HMI). After receiving instruction on the study procedure and the ADS functionalities, the
participants experience a set of 12 test cases covering continuous rides in LO, L2, and L3,
changes of the availabilities of LoAs, and transitions between LoAs triggered by the
experimenter or the ADS. Based on the literature, two hypotheses are formulated regarding the
effect of the testing environment. The hypotheses expect relative validity for the static driving
simulator compared to the test track but no absolute validity.

The results show that no differences between the testing environments are identified in
most cases. In single cases, an effect of the testing environment is observed, showing that
differences between HMI concepts are more extreme in the test track testing environment
compared to the simulator. Thus, relative validity is confirmed. While several metrics show
absolute validity, overall absolute validity is rejected. The study concludes that problems with
HMI concepts identified in driving simulator environments will likely be more pronounced in
test track environments. Based on the findings, driving simulators are deemed a valid tool to
assess the usability of HMIs for L3 ADS.

10.1.3RQs: Which Effect has the Users’ Cultural Background on Metrics
for Assessing the Usability of HMIs for L3 ADS?

Chapter 7 presents the validation study Exp_Culture. Two test track experiments are
conducted. One experiment is conducted with a sample of German participants and one with a
sample of U.S.-American participants. The total study sample includes N = 103 participants
(Nt cer=61 & nrrusa=42). The data of TT_GER is reused from the validation study
Exp_Testing-Environment. The experimental design of Exp_Culture is identical to the
experimental design of Exp_Testing-Environment and follows the general method presented in
Chapter 5. Based on the literature, two hypotheses are formulated regarding the effect of the
testing environment. The hypotheses expect relative and absolute validity to be demonstrated
for the observational metrics, while both forms of validity are not expected for the self-
reported metrics.

Most metrics show no differences, but equivalence is confirmed for only about a third of
the metrics. There are no interactions between the factors Exp and HMI. Additionally, the
inferential statistical tests and the descriptive analyses for observational and self-reported do
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not show systematic differences between the experimental conditions. Only small differences
in the metric Final interview regarding user preferences are detected. Concluding, relative
validity is shown for observational data and self-reported data. The database is inconclusive to
conclude on absolute validity for observational or self-reported data. Based on the study’s
results, it is believed that absolute validity should not be anticipated in potential future studies.
Further research conducted with more diverse cultures is recommended. Due to relative
validity, the study recommends conducting usability assessments for HMIs for L3 ADS within
one culture of the Western industrialized world with limitations if the focus is on the facet
satisfaction.

10.1.4RQ4: Which Effect has the Users’ Cultural Background on the
Subjective Importance Rating of Usability Factors in the Context of
HMIs for L3 ADS?

In Chapter 8, the validation study Survey Culture is presented. Data are collected in an
extra survey during the experiment TT_USA, which is part of the validation study
Exp_Culture. Furthermore, two online surveys are conducted with participants from Germany
and the United States. The total study sample includes N =110 participants (nrr usa=42;
Non_usa = 30 & Nnon_cer = 38). The survey first inquires information on the cultural values of
the participants (Hofstede & Minkov, 2013b) and afterward inquires participants to rate their
subjective importance of 25 usability factors (Hinderks et al., 2019) in the provided context of
HMIs for L3 ADS.3* Based on the literature, three hypotheses, including eight usability
factors, expect directional differences between the U.S.-American and German samples.

The results on cultural values show that the U.S.-American sample recruited in Germany
for TT_USA represents U.S.-American citizens regarding its cultural values. The results show
the same or similar trends for differences between the U.S.-American and German samples.
This aligns with the reference data provided by Hofstede Insights (2023). The study data
considerably deviates from the reference data in two dimensions. Possible influences could be
attributed to differences in the sample, such as age.

Regarding the subjective importance ratings of the usability factors, no considerable or
systematic effect of the users’ cultural background is identified. Therefore, all three hypotheses
are rejected. The usability factors Controllability/Dependability and Ease of Use (Hinderks et
al., 2019) are rated among the most important factors in all samples. To sum up, the study
provides no evidence that there is an effect of the subjective importance rating of usability
factors in the context of HMIs for L3 ADS between cultures. Based on previous findings by
other researchers, the transferability of results to more diverse cultures is, however, expected
to be limited.

10.1.5RQs: Which Methods are recommended for Assessing the Usability
of HMIs for L3 ADS?
In Chapter 9, the results of an expert workshop are presented. A preliminary preface and a

set of 15 recommendations is formulated derived from the empirical findings obtained
throughout the thesis. The preface and the recommendations are discussed in an expert

34 Due to a technical error, data of only 24 usability factors (Hinderks et al., 2019) are available.
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workshop with five employees of the Chair of Ergonomics. The workshop’s results are
transcribed into the formulation of a preface and 12 final recommendations (see Table 9.2).

The preface sets the goals and scope of the recommendations. The recommendations
focus on the relative and intuitive usability of HMIs for L3 ADS that are still in a prototype
state. Furthermore, safety and ethical aspects as well as the compatibility with the research
focus should be prioritized over the recommendations. Finally, the preface presents the
definition of usability according to the ISO standard 9241-11 (ISO, 2018a, p.2). The
recommendations are assigned to the terms included in the definition. The set of
recommendations does not claim to be an extensive checklist when planning experiments in
this research field. Instead, the recommendations serve as a decision aid in the planning
process that may be amended in future research efforts. Among others, the recommendations
cover the selection of the test cases, the dependent variables, and the data analysis.
Furthermore, the recommendations provide orientation in selecting the study design and
testing environment, as well as the definition of the study procedure and relevant study sample.

Following the results of the expert workshop, the knowledge gained on cultural effects is
regarded to be too inconclusive. Therefore, the learnings are not included in the final set of
recommendations.

10.2Reflections on Limitations and Generalizability

This section discusses reflections regarding this thesis' procedure and the conclusions'
generalizability.

10.2.1 Limitations

The validation studies Exp_Testing-Environment and Exp_Culture build the center of the
empirical data basis reported in this thesis. The experimental design of the studies is derived
from the best practice advice based on the literature review presented in Chapter 4. The
analysis of six chosen study characteristics (e.g., definition of usability) proves difficult since
the information on these study characteristics is limited. Following the Guidelines for
Safeguarding Good Research Practice (Deutsche Forschungsgemeinschaft e.V., 2022),
research should be extensively documented, ensuring transparency and the ability to repeat
research. Due to this main limitation of analyzing the status quo, an influence on the derived
experimental design of the validation studies Exp_Testing-Environment and Exp_Culture
cannot be ruled out. This thesis advocates the documentation of all relevant study
characteristics, enabling the comparison of research results and the use of synergies in
developing HMIs for ADS. In the context of usability research of HMIs for ADS, these study
characteristics could be derived from the terms included in the definition of usability provided
by the I1SO standard 9241-11 (ISO, 2018a). That is, the system product, system, or service; the
specified users; the specified goals; the metrics for effectiveness, efficiency, and satisfaction;
and, most importantly, the context of use should be described.

Two HMI concepts are developed as research subjects in the validation studies
Exp_Testing-Environment and Exp_Culture. A heuristic evaluation with experts yields
considerable differences in the HMI concepts that exceed the differences identified in the user
tests. This observation supports the general recommendation of conducting usability tests with
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experts before conducting resource-intensive user tests (Dumas & Salzman, 2006, p. 133;
Naujoks, Hergeth, et al., 2019). Experts are familiar with guidelines and norms as well as
common pitfalls in design. Thus, fundamental usability problems can efficiently be identified
in this stage of HMI development. User studies may, instead, focus on discovering usability
problems and attitudes specific to certain user groups, for example, depending on the users’
mental models or naivety.

In validation studies Exp_Testing-Environment and Exp_Culture, usability is treated as a
relative measure depending on the two HMI concepts. It is explicitly not the aim of this thesis
to investigate methods assessing absolute usability. While this is a limitation of this thesis,
comparing different HMI concepts or components of HMI concepts is a common use case in
research. Hence, the assessment of relative usability is legitimate. Nevertheless, the findings of
this thesis may build a basis for future research efforts on methods for absolute usability
assessments or the validation of existing approaches (e.g., Bangor et al., 2009). An advantage
of testing relative usability is that potential differences in response behavior can be ignored
since all research subjects are affected equally. In cross-cultural research, response biases are
known (e.g., Baumgartner & Steenkamp, 2001; Moss & Vijayendra, 2020). The results of the
validation study Survey Culture show a systematic offset in the importance rating, increasing
the relevance of the relative importance rankings when interpreting the results.

While the resulting usability assessments are of the highest importance to practitioners,
the effects of the testing environment and the users’ cultural background on the research
method, that is, the data collection phase, play an important role, too. As described before,
culture affects the response behavior (Baumgartner & Steenkamp, 2001; Moss & Vijayendra,
2020). Also, the match between the participants’ and their experimenter’s cultural backgrounds
influences the collected data (Vatrapu & Pérez-Quifiones, 2006). Regarding testing
environments, factors such as immersion or perceived risk are potential confounding factors
(Ranney, 2011). Hence, for a comprehensive investigation of the effects of testing environment
and users’ cultural background on usability assessments, more attention should have been paid
to the potential effects during the data collection phase.

10.2.2 Generalizability

The thesis focuses on HMIs for L3 ADS since L3 entails a paradigm change in the role of
the human in the car compared to lower LoAs. This thesis includes LoAs L0, L2, and L3, and
the test cases cover different aspects, such as continuous rides, transitions, or changes in the
availability of LoAs. No systematic differences are observed regarding individual LoAs.
Therefore, no differences regarding the validity of this thesis’ results are expected, even
though use cases might differ when other LoAs are investigated.

Regarding testing environments, including other types of driving simulators (e.g., low-
fidelity driving) or other settings such as real-world tests and field studies, future research is
needed to validate the results of this thesis. Single observational metrics observe more extreme
differences between the HMI concepts in the test track testing environment compared to the
driving simulator experiment. A potential reason is the higher workload, possibly induced by a
more complex setting with more distractions and sensory impressions (Purucker et al., 2018).
This effect might be expressed more pronounced in real-world or field test settings. A similar
concern may be expressed regarding the complexity of the test case scenarios. The scenarios in
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this thesis are simple. A potential interaction between the workload induced through scenario
complexity and the workload induced through the testing environment affecting the usability
assessment cannot be ruled out.

Due to the COVID-19 pandemic, only two Western industrialized countries could be
compared. As discussed before, the generalizability of the results to other, more different
cultures is expected to be limited. Specific HMI components, such as the implementation of
avatars, which are common in Asian countries, might amplify such differences.

Finally, the thesis’ focus on usability is narrow, ignoring other constructs to assess the
guality of the HMI design. The terms usability and related constructs are presented in
Section 2.1. Since they are closely related, the results sections of the validation studies
Exp_Testing-Environment and Exp_Culture partially report results on the constructs trust,
acceptance, UX, and workload. No divergent trends for these constructs are observed in the
results. Therefore, generalizability is plausible, and the thesis’ results may be applied to future
research, e.g., on UX of HMIs for ADS. Nevertheless, validation studies, including a
comprehensive set of metrics to assess the respective constructs, would be needed to confirm
generalizability.

10.3Future Work

Validation studies for driving simulators demonstrate at least relative validity in most
results. However, possibly due to reasons such as a lack of visual details or perceived risk,
several studies could not confirm the validity of driving simulators. This stresses the
importance of continuous research efforts to check the validity of driving simulators,
especially for new research fields like automated driving. Therefore, future research is
recommended to investigate the validity of other driving simulators. Considering the recent
market launch of vehicles equipped with L3 ADS, addressing the validity of driving simulators
compared to real-world settings is now feasible and poses a promising research topic.

Likewise, deepening the insights into the effects of this thesis' other main research
subject—culture—is imperative. Due to globalization, the blending of different cultures and
the worldwide marketing of products are ubiquitous, stressing the importance of developing
HMIs that consider potential cultural differences. Following the literature and the conclusions
of this thesis, differences regarding the interaction quality with HMIs for ADS may be
expected if cultural differences are more pronounced. Thus, future research may supplement
this thesis’ work. Additionally, future research may take up the challenge of tying cultural
values to usability assessments. The validation study Survey Culture could not confirm
hypotheses regarding the subjective importance rating of usability factors based on cultural
values. This, however, is important for predicting cultural differences and consequently
developing tailored HMI designs.

In addition to cross-cultural research, the research methods of different cultures and
regions pose a challenge in itself. Albers, Grabbe, et al. (2020) conducted a workshop with
international researchers and practitioners in automotive HMIs. The workshop reveals that
research approaches vary across regions and research institutions. Future research to
standardize research methods are indicated.
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Finally, establishing thresholds and measures for absolute usability ratings for HMIs for
ADS poses an onerous but worthy endeavor. This thesis’ scope is limited to relative usability
assessments that do not allow for a conclusion on the absolute usability. In the broad field of
usability research, single attempts for absolute usability ratings exist, such as the SUS
categories introduced by Bangor et al. (2009). These methodological thresholds are highly
dependent on the field of research and the context of applying the measures. Therefore,
transferring or establishing criteria for absolute usability to the field of HMIs for ADS requires
diligent and exhaustive research efforts. Advances in this field promise the enhancement of
comparability of studies on HMIs for ADS and thus promote the use of synergies.

10.4Key Messages

The thesis closes with the formulation of five key messages:

1.

Improvements in documenting research regarding relevant study characteristics are
needed to facilitate the use of synergies or at least ensure comparability and
transparency of the research. For usability research, this thesis recommends reporting
details of the experimental design on each component of the definition provided by
the 1SO standard 9241-11 (1SO, 2018a).

In line with the literature (Dumas & Salzman, 2006, p. 133; Naujoks, Hergeth, et al.,
2019), this thesis suggests conducting expert reviews before user tests in the
development process of HMIs for ADS. A heuristic evaluation conducted with
experts confirmed considerable differences in the compliance of two HMI concepts
with guidelines for HMI design. In contrast, in the user studies conducted with the
two HMI concepts, the identified differences are not extreme and overlap only
partially with the differences identified by the experts.

The thesis’ findings support literature (Frgkjeer et al., 2000; Hornbaek, 2006; 1SO,
2018a) advocating testing all facets of usability when assessing usability.
Furthermore, a mix of observational and self-reported metrics is recommended.
Finally, metrics and test cases need to be selected considering all components of the
HMI concept, for example, testing the control logic in first contact use to identify
problems with the toggle logic.

Findings of the validation study Exp_Testing-Environment indicate that high-fidelity
driving simulators offer relative validity when researching HMIs for ADS. Problems
identified in driving simulators are expected to be more pronounced in more complex,
for example, real-world settings.

Based on the validation studies Exp_Culture and Survey Culture, differences in
usability assessments between Western industrialized countries are expected to be
minor. Relative validity is confirmed, and differences in the usability facet
satisfaction are small, only expressed in qualitative data. In the scope of this thesis, no
conclusion can be drawn regarding the effects of users’ cultural backgrounds where
cultural differences are more prominent.
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12 Appendix |

This appendix contains supplemental material to the experimental design of studies
Exp_Testing-Environment and Exp_Culture (Chapter 5).

Table 12.1 Excerpts of the HMI concepts HC-HMI and LC-HMI for the 12 test cases and
interaction errors.

HC-HMI LC-HMI

TC2b: LO [-] — LO [L2, L3]
HC-HMI: Pop-Up (notification) disappears after 7 s. | LC-HMI: Pop-Up (notification) disappears after 4 s.

TC3b: LO[L2, L3] > L3
HC-HMI: Pop-Ups (icon & natification) disappear after 7 s.
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TC3c: LO [L2, L3] > L3
HC-HMI: Pop-Ups (icon & notification) disappear after 7 s.

identical with previous

TC3d: LO[L2, L3] > L3 | TC4: L3 | TC5a: L3 > L2 [L3]

TC5b: L3 > L2 [L3]
HC-HMI: Pop-Ups (icon & notification) disappear after 7 s.

identical with previous

TC6b: L2 [L3] = L2 [-] (malfunction)
HC-HMI: Pop-Up (notification) disappears after 7 s. | LC-HMI: Pop-Up (notification) disappears after 4 s.
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TC8b: L2 [] > L2[L3]
HC-HMI: Pop-Up (notification) disappears after 7 s. | LC-HMI: Pop-Up (notification) disappears after 4 s.

TCOb: L2 [L3] > L3
HC-HMI: Pop-Ups (icon & notification) disappear after 7 s.

identical with previous

TC9c: L2 [L3] > L3 | TC10a: L3 > LO [-] (ODD end)
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TC10b: L3 - LO [-] (ODD end)
HC-HMI and LC-HMI: Pop-Up (notification) shows for 7 s before TC10c starts.

TC10c: L3 > LO [-] (ODD end)
HC-HMI and LC-HMI: Pop-Up (notification) shows for 6 s before TC10d starts.
HC-HMI: One box per second disappears indicating a countdown. Yellow LED lights flash on the steering
wheel and a warning sound with low criticality is triggered.

identical with previous

TC10d: L3 - LO [-] (ODD end)
HC-HMI and LC-HMI: Pop-Up (natification) shows for 7 s before TC10e starts.
HC-HMI: One box per second disappears indicating a countdown. Red LED lights flash on the steering
wheel and a warning sound with high criticality is triggered.

TC10e: L3 > LO [-] (ODD end)
HC-HMI: Red LED lights flash on the steering wheel.
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Manual driving
now active

TC10f: L3 > LO [-] (ODD end)
HC-HMI: Pop-Ups (icon & notification) disappear after 7 s.

identical with previous

TC10g: L3 > LO[-] (ODD end) | TC11a: LO [-] > L3
See TC2b-TC3c for TC11b-TCl1le

TC12b: L3 - LO [-] (malfunction)
HC-HMI and LC-HMI: Pop-Up (notification) shows for 6 s before TC12c starts.
HC-HMI: Red LED lights flash on the steering wheel and a warning sound with high criticality is triggered.
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TC12c: L3 = LO [-] (malfunction)
HC-HMI: Red LED lights flash on the steering wheel.

Manual driving

B ‘

TC12d: L3 - LO [-] (malfunction)

HC-HMI: Pop-Ups (icon & notification) disappear after 7 s.

identical with previous

H-off notification in L2 (a)
HC-HMI and LC-HMI: Pop-Up (natification) shows for 7 s before H-off notification in L2 (b) starts.
HC-HMI: Yellow LED lights flash on the steering wheel.
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Identical with previous

H-off natification during L2 driving (b)
HC-HMI and LC-HMI: Pop-Up (notification) shows for 6 s before H-off notification in L2 (c) starts.
HC-HMI: Red LED lights flash on the steering wheel and a warning sound with low criticality is triggered.

H-off notification during L2 driving (c)
HC-HMI: Red LED lights flash on the steering wheel.

Feeedback for handling error (MOD button has no function in LO)
HC-HMI: Pop-Up (notification) disappears after 7 s.
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13 Appendix I

This appendix contains supplemental material to the validation study Exp_Testing-
Environment (Chapter 6).

Table 13.1 Weather and light conditions in the study Exp Testing-Environment.
Proportion [% (n)]

Metric Condition Sim_GER-HC  Sim_GER-LC TT_GER-HC TT_GER-LC
(26)* (26)* (33) (28)
Sunny, blue sky 0 (0) 6.06 (2) 10.71 (3)
Weather Light-ly clouded 100 (26) 39.39 (13) 39.29 (11)
Heavily clouded 0 (0) 39.39 (13) 35.71 (10)
Light rain 0 (0) 15.15 (5) 14.29 (4)
Very bright, blinding 0(0) 21.21(7) 25 (7)
Light Bright 100 (26) 72.73 (24) 57.14 (16)
Gloomy, dusky 0 (0) 6.06 (2) 17.86 (5)

Note. The mode values of each metric are indicated in bold.
* In the driving simulator, the weather and light conditions are consistent across all participants.

Table 13.2 Summary table of the descriptive analysis of the metrics on the sociodemographic
data for the study Exp Testing-Environment (Section 6.2).

Value / Proportion [% (n)]

Metric Statistic / Response Sim_GER- Sim_GER- TT_GER- TT_GER-
HC (26) LC (26) HC (33) LC (28)
M 41.92 38 37.55 37.43
SD 16.9 17.52 14.88 15.12
Range 19-71 18-73 22-69 20-65
Age* Age group: 18-24 15.38 (4)**  23.08 (6) 21.21 (7) 28.57 (8)
Age group: 25-39 30.77 (8) 38.46 (10)  39.39 (13) 32.14 (9)
Age group: 40-54 26.92 (7) 23.08 (6) 21.21 (7) 17.86 (5)
Age group: > 54 23.08 (6) 15.38 (4)** 18.18 (6) 21.43 (6)
Male 61.54 (16) 61.54(16) 57.58(19) 64.29 (18)
Gender Female 38.46 (10) 38.46 (10) 42.42(14) 35.71 (10)
Diverse 0 (0) 0 (0) 0 (0) 0 (0)
Other / not indicated 0 (0) 0 (0) 0 (0) 0 (0)
_ No 76.92 (20) 53.85(14) 66.67 (22) 78.57 (22)
Need ;stum Yes & currently used 19.23 (5)  34.62(9) 24.24(8)  14.29 (4)
Yes & currently not used 3.85(1) 11.54 (3) 9.09 (3) 7.14 (2)
o No 100 (26) 92.31(24) 90.91(30) 96.43 (27)
/C(?(l?orrdbelrrl%ﬁg?s/ Yes, (slight) red-green 0 (0) 7.69 (2) 9.09 (3) 3.57 (1)
Yes, other 0 (0) 0 (0) 0 (0) 0 (0)

Note. The mode values of each metric are indicated in bold.
* Sim_GER-HCtp1s does not provide age information.
** The targeted minimum of five participants per age group (NHTSA, 2013) is not met.
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Table 13.3 Summary table of the descriptive analysis of the metrics on the driving background
for the study Exp Testing-Environment (Section 6.2).

Proportion [% (n)]

Metric Response Sim_GER- Sim_GER- TT_GER- TT_GER-
HC (26) LC (26) HC (33) LC (28)
Every day 65.38 (17) 38.46 (10)  30.3 (10) 50 (14)
Frequency of Several times a week 19.23 (5) 38.46 (10) 33.33(11) 25 (7)
driving Several times a month 7.69 (2) 19.23 (5) 27.27 (9) 3.57 (1)
(12 months) Less than once amonth  7.69 (2) 3.85 (1) 6.06 (2)  21.43(6)
Never 0 (0) 0(0) 3.03 (1) 0(0)
> 20,000 km 19.23 (5) 3.85(1) 18.18 (6) 21.43 (6)
Mileage 10,001 km-20,000 km 30.77 (8) 34.62 (9) 2424 (8) 35.71(10)
(12 months) 5,001 km-10,000 km 34.62(9) 42.31(11) 33.33(11) 10.71(3)
< 5,000 km 15.38 (4) 19.23 (5) 24.24 (8) 32.14 (9)
No ADAS Yes 19.23 (5) 30.77 (8) 18.18 (6) 10.71 (3)
experience No 80.77 (21) 69.23(18) 81.82(27) 89.29 (25)
Several times a day 11.54 (3) 7.69 (2) 6.06 (2) 10.71 (3)
Every day 19.23 (5) 3.85(1) 0 (0) 7.14 (2)
Usage frequency Every week 11.54(3) 23.08(6) 15.15(5)  17.86 (5)
(12 months): Every month 15.38 (4) 26.92 (7) 42.42 (14) 35.71(10)
cC Seldom 0 (0) 0 (0) 0 (0) 0 (0)
Never 19.23 (5) 7.69 (2) 15.15 (5) 17.86 (5)
No prior experience 23.08 (6) 30.77 (8) 21.21 (7) 10.71 (3)
Several times a day 0 (0) 0 (0) 3.03 (1) 7.14 (2)
Every day 7.69 (2) 0(0) 0 (0) 3.57 (1)
Usage frequency Every week 11.54 (3) 7.69 (2) 0 (0) 3.57 (1)
(12 months): Every month 11.54 (3) 11.54 (3) 15.15 (5) 14.29 (4)
ACC Seldom 0 (0) 0 (0) 0 (0) 0 (0)
Never 3.85(1) 3.85 (1) 27.27 (9) 3.57 (1)
No prior experience 65.38 (17) 76.92 (20) 54.55(18) 67.86 (19)
Several times a day 0 (0) 0(0) 0 (0) 7.14 (2)
Every day 23.08 (6) 7.69 (2) 6.06 (2) 3.57 (1)
Usage frequency Every week 7.69 (2) 3.85(1) 0 (0) 3.57(1)
(12 months): Every month 7.69 (2) 11.54 (3) 18.18 (6) 17.86 (5)
LKA Seldom 0 (0) 0 (0) 0 (0) 0 (0)
Never 19.23(5) 15.38(4) 27.27(9)  21.43(6)
No prior experience 42.31(11) 61.54(16) 48.48(16) 46.43 (13)
4: expert 0 (0) 0(0) 9.09 (3) 3.57 (1)
Prior knowledge 3 3.85(1) 11.54 (3) 9.09 (3) 3.57 (1)
in the field of 2 23.08 (6) 30.77 (8) 15.15 (5) 17.86 (5)
automated driving 1 34.62(9) 23.08(6) 24.24(8) 2857 (8)
0: no prior knowledge 38.46 (10) 34.62 (9) 42.42 (14) 46.43 (13)

Note. The mode values of each metric are indicated in bold.
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Figure 13.1 Visualization of the individual driving behavior for the metric Control path of the first activation for the study Exp_Testing-Environment

(Paragraph Control Path of First Activation).
Note. The figure shows actions of the participants and the resulting LoAs. Only participants driving LO at the start of the instruction (leftmost column signals that LO is

active) are included. Participants using the ideal path are marked with a black box. The sample sizes are as follows: Sim_GER-HC: n = 23; Sim_GER-LC: n = 23;
TT_GER-HC: n=27; & TT_GER-LC: n = 23.
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Figure 13.2 Visualization of the individual driving behavior for the metric Take-over Path after Rtl for Rtlzos for the study Exp_Testing-Environment
(Paragraph Take-Over Path after Rtl).

Note. The figure shows actions of the participants and the resulting LoAs. Only participants driving L3 at the start of the Rtl (leftmost column signals that L3 is active)
are included. Participants using one action only are marked with a black box. The sample sizes are as follows: Sim_GER-HC: n = 26; Sim_GER-LC: n = 26; TT_GER-
HC:n=32; & TT_GER-LC: n = 26.
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Figure 13.3 Visualization of the individual behavior for the metric Take-over Path after Rtl for Rtles for the study Exp_Testing-Environment
(Paragraph Take-Over Path after Rtl).

Note. The figure shows actions of the participants and the resulting LoAs. Only participants driving L3 at the start of the Rtl (leftmost column signals that L3 is active)
are included. Participants using one action only are marked with a black box. The sample sizes are as follows: Sim_GER-HC: n = 26; Sim_GER-LC: n = 26; TT_GER-
HC: n=33; & TT_GER-LC: n = 26.

185



Appendix Il

Sim_GER
100 1 LO L2
80 -
60
40 -
g 20 A . .
9 04 . e g
c
2 1009 Lo L2 L LO L2 L3
> o
T go- I'_{:I
601 o . o
| s
40 1 8 o S
" 30 Bé
0- ° —~— —— - 5 °o & -l--a- -l--o- 0o —w—
T
\Og\@e%o%o&(’ Oy %\%,&" \05\@85&%0@ ?“ &‘d gs o?“ 6»‘6 Oy & (\\‘0\

Figure 13.4 Boxplot diagram visualizing the results of the metric Attention ratio during
continuous rides in LO, L2, & L3 for all four AQIs for the study Exp_Testing-Environment
(Paragraph Attention Ratio during Continuous Rides in LO, L2, & L3).
Note. The sample sizes are as follows: TT_GER-HC: n =22 (L0), n =22 (L2), n =22 (L3); TT_GER-LC:
n=25(L0), n =25 (L2), n =25 (L3); TT_GER-HC: n =27 (L0), n=32 (L2), n= 27 (L3); & TT_GER-LC:
n =22 (L0), n =20 (L2), n =14 (L3).
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Figure 13.5 Visualization of the individual gaze behavior for the metric Gaze Behavior during Rtl for Rtlzos for the study Exp_Testing-Environment

(Paragraph Gaze Behavior during Rtl).
Note. The figure shows active AOIs of the participants between the start and the end of the Rtl. The end of the Rtl is marked by the start of emergency braking

maneuver or the transition to LO. Only participants driving L3 at the start of Rtl are included. The sample sizes are as follows: Sim_GER-HC: n = 22; Sim_GER-LC:
n=25 TT_GER-HC:n=31; & TT_GER-LC: n = 24.
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Figure 13.6 Visualization of the individual gaze behavior for the metric Gaze Behavior during Rtl for Rtles for the study Exp_Testing-Environment

(Paragraph Gaze Behavior during Rtl).
Note. The figure shows active AOIs of the participants between the start and the end of the Rtl. The end of the Rtl is marked by the start of emergency braking

maneuver or the transition to LO. Only participants driving L3 at the start of Rtl are included. The sample sizes are as follows: Sim_GER-HC: n = 22; Sim_GER-LC:
n=25; TT_GER-HC: n=32; & TT_GER-LC: n = 25.
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Figure 13.7 Visualization of the mean ratings per test case for the metric Experimenter rating

for the study Exp_Testing-Environment (Subsubsection Experimenter Rating).

Note. The sample sizes are as follows: Sim_GER-HC: n=26; Sim_GER-LC: n=26; TT_GER-HC:

n=33;, & TT_GER-LC: n=28.
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Figure 13.8 Overview of the clustered replies for praised components of the HMI concepts in
the metric Final Interview for the study Exp_Testing-Environment (Subsubsection Final
Interview).

Note. The sample sizes are as follows: Sim_GER-HC: n =26; Sim_GER-LC: n=26; TT_GER-HC:
n=33;&TT_GER-LC:n=28.
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Figure 13.9 Overview of the clustered replies for criticized components of the HMI concepts in
the metric Final Interview for the study Exp_Testing-Environment (Subsubsection Final
Interview).

Note. The sample sizes are as follows: Sim_GER-HC: n=26; Sim_GER-LC: n=26; TT_GER-HC:
n=33;, & TT_GER-LC: n=28.
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Figure 13.10 Overview of the clustered replies for improvement suggestions for components
of the HMI concepts in the metric Final Interview for the study Exp_Testing-Environment
(Subsubsection Final Interview).

Note. The sample sizes are as follows: Sim_GER-HC: n =26; Sim_GER-LC: n=26; TT_GER-HC:
n=33;, & TT_GER-LC: n=28.
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14 Appendix Il

This appendix contains supplemental material to the validation study Exp_Culture
(Chapter 7).

Table 14.1 Weather and light conditions in the study Exp Culture.
Proportion [% (n)]

Metric Condition TT_GER-HC TT_GER-LC  TT_USA-HC TT_USA-LC
(33) (28) (21) (21)

Sunny, blue sky 6.06 (2) 10.71 (3) 19.05 (4) 14.29 (3)
Weather Lightly clouded 39.39 (13) 39.29 (11) 33.33(7) 38.1(8)
Heavily clouded 39.39 (13) 35.71 (10) 47.62 (10) 38.1(8)
Light rain 15.15 (5) 14.29 (4) 0 (0) 9.52 (2)
Very bright, blinding 21.21(7) 25 (7) 42.86 (9) 33.33(7)

Light Bright 72.73 (24) 57.14 (16) 52.38 (11) 52.38 (11)
Gloomy, dusky 6.06 (2) 17.86 (5) 4.76 (1) 14.29 (3)

Note. The mode values of each metric are indicated in bold.

Table 14.2 Summary table of the descriptive analysis of the metrics on the sociodemographic
data for the study Exp Culture (Section 7.2).

Value / Proportion [% (n)]

Metric Statistic | Response TT_GER- TT_GER- TT_USA- TT_USA-
HC (33) LC (28) HC (21) LC (21)
M 37.55 37.43 38.43 37.86
SD 14.88 15.12 9.7 10.14
Range 22-69 20-65 21-60 20-59
Age Age group: 18-24 21.21 (7) 28.57 (8) 9.52 (2)* 9.52 (2)*
Age group: 25-39 39.39 (13) 32.14 (9) 47.62 (10)  47.62 (10)
Age group: 40-54 21.21(7) 17.86 (5) 33.33(7) 38.1(8)
Age group: > 54 18.18 (6) 21.43 (6) 9.52 (2)* 4.76 (1)*
Male 5758 (19) 64.29(18) 57.14(12) 52.38(11)
Gender Female 42.42 (14) 35.71(10) 42.86(9)  47.62(10)
Diverse 0 (0) 0 (0) 0 (0) 0(0)
Other / not indicated 0(0) 0 (0) 0 (0) 0 (0)
_ No 66.67 (22) 7857 (22) 57.14(12)  61.9 (13)
Need ;stum Yes & currently used 2424 (8)  14.29(4)  33.33(7)  28.57(6)
Yes & currently not used 9.09 (3) 7.14 (2) 9.52 (2) 9.52 (2)
N No 90.91 (30) 96.43(27)  95.24 (20) 100 (21)
/C(?cl)(ljc:rdbilf:%?lg?s/ Yes, (slight) red-green 9.09 (3) 3.57 (1) 4.76 (1) 0 (0)
Yes, other 0 (0) 0 (0) 0 (0) 0 (0)

Note. The mode values of each metric are indicated in bold.

* The targeted minimum of five participants per age group (NHTSA, 2013) is not met.
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Table 14.3 Summary table of the descriptive analysis of the metrics on the driving background
for the study Exp_Culture (Section 7.2).

Proportion [% (n)]

Metric Response TT_GER- TT_GER- TT_USA- TT_USA-
HC (33) LC (28) HC (21) LC (21)
Every day 30.3 (10) 50 (14) 14.29 (3) 19.05 (4)
Frequency of Several times a week 33.33 (11) 25 (7) 42.86 (9) 28.57 (6)
driving Several times a month 27.27 (9) 3.57 (1) 23.81 (5) 4.76 (1)
(12 months) Less than once a month 6.06 (2) 21.43(6)  19.05(4)  42.86 (9)
Never 3.03 (1) 0(0) 0(0) 4.76 (1)
> 20,000 km 18.18 (6) 21.43 (6) 4.76 (1) 4.76 (1)
Mileage 10,001 km-20,000 km 24.24 (8) 35.71 (10) 9.52 (2) 19.05 (4)
(12 months) 5,001 km-10,000 km 33.33 (11) 10.71 (3) 42.86 (9) 19.05 (4)
< 5,000 km 24.24 (8) 32.14 (9) 42.86(9) 57.14(12)
No ADAS Yes 18.18 (6) 10.71 (3) 9.52 (2) 0 (0)
experience No 81.82 (27) 89.29 (25)  90.48 (19) 100 (21)
Several times a day 6.06 (2) 10.71 (3) 0 (0) 0 (0)
Every day 0 (0) 7.14 (2) 0 (0) 14.29 (3)
Usage frequency Every week 15.15(5)  17.86 (5) 9.52 (2) 14.29 (3)
(12 months): Every month 42.42 (14) 35.71 (10) 23.81 (5) 23.81 (5)
cC Seldom 0 (0) 0 (0) 57.14 (12)  42.86 (9)
Never 15.15 (5) 17.86 (5) 0 (0) 4.76 (1)
No prior experience 21.21 (7) 10.71 (3) 9.52 (2) 0 (0)
Several times a day 3.03 (1) 7.14 (2) 4.76 (1) 0 (0)
Every day 0 (0) 3.57 (1) 0 (0) 0 (0)
Usage frequency Every week 0 (0) 3.57 (1) 0 (0) 4.76 (1)
(12 months): Every month 15.15 (5) 14.29 (4) 9.52 (2) 9.52 (2)
ACC Seldom 0 (0) 0 (0) 19.05(4)  19.05 (4)
Never 27.27 (9) 3.57 (1) 0 (0) 4.76 (1)
No prior experience 54.55 (18) 67.86 (19) 66.67 (14) 61.9 (13)
Several times a day 0(0) 7.14 (2) 4.76 (1) 0 (0)
Every day 6.06 (2) 3.57(1) 9.52 (2) 0 (0)
Usage frequency Every week 0 (0) 3.57(1) 0 (0) 4.76 (1)
(12 months): Every month 18.18 (6) 17.86 (5) 4.76 (1) 9.52 (2)
LKA Seldom 0 (0) 0 (0) 19.05 (4) 38.1 (8)
Never 27.27 (9) 21.43 (6) 0 (0) 4.76 (1)
No prior experience 48.48 (16) 46.43 (13) 61.9 (13) 42.86 (9)
4: expert 9.09 (3) 3.57 (1) 0 (0) 9.52 (2)
Prior knowledge 3 9.09 (3) 3.57 (1) 9.52 (2) 9.52 (2)
in the field of 2 15.15 (5) 17.86 (5) 33.33 (7) 23.81 (5)
automated driving 1 2424 (8)  2857(8)  33.33(7)  47.62(10)
0: no prior knowledge 42.42 (14) 46.43 (13) 23.81 (5) 9.52 (2)

Note. The mode values of each metric are indicated in bold.
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Figure 14.1 Visualization of the individual driving behavior for the metric Control path of the first activation for the study Exp_Testing-Environment

(Paragraph Control Path of First Activation).
Note. The figure shows actions of the participants and the resulting LoAs. Only participants driving LO at the start of the instruction (leftmost column signals that LO is

active) are included. Participants using the ideal path are marked with a black box. The sample sizes are as follows: TT_GER-HC: n=27; TT_GER-LC: n = 23;
TT_USA-HC:n=14; & TT_USA-LC: n = 14.
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Figure 14.2 Visualization of the individual driving behavior for the metric Take-over Path after Rtl for Rtlzos for the study Exp_Culture (Paragraph Take-
Over Path after Rtl).

Note. The figure shows actions of the participants and the resulting LoAs. Only participants driving L3 at the start of the Rtl (leftmost column signals that L3 is active)
are included. Participants using the one action only are marked with a black box. The sample sizes are as follows: TT_GER-HC: n = 32; TT_GER-LC: n = 26; TT_USA-
HC:n=21; & TT_USA-LC: n = 16.
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Figure 14.3 Visualization of the individual driving behavior for the metric Take-over Path after Rtl for Rtles for the study Exp_Culture (Paragraph Take-

Over Path after Rtl).

Note. The figure shows actions of the participants and the resulting LoAs. Only participants driving L3 at the start of the Rtl (leftmost column signals that L3 is active)
are included. Participants using one action only are marked with a black box. The sample sizes are as follows: TT_GER-HC: n = 33; TT_GER-LC: n = 26; TT_USA-HC:

n=21;&TT_USA-LC: n=16.
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Figure 14.4 Boxplot diagram visualizing the results of the metric Attention ratio during

continuous rides in LO, L2, & L3 for

all

(Paragraph Attention Ratio during Continuous Rides in LO, L2, & L3).
Note. The sample sizes are as follows: TT_GER-HC: n =27 (L0), n =32 (L2), n =27 (L3); TT_GER-LC:
n=22(L0), n=20 (L2), n =14 (L3); TT_USA-HC: n =19 (L0), n =20 (L2), n = 15 (L3); & TT_USA-LC:
n =20 (L0), n =18 (L2), n =12 (L3).

four AOIs for the study Exp_Culture
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Ic
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Figure 14.5 Visualization of the individual gaze behavior for the metric Gaze Behavior during Rtl for Rtlzos for the study Exp_Culture (Paragraph Gaze

Behavior during Rtl).
Note. The figure shows active AOIs of the participants between the start and the end of the Rtl. The end of the Rtl is marked by the start of emergency braking

maneuver or the transition to LO. Only participants driving L3 at the start of Rtl are included. The sample sizes are as follows: TT_GER-HC: n=31; TT_GER-LC:
n=24; TT_USA-HC: n=20; & TT_USA-LC: n = 16.
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Figure 14.6 Visualization of the individual gaze behavior for the metric Gaze Behavior during Rtl for Rtles for the study Exp_Culture (Paragraph Gaze

Behavior during Rtl).
Note. The figure shows active AOIs of the participants between the start and the end of the Rtl. The end of the Rtl is marked by the start of emergency braking

maneuver or the transition to LO. Only participants driving L3 at the start of Rtl are included. The sample sizes are as follows: TT_GER-HC: n =32; TT_GER-LC:
n =25, TT_USA-HC: n=20; & TT_USA-LC: n = 16.
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Figure 14.7 Visualization of the mean ratings per test case for the metric Experimenter rating
for the study Exp_Culture (Subsubsection Experimenter Rating).

Note. The sample sizes are as follows: TT_GER-HC: n = 33; TT_GER-LC: n=28; TT_USA-HC: n = 21,
& TT_USA-LC: n = 21.
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Figure 14.8 Overview of the clustered replies for praised components of the HMI concepts in
the metric Final Interview for the study Exp_Culture (Subsubsection Final Interview).

Note. The sample sizes are as follows: TT_GER-HC: n = 33; TT_GER-LC: n=28; TT_USA-HC: n = 21,
& TT_USA-LC: n = 21.
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Figure 14.9 Overview of the clustered replies for criticized components of the HMI concepts in
the metric Final Interview for the study Exp_Culture (Subsubsection Final Interview).

Note. The sample sizes are as follows: TT_GER-HC: n = 33; TT_GER-LC: n =28; TT_USA-HC: n = 21,
& TT_USA-LC: n = 21.
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Figure 14.10 Overview of the clustered replies for improvement suggestions for components
of the HMI concepts in the metric Final Interview for the study Exp_Culture
(Subsubsection Final Interview).

Note. The sample sizes are as follows: TT_GER-HC: n = 33; TT_GER-LC: n =28; TT_USA-HC: n = 21,
& TT_USA-LC: n = 21.
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