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Abstract

Abstract

The introduction otonditionally aitomated drivingf CAD) entails a paradigm change in
automotive mobility. For the first time, the driver is temporarily released from the
responsibilityof thedriving task This paradigm change challengle development of human
machine interfaces (HMIdpcilitating the intended and safe interactidiser studies on the
usability of such HMIs are commonly conducted in driving simulators and withirsiogé
culture. Identifying the potential effects of this context of use is crufalthe validity of
researcltonductedn the HMI development~ollowing a review of the relevant literatufee
research questiorsge derived thaareaddressed in this thesis.

A systematic literature review offers insights into common research practices of studies
on the usability of HMIs forCAD. Following, a best practicadviceis developedThe advice
builds the basis for the experimental dedigmntwo of the three validation studies conducted in
this thesis Exp_Testingenvironmen®& Exp_Culturg.

The first validation studyixp_TestingEnvironmentinvestigates the effect of the testing
environment on usability assessnsAn 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 ithe driving simulator will likely be more
pronounced in test tragkxperimentsBased on the findings, driving simulators are deemed a
valid tool.

The second validation studfxp_Culture investigates the effect of theser$ cultural
backgroundon the usability assessment by compatimgusability ratings of U.SAmerican
participants to German participan®egarding absolute validity, the databaseds to be more
conclusive.The findings however,confirm relative validity. The study concludes thhe
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 studySurvey Culture, addresses the effect of thser$ cultural
backgroundn the subjective importance ratigf usability factors The comparison of U.S.
American and German ratings shows neither considerable nor systematic cultural leffects.
line with Exp_Culture this study concludes that usability assessmardy be conducted
within one culture of the Western industrialized world.

The findingsof the three validation studiegre consolidated in a set gfeliminary
recommendationsThe set isdiscussed and refined in an expert workshbpe final 12
recommendationsuggesinethodsor conducting usestudieson the usabilityof HMIs in the
context ofCAD.

This thesis provides novel empirical findings experimental methods in user studies on
usability assessment®cusingon the validity of usability assessmentsvarying contexts of
use Based on prevalent literature and an expert workshop, the results are consolidated and
refined. Concluding, the thesis contributes to #dvancemenof valid research methods for
conductingusability assessment$ HMIs for CAD.



Zusammenfassung

Zusammenfassung

Die Einfuhrung des Hochaitomatisierten Fahrens(CAD) fihrt zu einem
Paradigmenwechsel. Zum ersten Mal wird der Fahrer voriibergehend von der Verantwortung
fur die Fahraufgabe entbunden. Dieser Paradigmenwechsel stellt eine Herausfdittediang
Entwicklung von MensciMaschineSchnittstellen (HMIs)dar, welche die angestrebte und
sichere Interaktion fordermNutzerstudien zuGebrauchstauglichkeitfsability) solcher HMIs
werden uUblicherweise in Fahrsimulatoren und innerhalb einer einzigen Kultur durchgefihrt.
Die Identifizierung mdglicher Auswirkungen dieses Nutzungskontexts ist von entscheidender
Bedeutung fir die Validitat der Forschung in der HBfitwicklung. NactSichtungrelevanter
Literatur werden funf Forschungsfragen abgeleitet, die in dieser Arbeit behandelt werden.

Eine systematische Literaturrecherche bietet Einblicke in gangige Forschungspraktiken
von UsabilityStudienzu HMIs fur dasCAD. Ein Leitfadenwird entwickelt derdie Grundlage
fur das experimentelle Design von zwei der drei in dieser Arbeit durchgefiihrten
ValidierungsstudiefExp_TestingEnvironmen® Exp_Culturg bildet.

Die erste Validierungsstudiexp_Testingenvironmentuntersucht die Auswirkungen der
Testumgebung auf dieUsability-Bewertung. Ein in einem statischen Fahrsimulator
durchgefiihrtes Experiment wird mit einem ansonsten identischen ExperauErdginem
Testgelandeverglichen. Die Ergebnisse deuten auf relative, aber keine absolute Validitat hin.
Die Studie kommt zu dem Schluss, dass Probleme mit-Kidhkzepten, die im Fahrsimulator
identifiziert werden im Testgelandestarker ausgepragt sind. Auf Grundlage der Ergebnisse
werden Fahrsimulatoren alalide Versuchsumgebung erachtet

Die zweite ValidierungsstudieExp_Culture untersucht den Einfluss slekulturellen
Hintergrundsauf die UsabilityBewertung, indemErgebnissevon Proband*innen aus den
Vereinigten Staaten Amerikas und Deutschlandji@ren werden. Hinsichtlich der absoluten
Validitat ist die Datenbasis nichtndeutig Die Ergebnisse bestatigen jedaelative Validitat.

Die Studie kommt zu dem Schluss, dass die Ergebnisse von UsBeiitgrtungerauf andere
Kulturen westliche Industrielander Ubertragbar sind. Einschrankungen sind lediglictbebei
Zufriedenheit einer Facette vodsability, zu erwarten.

Die dritte ValidierungsstudieSurvey Culture befasst sich mit dem Einfluss e
kulturellen Hintergrundsuf die subjektive Wichtigkeit von Usabilifyaktoren. Der Vergleich
der US.-amerikanischen und deutschen Bewertungen zeigt weder erhebliche noch
systematische Effekté&swird abgeleitet dass UsabiliyBewertungerinnerhalb einer Kultur
der westlichen industrialisierten Welt durchgefiihrt werden kdnnen.

Die Ergebnisse der drei Validierungsstudigihren zur Formulierung vowrorlaufigen
Empfehlungen. Diese werden in einem Expertenworkshop diskutiexeiterentwickelt Die
abschlielenden 12 Empfehlungen schlagen Methoden fiir die Durchfiihrung von Nutzerstudien
zur Usability von HMls im Kontext de€AD vor.

Diese Arbeit liefert neue empirische Erkenntnisse zu experimentellen Methoden in
Nutzerstudien zu Usability-Bewertung mit Fokus aufder Validitat in unterschiedlichen
Nutzungskontexten. Die Ergebnisse werden auf Ba®stehenderliteratur und eines
Expertenworkshops konsolidiert und verfeine®bomit leistet die Arbeit einerwertvollen
Beitrag zur Weiterentwicklung valider Forschungsmethoden =zur Durchfihrung von
Bewertungen der Usabilityon HMIs fur dasCAD.
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1 Introduction

1.1 Motivation

In 2021, a new chapter in the progress of automated driving has steieedalaunched
the first vehicle thats equipped with an automated driving system (ARS)wn asLevel3
(L3) ADS (SAE International, 2021; Sugiura, 202Ihis ADS allowsthe driver to be
temporarily released from the responsibility
indicaes the accompanying limitations and challenges. Repeated reallocations of the
responsibility for the driving task signify thenportanceof well-designed humamachine
interfaces (HMIs). HMIs can facilitate the intended ante@teraction between drivers and
the ADS.Partly overlapping with safetselated aspects, usability comprises a more integral
consideration of the interaction qualitysability isplaysa crucial role in assessing the design
of HMI concepts(Francois et al., 2017Advances in the research methods for asseshing
usability of HMIs for L3 ADS are needed to adapt to the technological progress.

nWe must recogni ze, however, t hat al l of
continuum of fallibility. There is no investigation that can be totally lacking in its

potential informativenessnor will there ever be one that is perfect in its

attainment of internal, external, and theoretical validity. Our goals, tekould

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

met hods. 0

Mahoney, 1978, 671

According toMahoney(1978) no perfect research method or study design exisssead,
he advocates that researchensstbe aware of pitfalls and limitations when interpreting their
data. Furthermore, research methods shoukkleetecconsideringhe limitations of validity.

Next to objectivity and reliability, validity is one of the three main quality criteria for scientific
tests(Bortz & Doring, 2006, p195) Mahoney 6 s ndodvatésthis thésis torearn
more about these limitations and the resulting conclusions. Simultaneouisly, @onstant
reminder throughout ths t thesrsticas aind empirical work.

This thesisexaminesthe potential effects of the testing environment anduheer s 0
cultural backgroundon usability assessments of HMIs for L3 ADS. The two factors are
selected regarding their relevance for researchers and practitioiegsfactor testing
environment is examinduly testing the validity of driving simulators. @img simulators have
many advantagesvith costefficiency, high degrees of standardizatiand low risks being
only some of then{Caird & Horrey, 2011, Table 5.1Furthermore, the availability of test
vehicles equipped with ADSs limited. Therefore, most research on HMIs for ADS is
conducted in driving simulators. THactor culture is examinetly testing the validity of
usability assessments amdmparing the subjective importance ratings of usability factors
acrossdiffering cultural backgrounds of potential usefso succeed in todayos
world, products must be available in different cultursexamining the potential effects of
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testing environment and cutal backgroundand drawing attention to these effedlss thesis
contributesto a responsible approach to usability testing on HMIs for L3 ADS.

1.2 Structure

Chapter2 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 orthe effects of the testing environment and the culisreresentedin
Chapter3, five research questions are formulated. A short description of the approach to each
research question is provided. Chagtgresents a systematic literature review on common
practices of usability testing of HMIs for L3 AD8ereby addressing research quesReh.

The work is published iklbers, Radlmayr, et a(2020) andonly a summary is provided in

this thesisChaptel5 offers insights into the experimental design applied in the subsequently
presented validation studi&xp_Testingenvironmentand Exp_ Culture completing research
guestionRQ.. The experimental design is derived fraime systematic literature review
presented in the previous chapter. The experimerg#thodis published imAlbers et al(2021)

and may be referred to for more detathiapter6 presentghe findings of the validation study
Exp_Testingenvironmentaddressing research quest®@,. 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 metfiesyvalidation study
Exp_Cultureis presented in Chapt@ focusingon research questioRQs. To investigate the

effect oft he user s&é& c u bnt ther asdessniendt ok wpabitty) ndtam two
experiments with German and.S-Americansamples are compared. Both experiments are
conducted in an instrumented vehicle on test tratkdermany Chapte offers insights into
research questiolRQs. The effect oft h e user sd cubn the subjectieac k gr o u
importance rating of usability factors in the context of HMIs for L3 ABSexamined
(validation studySurvey Culturge Survey data of thresamples comprising one German and

two U.S-Americansutsamples (one currenthgsidesn the United Statesand onesulsample
originates inthe validation stud¥xp_Culturg is analyzed. Chapt&presents the results of an
expert workshop discussing a setpoéliminaryrecommendations for conducting user studies

to assesshe usability of HMIs for L3 ADS.Based on the expert workshopfiaal set of
recommendationgs formulated providing the answer to research questiRfps. Chapterl0
concludes the thesis by summarizing the findings regarding the five research questions.
Furthermore, the learnings amitically reflected and an outlook on future research is
presented. The thesis clgsgith 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 thatan overview ofmethods forassessingisability is presented. The
chapter closes with previous research on the effects of the testing envirodrnveamy
simulatorand theu s er 6 s c ul t ur aderstimi@ascThegchapter mMaks notocover
studies in the field of usability assessments for L3 HMisich are presented in a literature
review inChapter4.

2.1 Terms and Definitions

This section defines the terms relevant to the thesis. The areas of autoinitey
usability, validity, testing environmerandculture are covered.

2.1.1 Automated Driving and Related Terms

Automated driving is m umbrellaterm referring to different degreasd application areas
of automation.The frameworkd fhciples of Operatiod by Shi et al.(2020) provides a
comprehensive overview of the different types of automation, streshmglifferences
between continuous and discontinuous automafion.e 6 Pr i nci pAbéemmide Oper at i
advanced driver assistance systerADAS) with informing and warning functionghat
indirectly influencev e hi cl e gui dance. I n cBoontairsADAS O Pri nci
that continuously and directlffect vehicle guidance through functiomsth varying degrees
of aut omati on. TheC®OPcompetl ip$ @es oADAOpetrlaat oal so
vehicle guidance. However, these functions operate discontinuously, that is, only temporarily
in accidefpr one situations. This thesis focuses on
OperationB & )

The different degrees of continuous automation are described in more detail in the
standard J30165AE International, 2021)ts six different levels of automation (LoAs) range
betweerLevel 0 (LO), which refers to no driving automation, amael 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 s
are dynamic driving task (DDT) and DDT fallback. The DDOS subdivided intassustained
lateral and longitudinal vehicle motion control, and object and event detection and r@sponse
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 oRigure2.1
provides an overview of the sboAs presented id3016(SAE International, 2021)

The thesis focuses on LBnown as conditional driving automatiom 2021, Honda
launched thdirst vehicle equipped with L3 AD$Sugiura, 2021)According to the standard
J3106, in L3 drivingthe entire DDT is performed by the ARSAE International, 2021)The
human operator is required to stay responsive in the role of the falbadk userThe
operator reacts in cases of AllEsSued requests to intervene @Ribr system failures by, for
example, resuming manual control of the DDT. In conttastel 2 (L2) is described as partial
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driving automation. The driver is responsibide the ODT fallbackband 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 substantigrenz et al.(2015) describe he
transition of the driver from theperator to the passenger ra@e a paradigm change. A
simplified model for the different degrees of automatiaderlineshis observation. The BASt
introduces three differerit 0 A ( A ntleatdrangedbptween (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 fir StraRenwesen, 20Egllowing the
model of theBundesanstalt fir StraRenwed@021) the difference between L2 and L3 may
be described as fundamental compared to differences betfeearxamplelL1 and L2.The
HMI facilitates the repeated transitions between LoAs and, thus, of the DDT from the human
operator to the ADS and vice versehe design of théiMl faces new challenges with the
paradigm change.

An Rt | alertprovidbdey 4 3] ADS to a fallbackready user indicating that s/he
should promptly perform the DDT fallback..]0 (SAE International, 2021, @9). This
fallback may involve resuming manual driving pursuing a minimal risk conditio(SAE
International, 2021)RtlIs play an essential role in L3 ADBheterm was formdy known as a
takeover request and may be used as a syndadimayr, 2020)

In the automotive domain, an HMI is the location where information is transferred from
the driver to the vehicle and vice ver&ubb et al., 2015, 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 parametéBgngler et al., 2020)

In human factors research, HMIs play a vital r&tesearch has shown tha¢sdesigned
HMIs reduce effects such asiode confusion(S. H. Lee & Eom, 2015)r misuse
(Parasuraman & Riley, 199%)hile facilitating learning effectgNational Highway Traffic
Safety AdministrationNJHTSA], 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 histamyiginating in the software domaidccording toJ.
R. Lewis(2012) the term usability was first usedtimetitle of a scientific publication in 1979.
Lewis reports thauser friendliness and ease of use were commonly used backH&en.
distinguishes between two conceptions of usability, themative and the summative
conception of usability-or the formative approachewis cites an early definition of usability
as the ease of use in 1981 by Chap§mis3, as cited by. R. Lewis, 201Pthat proposes an
inversely proportional relationship between ease of use and the number and severity of
difficulties people have in using softwar€or the summative approachewis cites a
definition fromBevan et al(1991, p652)t hat consi ders a ficl ass of
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tasks in a specific environmento while dividin
performance and satisfaction and (2) acceptability referrimgnaghera product is used.

The differences between tHermative and summativapproachesare illustrated by
Nielsen(1993)by explainingthe mai n goal s: AThe main @§dgal of fo
to learn which detailed aspects of the interface are good and bad, and how the design can be
i mproved. [ é] I n contrast, summati ve evaluati o
i nt e r(Niedsene 1993, pl70). Nielsen (1993, p.26) operationalizesusability by listing
five attributes: (1) learnability(2) efficiency (3) memorability (4) errors (referring to the
error rate& the errorG severity) and (5) satisfactionHe arguesthat these attributes are
fipreci se and me a sasystanmaticeapproac tw ushbdity tedtifiNielsen, e
1993,pp. 261 27).

This thesis applies the definitiorrqvided by the ISO standard 9241 (International
Organization for StandardizationS[O], 20183. In cont r ast to Nielsends ¢
(Nielsen, 1993, pR26i 27), it provides three facets to operationaltbe construcusability.

The ISO definition follows the summative approa@nd defines usability as h exterit to

which a system, product or service can be used by specified users to achieve specified goals
with effectiveness, efficiency (0,018 papR)i sf acti o
Ni el senos attributes efficiency, satisfacti on,
definition. I n addition, Ni el sen6s operational
memorability, which are not directly addressed in the ISO definition. These attrémates

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 interadiiernability) and the

interaction quality in longerm use (memorability), respectively.

The elements of th&50 definition are further specifiedlhe facet effectiveness is the
fiaccuracy and completerseg(ISO, 2018a, p3) o f t he goal so achi evemer
efficiency relates to the resources needed to achieve the goals. The facet satisfaction refers to
the match betweeit he user 6s needs and expectationso and
emotional (ISOeXBamp3.dbe fAcont ext of useodo compri se
user s, goal s and t asks, theensvimnmentisfsrtherdescdbeenvi r on
asfithe technical, physical, social, cultural and organizational enviroir{i&®, 2018a, p4).

The effect of specific features in the context of use on the usability assessment builds the focus
of this thesis.

Scientific publications on usabilitgssessmentsften overlap with other concepftshis
parapraphprovides aclear differentiation betweensability andthe termsuser experience
(UX), workload, acceptance, trust, and controllability.

UX and usability are closely relatédumas and Salzmgi2006)describe that starting in
2000, researcheexpangédt he meaning of the term usability b
of t he wuser 6410.Antexampecid gropased bguesenberry(2004) who
suggests addi n gdefifitomig thglsOstpodardd211:11 (SO, 2018a)to
stress the importance of a pleasas#tisfying, and interesting interfacelhe approach of
Barnum(2021) describesUX as an umbr el l a term t hat fii ncl ude
many ot her r es dlasrthedis refes tolthe definitign of UX &s proposed by the
ISO standar®24111: UX isftheuser 6 s perceptions and response
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and/or anticipated use of a system, product or service. [UX] focuses on the nature of these
responsebefore, during and after us€iSO, 2018a, pl3). In addition to the different scopes

of time that these constructs refer tbe tstandard further explains that usability typically

focuses on user groups and their goalkile UX f ocuses on individual u
motivations(ISO, 2018a, p22). Concluding, usabilitcan be regarded ascamponent ofJX,

but the terms must not be used as synonyms.

A similar relationship exists between the terms workload and usatiitykloadis the
proportion of an operatorés | i mit@Donelk& aci ty r
Eggemeier, 1986)Workload is therefore directly related toefficiencyd one facet of
usability.

Rahman et a2017)define the term acceptance in the contexADAS a sthefieaction
of driverswhen they are exposed to arvighicle technology and their willingnessadopt the
technology while driving (p. 362) According toRousseau et a(1998) trust is generally
defined as thevillingness to rely on another party based on its characteristittse context of
new technologiestrust is perceived as @itical factor for adopting these new technologies
(Gefen et al., 2003)which resembleshe role of construct acceptand@oth conceptsare
closely related to the facet satisfaction of usabibtyilding uponhe user sdé experi e
regarding effectiveness and efficiency

The code of practiceormulated in the projedResponse 82009)defines controllability
a s tikelidoodithat the driver can cope with drivisituations includingADAS-assisted
driving, system limits andystem failured (p. 5). This safety aspect is addressed in research
mainly by assessing the takger performancée.g., Albert et al., 2015; Naujoks et al., 2015;

Naujoks et al., 2018)Controllability is related to effectivenesshich is a facet of usability.
The difference between these constriiesin their focus. While controllability studies focus
on safetyrelevant aspects, the assessment of effectiveness also comprisesvei@n
interactionerrors.

The constructs presented above appear several times in the scope of thi§heork
definition of and differentiation between usabiliand related termfacilitates understanding
this thesisd research focus.

2.1.3 Validity
Newton and Shay2014)report that the term validity was definad1921by the North
AmericanNat i onal Association of Directors of Educa

test measures what i Atcording totheuaptipors,the abncdptoof thee a s ur e 0 .
term validity has different meanings depending on the disciplme2(3). Furthermore,
Newton and Shay2014)outline that over the past decades, differing concepts of validity have
been developedpp.14i 24), and numerous terms related to validity have been established
(e.g.,pp. 71 9). In the following, only the terms relevatutthis thesis are presented.
D. T. Campbell(1957)distinguishes between internal and external validity 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 generalizdaitiig,
whet her the effect of interest can be generali
297). He points outhat a tradeoff between concepts existstime 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 physiodl behavioral
validity (e.g., Bellem et al., 2017; Blana, 1996; Mullen et al., 20B&)Jlem et al.(2017)
define physical validity as Athe extent to whi
physical r ethalt is,theycorrespgndencd &f Bhysical components, such as layout,
dynamic characteristics, or visual displays, teroad driving. Behavioral validity is defined as
ithe behavioral correspondence between dri ving
r o a d #443), whighincludes the behavioperformanceand experience of drive(Bellem
et al., 2017) The relationship between physical and behavioral validity is ambiguous
concerningpast research on this togeoviding contradicting empirical results.g., Bellem et
al., 2017; Goodenough, 2010; Jamson, 208thneider(2021) concludes by describintpe
relationship as nefinear and complex.
Finally, one can distinguish between absolute and relative valiBigauw (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 interestAccording to Blaauw (1982) relative validity requires that
ndi fferences are of the same or dMorelierald direct

approachessuch as the one ¢faptein et al(1996)d ef i ne absol ute validity
absolute size of the effect i s compadlable to
while relative validity is given if fAthe direc

t he same a s3l)iInthis tkesid, the cpriserviatipe approacapplied, aBlaauw
(1982)proposed

This thesis investigates usability assessments of HMIs for L3 ADS. Thus, the focus is on
behavioral validity. Furthermorehis thesisconcludeson both absolute as well as relative
validity. The tradeoff between internal and external validity is considered during the
development of the experimental desig@hapters5) and in the discussiorof the
generalizability othet h e s'i s §Chapted®.i n g s

2.1.4 Testing Environment

In the scope of this thesis, the terasting environmendescribeshe setting in whichra
experimentis 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., tabunted displays) and driving simulators.
Field studies are subdivided into test track studies, test drives in real traffinatumélistic
driving studies The different testing environmerdre ranked with aicreasing authenticity
level and decreasing experimental control: simple mockdpging simulators test track
studiestest drives in real traffiandnaturalistic driving studiegBruder et al., 2007)

Other researchers use different categofaex additional dimension} to describe the
testing environmenfe.g., Purucker et al., 2018; Schneider, 20&thmidtke and Schulze
(1989) list evaluation methods that resemble the akhmesented testing environments of
Bruder et al(2007) adding only mathematical models (low level of authenticity, high lefsel
flexibility). Schneider(2021) proposes a classification approach to common settings in
pedestrian research that classifies the settings on four dimensimsrimental conttp
scenario realism, physical fidelity, and awareness (of being observéd. thesis
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distinguishes between five different testing environmesgBruder et al.(2007) proposed
Only two of these testing environmeditthe driving simulator andthe test track are
examined in the scope of this work.

2.1.5 Culture

The Latin origins of the term culturere associated with education or refinem&finkov
& Hofstede, 2013, pl0). The definition of cultire iscomplexand varies across different
domains.Even within domains, researchers struggle to agree on one defiasidgliustrated
by Jahoda(1984) who remarks thain social sciencesghe number of books covering the
definition of culture is enormou#\ definition often cited in social sciences is provided by
Kluckhohn(1959, p86x A Cul t ure consi sts in patterned ways
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 derivedand selected) ideas and especially their attached
v a | ulenmor@ recent definition of culture is provided by the wkelbwn social psychologist
Geert Hofstedand colleaguegHofstede et al., 2010, ppi 6). They describe that culture is
learned in a social environmemhaking it a collective phenomenoHofstede et al(2010)
vewcul ture as ment al s o f thes eolleetive gorogramihiegf of thee t he t
mind that distinguishes the members of one group or category of people fronbotherp . 6 ) .

Following the definition of Hofstede, the next stepjgerationalizinghe terms group or
category to conductultural research.According to Hofstede (2001, p.10), groups and
collective® and thusculture® can be formed by nations, regions, ethnicit@ganizations,
occupationsandeven age groupa gendersMinkov and Hofsted€2013, p.11) argue that in
a pragmatic approach, culture can be defined based on the focus of the research interest.
Research ogultures oftenuses nationality agn operationalization for culturée.g., Barber &
Badre, 1998; Hofstede & Minkov, 2013a; Minkov & Hofstede, 20T8)s approach has been
the subject of many controversieGhild (1981, pp327 328) remarks that not nationality but
other phenomena like national wealth, level of industrialization, or climate may cause cultural
differencesPeterson and Smiif2008)identify three main critiques for using nations in cross
cultural reseatt. (1) the variance of individuals within natign§2) the existence of
subcultures within nationsand (3)the weaknesses of structural theories in gendvithkov
and Hofsted€2013, pp25i 26) take a stand on the points of criticishiheyargue thathe first
and third pointsare irrelevant. The first poinbf criticism refers to the complexity of
individuals within nationsMinkov and Hofsted¢2013, pp25i 26) comment that the critique
shifts the focus from the level of group research to the level of individual research.
Furthermore they weaken criticism Dthe theoretical nature of the construct nationality by
pointing out that any abstract theory could be defended without empirical evidéree
critique referring to subcultures such as regions and ethnicities is confronted by empirical data
involving 299 ircountry regions from 28 countriesnfirming the existence ofational values
(Minkov & Hofstede, 2013, pi25i 26). Researcheris favor of usingnations in crossultural
research argue that natiomseate shared experiences regarding education, economy, and
demography(inglehart & Baker, 2000, [®7; Parker, 1997, pd1i 17, Minkov & Hofstede,
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2013, pp25i 27). With the complex discussion on the term culture in mind, this thesis follows
thecommonapproach of defining culture through nationality.

Crosscultural research has a long history. One of the earliestugntb this daymost
prominenttechrelated crosgultural research is conducted by Geert Hofstede. In the 1970s
Hofstede identified culturalalues anddimensions based on survey détam over 100000
guestionnairegn 50 countrieprovidedby IBM (Hofstede, 2011)Hofstede defines values as
fia broad tendency to prefer certain states of affairs over otfid¢oéstede, 2001, ). Over
t he dec ademodel di cutusaldendnsidrisas beemefined and complemented and
currently holds six dimensiongHofstede, 2011) Table 21 c ompr i s es t he di men
descriptionsand empirical results for selected countriegions

The cul tur al values of Hof s ttleed/auds Sumey d e | can
Module VSM), a 3Gitem questionnaire witlsix items related to sociodemographic data and
24 items related to cultural valu@dofstede & Minkov, 2013a) The t hesi s applies
model and its method to obtain data on cultural valNesnerous other crossultural studies
focus on variations of nations, regions, and ethnicities that are not subject to this thesis
Minkov and Hofstedg2013, chapter 9provide a comprehensive overview of major cross
cultural studies.

10
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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
f{[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
unequallyo(p. 9)
AE]xtent [to which] a culture High scores in East an_d Central European
. . . countries, Latin countries, Japan, and German-
Uncertainty programs its members to feel [é ] . S
) e speaking countries;
Avoidance uncomfortable [é ]in X . . .
B low scores in English-speaking, Nordic, and
unstructured situationso(p. 10) . i
Chinese culture countries
. . Higher scores in developed and Western countries;
fiD]egree to which people in a neither high nor low scores in Japan;
Individualism  society are integrated into ghn pan,
roupsd ( p 11) lower scores in less developed and Eastern
9 ' countries
High scores in Japan, German-speaking countries,
and some Latin countries like Italy and Mexico;
moderately high scores in English-speaking
Masculinit f{D]istribution of values between Western countries;

y thegendep2n ( 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 Europe;
Orie%tation current and future neither high nor low scores in South- 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;
Indulgence

vs. Restraint

norms give to citizens in fulfilling
their human desires

neither high indulgence nor high restraint scores in

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

2.2 Overview of Methods for Assessing Usability

This sction presents an overview of the different methods for assessing usability.
Emphasis is pubn methods and metrics relevant to the thesis. For extecmwesage of the

methods for usability assessmergkease refer tdumas and Salzmaf?006) J. R. Lewis

(2012) or Sarodnick and Bra(2016)

Thefirst usability tests areeported as beinf e x pensicwvae s umi mg,

and

(Barnum, 2021, pl6). Traditional usability tests were mainly conducted by experimental

psychologists or cognitive scientists and typically involvedd30 participants(Barnum,

2021, p.16). In the 1990s, usability testirexperienced drastic change. Several researchers

observedhat sample sizes as smallMis 5in a usability studyiscover about 8@ to 85% of

the usability problems that a bigger sample would ibseoveredJ. R. Lewis, 1994; Nielsen,
2000; Virzi, 1990) Besides the more resourefficient way of usabilitytesting other methods

11
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have beenefined and developedumas and Salzmaf2006) assign thee methods to four
different categories: (1) field methqd®) inspectionmethods (3) usability testingand (4)
focus groups, interviews, and surveys

2.2.1 Field Methods

Dumas and Salzmaf2006) describe thatiéld methods aim to study users, their needs,
behaviors and product interaction ia reatworld context.The authorgdistinguish between
explorative and evaluative field studid=aurthermore, field methods vary substantially in the
degree of the usersd awareness of being part
behavioral observations, interviews, or diaries.

2.2.2 Inspection Methods

Inspection methods do not involve the (potential) end umeé are conducted with
usability specialists or developers instd@iimas & Salzman, 2006 he most frequently
appliedinspection methods atbe cognitive walkthrough anthe heuristic evaluationin a
cognitive walkthrough, an evaluattakes the role of a useompletinga specified set of tasks
while examining the cognitive demand and potential usability problems forstgmiNielsen,

1994) According toBarnum (2021, p.46), the heuristic evaluation is the second nufttn
selected method from a UX toolkitn a heuristic evaluationfew evaluators assess an
interface's complianceith a set of usability principle@ielsen, 1993, pl55) For each of the
usability principles, the evaluators rate the severity of a usability problem ranging between
A0t his is not a us ahb ushhility gatagrop@elinperative otfix this | 6 t o f
bef ore pr oduc t(Niesennl99B, gl03) Bliklsem(20@5 bbposes a set dfo
usability principledor 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 documentatigp. to this day, the set of heuristics(igith
adjustments)often applied in research in the software and ott@nains {,391 Google
Scholar citations forthe current version byNielsen, 2005 examined 29.10.2023 The
application of leuristic evaluationsis recommended irnthe early stages of a product
developmenprocesNielsen(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, p11) Further characteristics of the methods are the defined set of
tasks that participantmustcomplete, the recording and analysis of qualitative or quantitative
measuresand often the involvement of the thinkiatpud techniqugDumas & Salzman,
2006, p.111).

The thinkingaloud techniqueis described as one of the masisentialmethods of
usability testing(Nielsen, 1993, pl95). This method requires participants to think out loud
while performing specific task§C. Lewis, 1982) The verbalized thoughts allow the
experimenter i nsi ght ssandrpmlemst white interaatingsmvih aper spec

12
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product (Nielsen, 1993, pl95) Other usability measures applied in usability testing are
satisfaction ratings, error rates task success ratd3umas & Salzman, 2006)

Hornbaek (2006) presents a literature review comprising 180 studies in the field of
usability research on humaomputer 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 nfregiuentlyused measures of effectiveness
are accuracyfor examplegrror rates or precisigiinary task completigrthat is,the number
or percentage of successfully completed tasksd quality of outcomethat is, the
Aunderstanding or | ear ni ng3)cCbmmontybised nmeasturéeson i n t
of efficiency ardime, that is,the duration of a (part of a) tgaksage patterngor examplethe
use frequency or the deviation from the optimal solyténd the input ratefor examplethe
number of correctly entered words in a spegigciod Predominanimeasures of satisfaction
are guestions regarding the satisfaction with the interflaceexamplethe ease of usand
guestions regarding t he, fouexampleihe parceptiorbfthd es and
interaction or the perception of the relation to other perddssally, he response format of
these questions is a scale ranging from disagreement to agreement with the respective
statementAnot her commonly wused measure of satisfac

which can be inquired in a rating or ranking o
of the studies in the literature review use standardized questionnaires such as the
OQuestionnaire for User I nteraction Satisfacti

in humancomputer interactiofChin et al., 1988)

2.2.4 Focus Groups, Interviews, and Surveys

Dumas and Salzmaf2006) summarize focus groupinterviews, and surveyisito one
major category A distinction between the subcategories is madeCburage and Baxter
(2005) who assignf ocus groups to individual userso fee
with more irdepth data collection, arslirveys to large user samples.

Focus groups comprisgix to nine users discussing a product and a moderator who
ensures that selected topics are covered, and everng lsard Nielsen, 1993, p14i 215).

In interviews, the user and the interviewer are in direct exchavtggre nterviewerscan
respond to misunderstandings or interestisgrremarkswith follow-up questiongNielsen,

1993, pp210 211). Nielsen (1993, pp210 211) points out thatriterviews enable hdepth
data collection but are associated with a highource demand in the data collection and
analysis phase.

In contrast, questionnaires have a high resource demand in the develph@asatbut
have the advantages of allowing efficient data collection of large sampleffezitde use
regarding location (e.g., via mail) and time (e.g., comparisons over {iielsen, 1993,
pp.212 213). Sauro and Lewi$2012, ppl185 186) complement the aboMésted advantages
of standardized questionnaires with objectivity, quantification, effective communication, and
scientific generalizationIn addition to the QUIS (Questionnaire for User Interaction
Satisfaction) several questionnaires with differing application areas, focuseslengths
exist.An extensive overview is presented ®guro and Lewi§2012, chapter 6)
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1 The &System Usability Scale(SUS has beerdeveloped as a cesand resource
efficient ( AXPiuemglestienmadevitd anroverald Score between 0
and 100, designefbr a range of application contextBrooke, 1996) The SUSis
frequently applied with 8,351 Google Scholar citations (examine#9.10.2023) for
the original paper biarooke(1996)introducing the questionnaire.

T The&ostStudy System Usability Questionna(®SSUQ Sauro & Lewis, 201Ris
a licensefree 16item questionnaire with one overall score and three subscales
System Qualityinformation Quality andinterface Quality

1 A related questionnaire is tiiEomputer System Usability Questionnéiflenown as
CsuUQ J. R. Lewis, 1995 whichis identical to the PSSUQ with adjusted wordings
for the adaption to research in contewtber than laboratory settingéSauro &
Lewis, 2012)

T The o6Usability Met UMUX Fiostad, BOdfisra shont 4teeanr i enc e 6
guestionnaire directly reflecting the facets of usability in the definition of the 1SO
standard 92411 (ISO, 2018awith an overall score between 0 and 100.

1 The &oftware Usability Measurement Inventériknown asSUMI, Kirakowski,
1996 includesb0 itemsthat result ina global scale and the five subscadiéfciency
Affect Helpfulness Control, andLearnability (https://sumi.uxp.ie/Sauro & Lewis,
2012.

1 The dJser Experience Questionndr@JEQ, Laugwitz et al.,, 2008is a 26item
guestionnaire focusing on UX rather than usability with six subsoatgactiveness
Perspicuity Efficiency Dependability Stimulation andNovelty

Research byl. R. Lewis(2019) shows that the questionnair8t)S CSUQ andUMUX
strongly correlate. Consequently, researchers may choose the questionnaire based on other
aspectssuch as comparability witbreviousresearch or length. Furthermore, the questionnaire
may beselectedegarding thesuitability of the questionnaire items to the research subject.

In usability studies, researchers oftmmbine several of thpreviously listedmethods.
Interviewsand questionnaireare often conducted at the end of usability téstg., Barnum,

2021, p.239; Dumas & Salzman, 2006, }26; Hornbaek, 2006)his approach is backed by

the 1SO standard 924111 (ISO, 2018a)According to the ISO standard 9241 (ISO, 2018a,

pp. 7, 26) no single intrinsic measure of usability exists because no measure fully represents
overall usability, and usability and its facets depentherrespective user goals and context of
use.

2.3 Effects of the Testing Environment Driving Simulator

This sectionpresents literature on the validity of driving simulatorghas thesis' testing
environment of interesThi s sectionbés scope is not i mited
studies in generalAfter generalizingthe advantages and limitations of driving simulators,
selected findings of previous driving simulator validastudies 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 testBoibk
testing environments feature a lower level of authenticity and a higher level of experimental
control than naturalistic driving settingéBruder et al., 2007)Most research efforts focusing
on the effects of testing environments examine driving simulatdraong others, driving
simulators have the advantages of being researm costefficient, enabling a high degree of
standardization and control of confounding variablesparchitting riskfree testing of safety
critical situationqCaird & Horrey, 2011, Table 5.1)

Despite the advantages, several aspects require consideration when conducting research in
driving simulatorsPurucker et al(2018)list several of these aspecRegarding thenodeling
of the physical worldthe 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 ©participantsdé6 awareness of being in
behavior (e.g.perceived riskseeRanney, 201}l Purucker et al(2018)suggest implementing
familiarization drives and training toeducethe potential effects of theabovementioned
aspects

Attempts to validate driving simulators usually involve comparisgmng., ANOVASs,
correlations, or regressiond)etween driving simulator experiments and replications in
instrumented cars in test track experimemts less ofted real traffic conditionsThe focus
of these validation studies is manifold. That is, validation studies may address specific
methods (e.g.Bengler et al., 2010ane change test in different laboratory settings), specific
products (e.g.Krause et al., 20%4raffic light assistant in a static driving simulates. real
traffic conditions), or specific settings of the testing environment (Krtappe et al., 2007
lane keeping and steering performance for different field of view conditiBlesjew papers
on driving simulator validation studiggovide good overviews of the common methods and
the current state of the alBlana, 1996; Mullen et al., 2011; Wynne et al., 20I)e
validation studies presentechn be attributed to specific aspects of driving behasitch as
speedd r  d rpereeptionRé@evant 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 studiesrigparingdr i ver s6 speed
(Mullen et al., 2011; Wynne et al., 201Mullen et al.(2011) conclude that most studies
confirm relative, if not absoluteralidity. In contrastWynne et al(2019)find that more than
onethird of the studies included their review on speed validation do not demonsteitieer
relative or absolute validity. The differences are divemsaging from higher speeds
(Senserrick et al., 2007; Wynne et al., 201@\er speed¢Fors et al., 2013)r greater speed
variations (Senserrick et al., 2007n simulators compared to apad observationsThe
reviews Gesults are similar foother aspectssuch as braking behavior, lateral driving
measurespoverall driving performanceand physiological measurgdiullen et al., 2011;
Wynne etal.,,2019) The ambiguous findings reported in t
guestion of simulator validity isomplex Mullen et al.(2011) further examine validation
studies coveringhe effects of road desigand traffic control devices, complex behavieugh
asdivided attention task@nd effects of specific user groupesd.,characterized through age
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or medical conditions)Mullen et al.(2011)concludethat 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 validiwynne et al.(2019)additionally examine the
relationship betweefindings of validity and the fidelities of driving simulators. Thesults
indicate no clear relationshijwynne et al., 2019)The authors anclude their review with a

call for more standardization and transparent documentation in validation studies
Furthermore, theypuggestincluding the measuie speed in each validation study to enhance
the comparability of different validation attempthie two reviews by/ullen et al.(2011)and
Wynne et al.(2019) stressthe importance of selecting a driving simulator with appropriate
features for the research question of interest. In line Kathtein et al.(1996) Mullen et al.
(2011)even urge tmewly validate driving simulators fazachresearch 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 drivingonditions arecare. 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 manesveayaducted in a moving
base simulator with two different settings and an instrument vehicle on a tegiBedlekn et
al., 2017) The results show relative and absolute validity daty one of the two driving
simulator settingsdemonstrating the importance of appropriate motion cues in research o
driving comfort (Bellem et al., 2017)Another validation study for automated drivinig
conducted byPoisson et al(2020) who repeat a driving simulator experiment on driver
behavior for L4 driving in a Wizard of Oz vehicle on a test trathe authorsobserve
differing takeover strategiebetween the two testing environmeatsd more interruptions of
nontdriving related activity NDRA) engagement while driving L4 ithe Wizard of Oz
experiment compared to the driving simulator experiment. No differemee$oundin the
analysis of reaction times to Rtls.

Regarding the validity of driving simulators for usability research in ADS H¥kstwo
validation studies in the context of automated driviBgllem et al., 2017; Poisson et al.,
2020) are encouraginglespite 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 conteat presented in the reviewsMfillen et al.(2011)andWynne
et al. (2019) suggest that driving simulators provide valid resultseverthelessseveral
studiesincluded in their reviewsould 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 specificmetrics while for other metricsno validity could be foundMullen et al.,
2011; Poisson et al., 2020; Wynne et al., 2019)

2.4 Effectsoft he Userso6 Cul tur al Background

This sectionpresents literaturen cultural effectan user studiesThe first sulsection
presents research on cradtural effects in the data collection phashe secondubsection
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presents crossultural studies in interface design, the link between theoretical models of
cultural values and interfacedesign It closeswith crosscultural studies in automotive
interface design.

2.4.1 Effects of Culture in the Data Collection Phase

The danger of drawing false conclusions is hi§lcultural effects during the data
collection phase are not considered. To illustrate this, several exaofptedtural effects
occurring duringhe data collection phase are presented.

Loew et al.(2022) suggest that questionnaires may have different structurdifénent
countries. They conduct factor analyses of$kiSfor samples from Chindhe United States
and Germany andrfd different twefactor structures for each countfgegarding response
behavior for scales such as Likert scaMsess and Vijayendr§2020) present three response
tendencies that are countpecific: (1) acquiescence response stylescribe a tendency to
agree these stylesare common in Latin America, the MiddlEast and some African
countries; (2) extreme response styles describe a tendency for using the extremes of rating
scalesthese styles are common in Latin Ameriaad (3) middle response styles describe a
tendency for using the migksponses of rating scaleshese styles are common in Asia.
Douglas and Liu(2011, pp.30i 31) list numerous studies confirming a cultural effect on
response behavior in usability tests. A comnpirenomenonis the reluctane to express
criticism in several culturege.g., Chetty et al., 2007; Herman, 1996; Yeo, 206{Erman
(1996) reports an extreme example of a participanSingaporewho abors a test anctries
due to failing to completa set of tasksRegardless of the poor performance and the emotional
stress, the overall feedback in the interviewpositive.Vatrapu and PéreQuifiones(2006)
additionally find an ef f ect of the interviewerés cul tu
responsesThey 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 intensefnan
the same culture compared to interviews conducted with AlRglerican interviewers.

Douglas and Liu2011, 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 deviceande ®enin numerous studieslo illustrate the variety of
potential reasons for cultural effe@ad the resulting findirgy selected studies are presented
in this subsection In 1991, Abed identified different scanning patterns for ndirectional
stimul. depending on the paThd readingpdaectiorsand | ear ne
literacy rates influence the interaction with technical devi&serwani et al(2009)find that
speech interfaces are preferred over tawcie interfaces for mobile phone applications by
users with low literacy ratefn a study byLesch et al(2009) participants from China and the
United Statesate theperceived hazardf colors, words, and symbadsd their combinations
The Chinese participants providewer absolutehazard ratings tharmhe U.S-American
participants. Furthermore, the relative levels of perceived hazard biéfereen the samples
regarding the elements, particularly the colors. In contrast, the relative levels of perceived
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hazard for combinations of the elemeais similar for both samplesionold (1999)examins
cultural differences inhe learning procesand observe that Chinese prefer learning by
imitating friends while Germans prefer individual learning by doBdies byChau et al.
(2002)andFrandserThorlacius et al(2009)show thathe Chinese place high importance on
aestheticscomparedto Americans and Danishrespectively. These studies suggest the
existence of cultural differences in preferences for usability aspbth areaddressed in the
following.

The firstapproaches to link culture to design aspects of technical devices appeared around
the year 2000Barber and Badr€1998)identified cultural markers in websitesuch as icons
or colors andintroduce&ulturabilitydto underline the strong relationship betweesability
and culture Marcus and Gould2000) develogd guidelines for interface designs based on
Hof stededs model QHofstecdley RO illustrated avithnerampglds drams
website designTwenty years lateiGGong et al(2020)took up the approach andppl five of
Hof st ededs c ul develogdMI gdidelinesiinghe automotive @ontexdong et
al. (2020) formulate 16 HMI guidelines for the design of automotive HMIs for the Chinese
market. Sogemeier et al(2022) mapt he si X cul tural di mensi ons
(Hofstede, 2011jo HMI design in the automotive context. The researchers map the cultural
dimensions to a set of usability criteria and provide examplddMI design for extreme
expressions on the cultural dimensions.

I n addition to cultural val ues s(dafskedeas Hof st
2011) cul tur al di fferences in the context of dri
behavior. In a naturalistic driving studfrlovska et al.(2020) observedifferent usage
behavios of ADAS, such as Rot Assist and Adaptive Cruise Contro(ACC) between
Chinese, Swedish, and.S-Americanmarkets. A possible reason is providedUayge et al.

(2017) explaining that road environment, local rules, and regulations (formal and informal)
differ between cultures. A study Hyindgren et al.(2008) supports this argumenthey
compare the ratings of potentialiangerougiriving behavior between Swedish and Chinese
drivers. The results show that both samples mainly idetitd same problemsiowever, the
Swedish sample rates these problems more severetas$ful 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 nworitical by drivers.

In addition to the driving contexthe abovepr esent ed | ink bet ween Hof
cultural dimensiongHofstede, 2011pnd HMI guidelines suggests the existencewfural
differences in preferences for HMI desigempirical studies on cultural effects regarding
automotive HMlIsare limited andnainly cover the design of infotainment syste@sly a few
crosscultural studies addressing automated driving esistectedstudies from both areas are
briefly presented in #following.

Roessgen(2003) compaes the input controls rotary push button and touch screen for
samples from Germany, Japan, and tméted StatesThe United Statesand Germanyield
similar ratings, differing onlyin aspects regarding expectations and aesthetibde the
Japanese ratings differ si§joantly from the other two samples. Another study regarding input
controls compareBritish and Chinese participantsarge et al., 2019)n both sampleshe
touch screenis preferredand rated as least demanding to use while driving. Chinese
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participants, however, express more excitement for the novelty and show higheadoff
glance times compared to the British participa¥itaung et al(2012)compare preferences for
control types and labels for Australian and Chinese drivers. The results ctdiindings of
previously presented studi@Shau et al., 2002; Frands@&horlacius et al., 200®mphasizing

the high importance of aesthetics for Chinese driv&sgarding navigation systems,
Heimgartne(2007)andLarge et al(2017)find that Asian samples from China and Malaysia
preferhigher information densitiehanWestern samples from Germamnd Engliskspeaking
drivers. Furthermordjeimgartner2007)finds that the Engliskspeaking sample diffefrom

the German and the Chinesspeaking samples by preferring considerably lower display
durations of maneuver advice notificatiofsirther differences between samples from Asian
and Western cultures could be shown in studies on infotainment systems for preferences
regarding the usage of quick buttafdehler et al., 2021: China vs. Germanihe learning
behavior(Khan & Williams, 2014: India vs. UKand the importance rating of specific HMI
featuregKhan et al., 2016: India vs. UKNiehaus et al(2020)compare Japanese to German
truck drivers They reportthat the Japanese sample systematically pradioseer ratings
while the relative ratings of the HMI variatioage similar for both sample&.urther analyses
showno cultural effectbut the comprehensiveness of icanghe tested HMtonceps proves

to be most important for the HMI design. The authors conclude that the design of
understandable icons supported with descriptions is more relevant teccltosal HMI
designs than cultural backgrounds.

Regardinghe cultural effects in automated drivingdelmann et al(2021)compare four
samples from China, Germanjgpanandthe United State$n an online study examining the
usersd acceptance of the ADSO® deci ssimilars i n
results for the German andlS-Americansample who preferADS decisions with only low
hindrances of other traffic participants. The Japanese sample ssicADS decisions leading
to any hindrances of other participanfthe Chinese sample shehWigh acceptance ratings for
all ADS decisions regardless of the level of hindrai8tde et al.(2021) and Hergeth et al.
(2015) conduct crossultural research in takever scenarios of ADSocusing on driving
behavior and trustStrle et al.(2021) compareU.S-Americanto Slovenian drivers. The
researchers obsergignificantly lower takeover performances and higher distractions due to
engagement with voluntary NDRAIn 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 sampbtencerningakeover situations. The results show similar developments
of trust in both samplesvhile mistrustis significantly more pronounced in the Chinese sample
than inthe German sampl&urthermore, ehavioral measures could not be related to the self
reported measures of trust.

The studies presented in tlisctionconfirm 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 cobernigslves
A recurring observation is the superior importance of aesthetic aspects in Chinese culture
compared to Western culturésg., Chau et al., 2002; Frandsemorlacius 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.gxpectations and aestheticsRoessger, 2003r take
over performances and NDRA engagementSinle et al., 2021 The presented studies
highlight the importance of the research methods when conductingctits®l researchfhe
differences between cultures may only show in specific mefizghermore, the existence of
covariates such as comprehensiveness or language proficiency can help totesefidtts.
Considering the first subsection on crasstural effects in the data collection phase, the
greatest care must be taken in seleatmeghods and data interpretation
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3 Research Questions

The previous chaptgrrovides an overview dathe current state of the art. The chapter
identifiesresearch gaps concerning #féectsof context orusability assessmenté HMIs for
L3 ADS conducted in user researchive research questions are targetedhis thesisThe
research questions and the approaches to answer them are presented in thig bbdpésis
structurealigns with the five research questions depiatefeigure3.1.

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

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  Basdon common research methods and findimgsat is the best practice advice for
an experimental design for assessing the usability of HMIs for L3?ADS

The researchquestionRQ; addresses the status quoooimmon researcmethods ad
findings @plied in usability testing of HMIdor L3 ADS. In the first step, asystematic
literature review is conducted to answer this research queB@ged on the literature review
a best practice advice is develop&te approach and results are presented in Chétethe
second stephe best practice advice is transcribed into a study design for user tests applied in
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three experiments presented in this theSl®e study design igdescribedin Chapter5. The
threeexperiments provide the data basis for two validation stymle=senteadn this thesis.

RQ  Which effect has the testing environment on metrics for assessing the usability of HMIs
for L3 AD®

The validation studyExp_Testingenvironment examines the effect of the testing
environment on a selection of usability metrigs.particular, a static driving simulator is
compared to an instrumid vehicle on a test trackhe experimentSim_GERs conducted in
a static driving simulator at the Chair of Ergonomics in Garching. The experime@ERis
conducted in an instrumented vehicle on a test track at the Urdvetsit Bundeswehr in
Neubiberg. The experiments and the corapee analysisof the results are presented in
Chapter6. The chapter concluddsy assessinthe validity of driving simulators foassessing
theusability of HMIsfor L3 ADS, thereby answering research questRip.

RQ  Which effecthatheu s er s & c ul t wmraelrics foaasdegsingahe nghbility
of HMIsfor L3 AD®

The \alidation studyExp_Cultureaddresses the effectifeu s er sé cul t ur al bac
on a selection of usability metri(RQs). The data of the experimehl _GERis reused fothis
validation study. The participant sample consists of Germans. The expefimdnfA is
conducted in an instrumented vehicle on a test track at BMW Driving Academy in Maisach.
The participant sample of the experimdi_USA consists ofU.S-Americarst. Chaptei7
presents the experiments and ttmmpaative analysisof the results. This validation study
aims to provide insights into the validity of usabilidgsessmes of HMIs for L3 ADS
conducted in different cultural settings atitereby the transferability of conclusions across
cultures.

RQ: Which effecthatheu s er s 6 c ul t wntlelsubjbctive imgortanee mating of
usability factors in the context of HMigr L3 AD&

The \alidation study Survey Cultureexaminesthe effects of the us er s 6 cul tura
backgroundon thesubjectiveimportance of different usability factors in the context of HMIs
for L3 ADS. Subjectivedata on the importance ratings and cultural values are collected. The
samples are drawn from the German populafohN_GER, the U.S-American population
(currently residing in the USAON_USA, and from the experimetT_USA conducted with
U.S-American participants in Maisach, Germany. Results from the three samples are
compared and discussed in Cha@erhis chapter aims to answer research que&iQn thus
deepening thénsights in the importance of culture ihe usability testingof HMIs for L3
ADS.

I Initially planned experiments ithe United Statesand Japarare canceled due to th€OVID-19
pandemic. Instead, one experimeist conducted in Germany withJ.S-American participants
(TT_USA.
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RQ  Which methods are recommended for assessing the usability of6fNIB ADS

An expert workshop is conducted to discuss a set of preliminary recommendations for the
assessment of usability in HMIs for L3 ADS. The preliminaet of recommendationss
derived from the findings and experiences of the experiments presentetiajters
Chapter6, Chapter7, andChaptel8. The wor kshopdés results are
findings and this thesis' empirical findingShapte© presents the expert workshop and the
consolidation of the final methodological recommendations for usability testing of HMIs for
L3 ADS, thereby answering research questips.

Chapterl0 summarizes the findings alongside the five research questions. Furthermore,
the findings arecritically refleced regarding theitimitations andgeneralizability. After
concluding thecontribution of this thesjgotential 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. Furthermarbgst practice advice is derived. This advice
serves as the basis for the experimental design applign validation studie€Exp_Testing
EnvironmenandExp_Culturepresented itChapteré andChapter7. The literature review and
the experimental desidrasedon the best practice advice address.RQeliterature reviews
publishedin Albers, Radlmayr, et a{2020)and may be referred to for details. It compriaes
detailed analysis of the selectsiatteenarticlesandthe 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 reviewis based on the guideliméRreporting Iltems for Systematic Reviews and Meta
Analyse® (Moher et al., 2009)Articles are selected that feature a combination of keywords
s uc h usaasb i fi humapmachinefint e r f a ccenditionally automateddr i vi ngo.
Initially, a set of 560 articless identified during the search phase. The final selection features
16 study and theoretical articles foaug 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. Thefollowing six experiment characteristics serve as categories to structure the
findings: definition of usability, testing environmentsample characteristicdest cases
dependent variableand conditions of use.

4.1.1 Definition of Usability

Since the scope of thesearch efforts on usability assessments, the literature review
analyzes the applied definitions of usability. The analysis showsfdbatarticles do not
provide a distinct definition or operationalization of usahilifjve articles operationalize
usability usingmetrics such as th8US(Brooke, 1996) Additionally, two articles refer to the
minimum requirements provided by thEHTSA as a practical guid@017) According to the
requirements, t he user of an ADS HMI mu s t
functioning properly; (2) currently engaged
(4) experiencing a malfunction; and/or (5) requesting control transition from the ADS to the
oper gNHOSAH2017, pl0). Finally, four articles apply (a variation) of the definition
provided by the ISGtandard 924111 (ISO, 2018a)and two articles refer to the definition of
usability provided byNielsen(1993)

4.1.2 Testing Environment

Twelve articles provide information on the applied or recommended testing environment.
Driving simulators are listeoh 10 of thesel2 articles Of these 1Qarticles, two apply moving
base driving simulator&nd four articles report using fbxase driving simulatorsiwo other
articles describe the applied or recommended driving simulators dalkdity 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 characteristidd, articles provide information and either list
experts or potential users as participants. Most of these afticie42) list potential users as
participants for the usability tesand only two study articles repocbnductingtests with
experts only. Twice, both expert and user testing are recommended. Regarding the sample
characteristics, the sample sizes of the expert samples vary bé&tweérandN = 9 and list
ergonomics, HMe, or ADAS as background. The sample sizes of tests with potential users
range betweeil = 12 andN = 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.lharticles test cases cover
transition scenario®ownward transitionsfor exampleL3 to LO, are covered in all of these
articles while upward transitions are described in eight artidiesir articles (additionally)
cover test cases on system modes and availabilitiee/A$. Six articles (additionally) cover
test cases on planned maneuvers, different traffic scenaritse interaction with navigation
systems.

4.1.5 Dependent Variables

Three articles do not provide information on dependent variaBigsarticles apply or
recommend observational metrics such as gaze behavior or interaction performance. Six
articles (additionally) apply or recommendingstandardizedisability questionnaires such as
the SUS (Brooke, 1996) Questionnaires for constructs affiliated with usahilisych as
acceptanceare (additionally) applied or recommended by seven articles. Seven articles
(additionally) apply or recommenaking qualitative methods such as interviews or heuristic
evaluationgNielsen & Molich, 1990)

4.1.6 Conditions of Use

The conditions of use are generally not reported in detail4lmrticles information
indicatesthat 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
additionallyreport or recommend testing interactions of repeated contact.

4.2 Derivation of a Best Practice Advice

The review concludes with best practice advice for the six study characteristics. The
best practice advice is briefly described in this section and depicledies.1.

It recommendslefining and operationalizingsability in the context of HMIs for L3 ADS
through a combinationf the definition provided by the IS&tandard24111 (ISO, 2018a)
and the NHTSA minimum requiremerfdHTSA, 2017) Regarding the testing environment,
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the best practice advice recommends using-hdgHity 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 experienedfjlimtion with technical devicesThe

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 anéson

critical scenarioswhen determining the test cases. Regarding dependent variables, the best
practice advice recommends the application of observational ancegetfed metricsThe
observational data are further specified in collecting visual behavior and interaction
performance data. The advice recommends applying Sb& short interviews, and
supplementing standardized questionnaires for-replbrted dataFinally, 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

Gener al Definition: fAextent to whic
by specified users to achieve specified goals with effectiveness, efficiency
and satisfaction in dSG20&8a,pf2f ed con:

Definition of usability Practical Realization: the user und.
properly; (2) currently engaged in ADS mode; (3) currently &inavailabledfor
use; (4) experiencing a malfunction; and/or (5) requesting control transition
from the ADS t(MHTSAN20170ppl®) at or O

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 tlegperimental desigthat is applied in théhree experimentsf
the validation studieg&xp_Testingenvironmentand Exp_Culture The study design builds
upon the best practice advipeesented in the previous chapterd completes the work on
RQu. Thedevelopment of the study designmpublishedby Albers et al.(2021) This chapter
builds upon the publication and provides more detailed insights.

The validation studiesare designed as betwesubject studiescomprising the
independent variables experimerxfp) and HMI concept MI). In each of the three
experimentstwo subsamples ar®rmed by the independent variable of the HMI concept.
Potential training and sequential effects expected to be considerable due to the similarity of
the basic structure of the HMI concefgseSubsction5.4.1). By choosing a betweesubject
design, the influence of learning effects is avoided.

The validation studiefocus on assessirthe effects of the testing environment and the
user so0 cul t.drheeefore, tha ovkraglrexperimehtal design strives to acligye
internal validity, especially regardirsgandardizationWhere possible, the experimental design
reflects a realistic setting (e.g., scenarios, information availability, HMI design) to ensure the
generalizability of resultgsee $Sbsction2.1.3 for more details on the traddf between
internal and external validity)

5.1 Definition of Usability

The underlying definition of usability is provided by the IS@ndard924111 (ISO,
2018a)and thereby covelthe threeusability facetseffectiveness, efficiency, and satisfaction
In addition, the NHTSA minimum requiremer(tdHTSA, 2017)are consideredriteriafor a
practical approach. The operationalization of the usability assessment is realized through the
selection of test casesaeSection5.3) and metricsgeeSection5.6).

5.2 Sample Characteristics

The samples consist ofiiveparticipantsregarding their experience with L3 ADS. This
enablesthe assessment of intuitive usability in a ficehtact interaction. The recruitment
criteria strive to represent the entire populatbdriversandthe population of potential future
users. Participants are required to hold a valid driving license. A balanced gender distribution
isaimedata mi ni mum of 30% f etaigetedhge rangésthatwegnd8and ci pant s
75years.Following the NHTSA visualmanual distraction protocothe age distribution is
aimed to include a minimum of five participants in four different age group$8(24; (2)25
39; (3)40-54; (4)>54 (NHTSA, 2013) This leads to a minimum sample size of 20
participants pesubsampleParticipants are evenly distributed to gubsamplevased on the
criteria described above. Participamsistfering from physical or cognitive impairments are
excluded.Additionally, participantsvhose 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 interactiahsch as visual impairmentsiformation
on the parti ci pa suchsaé faniliaritywithRDAS, & rxpeetedi toesoppart
the interpretation of interindividual differences or to idensfybsampleselevantto future
research.

5.3 Test Cases

The ADS enables L0, L2and L3 driving.For the sake of simplicityhe system does not
offer L1 driving The L2 ADS is implemented and instructed as a L2 hand&DS. Only in
L3 driving participants are allowed to take their hands off the steering whdwrwise, a
handsoff (H-off) detection warning is issuedach experiment coveds® test cases. Due to
safety aspectshe test cases mostly comprise fwitical situations. Theisability assessment
focuseson situations with a high probability of occurrensech as the interaction when using
the basic functions. Instead, safe¢yated assessments of ADS are mainly affiliated with
constructs such as controllabilifgee Subsection2.1.2. These critical situations have a low
probability of occurrence. The selection is based on Hratefore linked to the NHTSA
minimum requirement§NHTSA, 2017) as shown inTable5.1. Three test cases (TC1, TC4,
TC7) cover continuous rides in LO, L@nd L3 without further events. Three test cases (TC2,
TC6, TC8) feature changes in the availabilityLofAs. Here, twice, LoAs become available
that havenot beenavailable beforeand oncelL3 becomes unavailable due to a malfunction.
None of these availability changes affects the currently activai@d 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 TGLO system reaches the end of the ODD,
thus triggering an Rtl with a time budget of 2QRtl,9) before the emergency braking
maneuver beging @DD end Table5.1). In TC12 the system is degraded by a malfunction
of sensorsaffecting the currently active L3, thus triggering BRtl requiring an immediate
reaction of the driver 6 (Rtles) before the emergency braking maneuver begiisma | f unct i on o
in Table5.1). 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 conceps in the experiments continuously provide information on the currently
active LoA andthe availabldL.oAs. Therefore, all test cases allow to collect data on the first
three NHTSA minimumr equi rement s Afunctioning properlybo
modeo, a n d andvailabiér feonrt | (NETESA, 2017, pl0). The latter two
requirementsh e x peri encing a mal functiond and Areques
to the (bDKTSA 2G1h pld), are addressed only in two test cases €a€l6 &

TC12 and TC10 & TC12, respectively)

Despite disadvantages such as potemrtéhing and sequentiaffects(Bortz & Déring,

2006, p.184), thetest cases have a fixed order. No full permutation could be realized with the
planned study desigmand most of the test cases require the precedence of specific other test
casesfor examplea takeover 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[-]A LO[L2, L3] 1,2,3

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

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

5 Transition: initiated by participant L3A L2][L3] 1,2,3

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

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

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

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

1o Changen sl ORPEDE  Lap Lo 12,35

1 ggr?gigﬁr:?iﬁxgizngz garticipant LO[1A L3 1.2.3

12 Change in availability (malfunction) & L3A LO[] 1,2,3.4.5

transition: system-initiated

Note. fithe NHTSA minimum requirements (NHTSA, 2017,p.10)ar e: A (1) functi oni
currently engaged in ADS mode; (3) currently &unavailable6for use; (4) experiencing a malfunction; (5)
requesting control transition from the ADS to tt

5.4 HMI Concepts

Participants of all experiments are randomly assigned to one of two implemented HMI
concept$®. Both HMI concepts are evaluated in all three experiments. An overview of the
HMI concepts is provided iAppendix|. The HMI conceps serve as the artificial research
subject. Introducing two HMI concepts per experiment allowsr assessinghe 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.

Forsterand colleaguegForster et al., 2020a, 2020mvestigate the differencleetween
two HMI concepts that varin their compliance with guidelisefor HMI design (Naujoks,
Wiedemann, et al., 2019Yhe within-subject stug confirms differences in usability and
acceptance measures from behavioral andreptirted data. The approach of variation
between two HMI concepts is adapted fridms studyas presented iRorster et al(2020b)
andForster et al(2020a)

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

2 The HMI conceptsare designed and evaluated with the assistance of Caimcay (2020)s part of

his term paper.

3 The implementation and control of the HMI concepts in the instrumented vehicles for the experiments
TT_GERandTT_USAis realized by Jessid¢éos (2020)as part of her bachelordés t he
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5.4.1 Basic Design

The underlying basic HMI concept builds upon the desigrFeierle et al.(2020)
originating from adesign ofGo6tze(2018) The basic concept is adapted for tho\s LO, L2,
and L3 and the selection of test cad@ge to technical constraints and simplicitiie HMI
mainly consists of visual componenfBhe instrument clusterl@) structure for the two
concepts is visualized irigure5.1 (left). Speed(Figure5.1 (1)) is displayedon the left sidef
the IC, and infotainment featurg$igure 5.1 (2)) are visualizedn the right ara. While the
speed igisplayed synchronously with the realized driving data, the infotainment area is static
and not functionally implemented in the prototypplee central area of tH€ displays the ego
vehiclein its current langL2 & L3 only), surrounded by ring serving as a metaphfor the
vehicl ebs surroundi ng ‘vam Gijsselp 20tizhigtire 51(3N.t r oduc ed
Following Melcher et al(2015) the lower area in the center of the displaysa scale that
includes he three LoA. The scale indicatdhe currently activé.oA andthe availability of all
LoAs (Figure5.1 (4)). Three icons are designed to represent the threes [f6igure5.1, 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 arkdalo 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 actigé and the availability
of the LoAs. In addition, further information such asmalfunctions andRtls, is displayed
visually. The language of the HMI is German$m GERand TT_GER andU.S-American
Englishin TT_USA?*

The ADS is controlld mainly via buttons on the steering wheel. A multifunction steering
wheel of the BMW 3 series G21 is us@gure5.2, left). Only two buttons on the left spoke
are relevant. These buttons are covered with stickers featuring customized Fagets (
5.2, right).

4 The translations performed through an agency.
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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 constraintshe control logic is not varied between the two HMI
concepts. Two buttons allow the user to activate the diffdteAs and to switch between
theseLoAs. The buttons and their functions are depicted-igure 5.3. The left button
hereafter referred to asCT (for activation) triggers transitions between LO and L2 and vice
versa (LOA L2; L2 A LO). When pressed while L3 is activine ACT button deactivates L3
driving and switches to LQL3 A LO). The label displays an icon for a power button
compl ement ed WWUTOHThetrighe buttoehereaéter seferiiéd to adOD (for
mode) triggers transitions between L2 and L3 and vice versay(U23; L3 A L2). TheMOD
button has no effect when being pressed while LO is aclive.label displays an icon with
two arrows pointing up and dowromplementecby thel et t e r sOvdistedfingoa.
braking or strong steering maneuyealso triggers a transition fronh2 or L3 to LO
(L2/L3 A LO).

woo | L0
A

ACT / ACTOS \ ACTOS

| 4

N 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 concepiwo HMI concepts are developedtollowing the
framework of HMIs proposed bgengler et al(2020) the HMIconceps can be distinguished
as follows: e 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 adigh-ComplianceHMI (HC-HMI), is designed in
compliance with guidelireefor HMI design (Naujoks, Wiedemann, et al., 2019jhe HMI
comprises thdC and LED strips on the steering wheel. Furthermore, warning sounds are
implemented for the multimodal communication of urgent informatideujoks, Wiedemann,
et al., 2019, item 18)

The secondHMI, hereafter referred to aow-ComplianceHMI (LC-HMI), features low
compliance with guidelire for HMI design (Naujoks, Wiedemann, et al., 201%ight
guidelineitems are intentionally violateds described iffable5.5.2. For examplepnly thelC
is implemented to visually communicate with the participdite LC-HMI does not use
auditoryor additional visual signals, such as the LED strips on the steering wioésting the
multimodality of highpriority notifications(Naujoks, Wiedemann, et al., 2019, item.18)
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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: fSystem state changes should
be effectively communicated.o
(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: iHMI elements should be
grouped together according to their
function to support the perception of
mode indicators.o

(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: Arhe visual interface should have
a sufficient contrast in luminance and/or
color between foreground and
background.o

(ISO, 2009)

ThecolorsofallLo As ful fill tIbBd) rec
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

r e c o mme n 59 contrasOratio 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: filexts (e.g., font types and size
of characters) and symbols should be
easily readable from the permitted
seating position.0

(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 iconds

The sans-serif font Arial is used.

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

Item 9: ACommonly 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.o
(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: fAThe colors used to
communicate system states should be in
accordance with common conventions
and stereotypes.o

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: fDesign for color-blindness by
redundant coding and avoidance of
red/green and blue/yellow
combinations.o

(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
i ¢ o coleréand 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: fHigh-priority messages should
be multimodal.o

(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 conducted to validate the intended differences
between the HMI concept$he six expertgn = 1 female,n =5 malé have been workingn
the field of HMIs for three to seven year$l(= 458 SD=1.48. In a permuted order, the
experts experienckoth HMI concepts and rate each. A list1df heuristicsis provided as a
guidance(Table 5.3). The heuristics are based on the heuristicéliefsen (2005) and the
guidelines provided bgNaujoks, Wiedemann, et al., 2019)

Table 5.3 List of heuristics used in the expert evaluation.

Heuristic Description Source

Naujoks, Wiedemann, et

1 fSystem state changes should be effectively communicated.o al., 2019, p. 129, item 3
firhe 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.o
firexts (e.g., font types and size of characters) and symbols . .
. . - Naujoks, Wiedemann, et
3 sho_u_ld bg easily readable from the permitted seating al., 2019, p. 129, item 8
position.o
4 il €] Us e-stanflardsyonbols should be supplemented Naujoks, Wiedemann, et
by additional text explanations or vocal phrase/s.o al., 2019, p. 129, item 9
5 firhe [colors] used to communicate system states should be Naujoks, Wiedemann, et
in accordance with common conventions and stereotypes.o al., 2019, p. 129, item 14
6 The HMI allows recognition rather than recall. Nielsen, 2005, principle 6
7 fin case of sensor failures, their consequences and required Naujoks, Wiedemann, et
operator steps should be displayed.o al., 2019, p. 129, item 20
8 The visual interface has an aesthetic and minimalist design. Nielsen, 2005, principle 8
9 fHMI elements should be grouped together according to their  Naujoks, Wiedemann, et
function to support the perception of mode indicators.o al., 2019, p. 129, item 5
10 firhe semantic of a message should be in accordance with its  Naujoks, Wiedemann, et

urgency.o

al., 2019, p. 129, item 10

The experts could indicate violatiomd the heuristics as well as the severity of the
violationr angi ng HRentivveen MOt a us ahbusabilitytcgtastophe bl em at
0i mperative to fix this (Nieksénp19e3, ppOB)loAdtarthé can be
assessment, an intervidacuseson col or s, icons, and the iconsb
expertsareaskal to express further feedback and comments.

The heuristic evaluation confirms the different degrees of compliges=igure 5.4).
For theHC-HMI, the experts lisL0 violations of the heuristics with a severiy 1 or higher
(M = 2.4, SD= 0.66,Med= 2). For theLC-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 mentionetihe experts criticize # insufficient saliency of H-off
notifications, thetime-basedcountdown for the end of the ODD (TC10) instead of providing
distance information, and the use of green color fomitfich implies no need for action and is
therefore deemed more suitable for Rgarding tk color selectiothe concluding interview
results in mainly positive opini offkathelE&. g. , Afoi
HMI, 26 issues with severity scores of 3 or 4 are mentiohieel criticismsaddress albf 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 HFigure5.2; the original icons are rated as visually cluttered)
and the removal of the ego vehicle and the
ring (seeFigure5.1, (3)) in LO (no assistance systems for the vehicle surrounding are expected
in LO). Two experts criticize the control logic. Due to technical limitationsctvrol logicis
not altered. TheHC-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 salienoé Rtls and Hoff 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.

Figure5.5 displays excerpts of the HMI concepts in two different scenatippendix|
(Table12.1) 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 participantdyge informed consent to participate in the experiment,
to allow the data collectigrand to follow the instructions and safety regulations given by the
experimenter. The second part consists of aqgpestionnaire about th@articipants'
sociodemographic and driving backgroundéterward, participants familiarize themselves
with the test course and the driving simulator or instrumented vehicle, respediiftetythe
familiarization drive, participants receive further instructions on the procedure and their
driving task. The instructions includiee LoAs, the HMI, and the NDRA informatioAfter a
clarification of questions, the eyemcking system is calibrated. The following test drive
including short interviewstakes abou#5 min. After the test driveparticipants report their
experiences through a pagtestionnaire and a final interview. The total duration of the
experiment varies due to interindividual and organizational differences betwderahd 2hr
in the driving simulator and Br and2.5 hr in the test track experiments, respectively

5.5.1 NDRA

In contrast to LO and L2, L3 driving allows to engage in NBRAhe standardized
NDRA surrogate reference tasBURT ISO, 2012 is introduced asn NDRA to provide an
observational measure of mode awareness or compliance with the responsibilities for the
driving tak. In the center consqgla tabletfeaturing theSuRTis installed. Participants are
instructed that engagement in t8e@RTis only allowed in L3 driving but not in LO or L2.
While L3 is active, participants are encouraged to engage iSBuRd Before the test drive,
participants familiarize themselves with tBeRTandare encouraged tskquestions.

37



Experimental Design for Validation Studies Exp_Testimyironment 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,
procedureand safety instructions.

After the familiarization drive, participants receive more detailed instructions. First, the
threeLoAs ar e i ntroduced carsspoidstadnQ)a,l MDAS svii ;mtgedd (Dr i
(corresponds td.2), and A Aut o ma tcardspobds id@)i Fogeach 6f the.oAs,
information is provided explaining the abilities of the respectiods and the resulting
responsibilities that lie with the drivefhe information is based on the simplified description
of the SAELOAs for customergShuttleworth, 2019)Afterward, general information on the
HMI is provided, informing the participant that the interaction with the Ad@8ursthrough
the HMI. The two control buttons on the steering wheel are indicated, though their function
and thecontrol logic are not explained.After that the SuRTis introduced. The written
instruction closes withexplaining the test drive procedure and the participéntsquired
actions Due to the test course features and safety aspects, the speed limit is settg 86d
each test case starts and eatla standstill. Participantsmustmanually accelerate at thest
case's start an@activate the.oA with which the previous test case ended-feémrded audio
announcements triggered by the experimenter support the participant in this task. At the end of
each test case, participants manually slow down theocarstandstill. 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 iB8im GERsimulates the test track at the Univeitsiter Bundeswehr in
Neubiberg, Germangused inTT_GER. Due to organizational constrains] _USAcould not
be conducted on the same test track. InstEadJSAis conducted on a test track at the BMW
Driving Academy in Maisach, Germany. Discrepancies between the test canerseduced to
a minimum. Due to safety reasons, the test diidesot include surrounding traffic, obstacles
or lane change maneuvers

The test course comprises tabout 900m long laneswith turning opportunities at each
end. A sketch of the test courgecludingimportant waypointss depictedn Figure5.6 (top).
Test drivesare conducted on the respective right lanes. For eacm3#ttion, one test case
performed. At the end of each test case, participants stop the vehicle before turning the vehicle
around manuallystarting the next test cabg driving in the other direction. The first and the
last 150 msections(0 mi 150 m; 750mi 900m) are reserved for the manual acceleration and
deceleration phase. When passing &b6r 750m, 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
200m and 700m. With an average speed of BD/h, each test case produces about G0
recorded data. Events occurring during the test cases are triggered at three different waypoints
(375m, 450m, 535m), thus reducing the predictability of events for the participamte
maintaining a high degree of standardizatidhe test caseare only realized in the HMI
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notifications This means that cues in the test course do not accompany changes of
availabilities. Thusgchangein availabilities could not be associated with a changead type
or any other feature of the test cour@mnsequentlyparticipant®é r e aaret distinctlg
attributedto the respective HMioncept.

In the test track experiments, waypoite markedfor the experimentewith traffic
cones or wires laid across the lanes (only waypa@ants50m and 750m), as visualized in
Figure5.6 (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 se¥ported data are collected in the experimenhite driving
simulator and the instrumented vehicllesve 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 wheeidother movements. In the test track experiments, an additional
camera is installed and directed at the driving scenery to record unexpected events potentially
influencing the experimentFigure 5.7 displays photos of the experimental setdpe
simulator setup and a data gateway in the instrumented vehicle record -velaiedd data
Speed, lateral and longitudinal acceleration are recoaiedvell as the operation of the gas
pedal, the brake pedand the buttons on the steering wheel. Theteyeking system Dikablis
Glasses 3 by Ergoneerscordsthe gaze behavior. The collection of sociodemographic and
self-reported dataand 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
eventsor technical issues. Furthermore, the weather and lighting condit®l®cumented in
the test track experiments. In the driving simulator experimiet weather and lighting
conditionsareset to dightly cloudedsky with bright lighting conditions.

This section briefly describes the collected data, starting with the sociodemographic data
to describe the experimentsd s amgoiteddataarAf t er war
described, followed bythe 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 facétthe 1ISOstandard241-11
(ISO, 2018a)and the components of the NHTSA minimum requirem@itsT SA, 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 datare collected to describe the sample and evaluate its
representativity. In addition to age and gender, participants provide datheiorvisual
deficienciessuch as the neddr visual aids and color deficiencies.

Regarding the driving experience, participants report the mileage and driving frequency
of the last12 months. Afterward, participants indicatdamiliarity with the ADAS Cruise
Control (CC) ACC, and Lane Keepingssistant(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-pairat 5
Likert scal e :wiot Kk ntolwd e alegmetdbo rash di Gi 4

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 systematicaiher
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 contacinteractionconsists of an instructed transition from LO to LBthis 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 inTA&2.
control paths and success rate for fingt contact interactioare analyzed.

TheRtls (Rtlxos & Rtleg) requiretransitioningfrom L3 to LO. The takever time(TOT) as
the time between the start of tRél and thetransitionto LO is calculated for these test cases
(TC10 & TC12).

The qualitative analysis of the takeer paths allow$or identifying potential interaction
problemsandtakeover strategies.

Throughout the test drive, the driving behavior is assessed. A focus is laid on the
following two aspectsThe first aspect concerns L2 driving. The numbeHedff detection
warnings issued by the ADS is analyzed well as the warning stage where participants
deactivate the warning by taking their hands back to the steering wheel. The aspent
concerns unnecessary deactivatiolrs. TC6, participants drive in L2 while receiving a
notification that a sensor error has led to the-aealability of L3 driving. This information
does not imply a need to act sirc2 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 measuregluable to estimate thé r i v er stat e, t he
allocation of attention, and thguantification of information acquisition of stimuli such as
notifications in an HMI(ISO, 2018b, p6). The eyetracking data is processed and analyzed
with the software ELab 3.60(Ergoneers Group, 2022)

Attention ratios that is,fit he percent of t i fama o intarest es ar e
(AOD]0o (ISO, 2018b, p8), serve as a measure of trystorber et al., 2018nd mode
awarenesgFeldhitter et al., 20190 automated driving researckour different AOIls are
defined: Street the road environment (mainly windshieldd; Controls the control buttons
for the HMI on the steering wheeBuRT the tablet installed in the center console for the
NDRA. The AOls are visualized iRigure5.8. This experiment calculates the attention ratios
for the continuous rides iall three LOAsSLO, L2, and L3. The distribution of attention ratios
conveys information on thmental model's correctness ati level of trust. Based on the
instructions, attention ratios for the AQfreetare expected to be high for LO and, kile L3
produces high values for tI8uRT

In addition to the attention ratios, the gaze behavior duRithg) (TC10 Rtlys & TC12:

Rtles) is investigated. The glance allocation to the different AOIs at the citalte Rtlis
examined. The metric serves as an indicator of the development of trust and as a filter variable
for the following eyetracking metrics.Rtls are triggered (mainfy by notifications displayed

in thelC. Additionally, the gaze paths during Rtls with an emphasis ogl#mee allocation to

the different AOIs at thend of the Rtl are examined in a qualitative analysis.

51n theHC-HMI concept, the R§kin TC12 and the second and third stage of the warning cascade of the
Rtlzosin TC10 are accompanied with sounds and LED lights (see Séction Appendixl).
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The glance allocation time to thkC reflects the visibility and saliency of these
notifications. The duration of the first glane¢ the IC conveys the efficiency with which
participants receive the information in the notifications

IC 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 adettportedby Forster, Hergeth,
Naujoks, Beggiato, et af2019) After each test <case, the exper
interaction performance on a-poi nt Likert scale ranging from
processingo to (5) Afihel p of experimenter: mu |
task; help of experimenter necessaryo.

5.6.3 Self-Reported Data

5.6.3.1 Short Interviews

As described inSection5.5 each testcase require a manualvehicle turning,and
participantsare instructed to stop the vehicle to a standstill. These short berakssed to
i mpl ore the participantsd mode awareness, sSsyst

To assess the mode awareness, participants are requested to report the ldsbActive
which is compared to the actual activeA. Furthermore, the actual availability bbAs is
compared to the availability dfoAs reported by the participant. Aft&tls or malfunctions
reducing the number of availabl®As, participantsare 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 ansailsr e
during the last activeoA.

In test casesinvolving transitions, participantsre requested to indicate whether they
encountered problems during the interactidrconfirmed, participants are askeddescribe
these problems.
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