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Abstract 

Abstract 

The introduction of conditionally automated driving (CAD) entails a paradigm change in 

automotive mobility. For the first time, the driver is temporarily released from the 

responsibility of the driving task. This paradigm change challenges the development of human-

machine interfaces (HMIs) facilitating the intended and safe interaction. User studies on the 

usability of such HMIs are commonly conducted in driving simulators and within one single 

culture. Identifying the potential effects of this context of use is crucial for the validity of 

research conducted in the HMI development. Following a review of the relevant literature, five 

research questions are derived that are addressed in this thesis. 

A systematic literature review offers insights into common research practices of studies 

on the usability of HMIs for CAD. Following, a best practice advice is developed. The advice 

builds the basis for the experimental design for two of the three validation studies conducted in 

this thesis (Exp_Testing-Environment &  Exp_Culture). 

The first validation study, Exp_Testing-Environment, investigates the effect of the testing 

environment on usability assessments. An experiment conducted in a static driving simulator is 

compared to an otherwise identical experiment conducted in an instrumented vehicle on a test 

track. The findings suggest relative validity but no absolute validity. The study concludes that 

problems with HMI concepts identified in the driving simulator will  likely be more 

pronounced in test track experiments. Based on the findings, driving simulators are deemed a 

valid tool. 

The second validation study, Exp_Culture, investigates the effect of the usersô cultural 

background on the usability assessment by comparing the usability ratings of U.S.-American 

participants to German participants. Regarding absolute validity, the database needs to be more 

conclusive. The findings, however, confirm relative validity. The study concludes that the 

results of usability assessments may be transferred across cultures of the Western 

industrialized world. Limitations are expected only regarding the usability facet satisfaction.  

The third validation study, Survey_Culture, addresses the effect of the usersô cultural 

background on the subjective importance ratings of usability factors. The comparison of U.S.-

American and German ratings shows neither considerable nor systematic cultural effects. In 

line with Exp_Culture, this study concludes that usability assessments may be conducted 

within one culture of the Western industrialized world.  

The findings of the three validation studies are consolidated in a set of preliminary 

recommendations. The set is discussed and refined in an expert workshop. The final 12 

recommendations suggest methods for conducting user studies on the usability of HMIs in the 

context of CAD. 

This thesis provides novel empirical findings on experimental methods in user studies on 

usability assessments, focusing on the validity of usability assessments in varying contexts of 

use. Based on prevalent literature and an expert workshop, the results are consolidated and 

refined. Concluding, the thesis contributes to the advancement of valid research methods for 

conducting usability assessments of HMIs for CAD. 

  



Zusammenfassung 

Zusammenfassung 

Die Einführung des Hochautomatisierten Fahrens (CAD) führt zu einem 

Paradigmenwechsel. Zum ersten Mal wird der Fahrer vorübergehend von der Verantwortung 

für die Fahraufgabe entbunden. Dieser Paradigmenwechsel stellt eine Herausforderung für die 

Entwicklung von Mensch-Maschine-Schnittstellen (HMIs) dar, welche die angestrebte und 

sichere Interaktion fördern. Nutzerstudien zur Gebrauchstauglichkeit (Usability) solcher HMIs 

werden üblicherweise in Fahrsimulatoren und innerhalb einer einzigen Kultur durchgeführt. 

Die Identifizierung möglicher Auswirkungen dieses Nutzungskontexts ist von entscheidender 

Bedeutung für die Validität der Forschung in der HMI-Entwicklung. Nach Sichtung relevanter 

Literatur werden fünf Forschungsfragen abgeleitet, die in dieser Arbeit behandelt werden. 

Eine systematische Literaturrecherche bietet Einblicke in gängige Forschungspraktiken 

von Usability-Studien zu HMIs für das CAD. Ein Leitfaden wird entwickelt, der die Grundlage 

für das experimentelle Design von zwei der drei in dieser Arbeit durchgeführten 

Validierungsstudien (Exp_Testing-Environment & Exp_Culture) bildet. 

Die erste Validierungsstudie, Exp_Testing-Environment, untersucht die Auswirkungen der 

Testumgebung auf die Usability-Bewertung. Ein in einem statischen Fahrsimulator 

durchgeführtes Experiment wird mit einem ansonsten identischen Experiment auf einem 

Testgelände verglichen. Die Ergebnisse deuten auf relative, aber keine absolute Validität hin. 

Die Studie kommt zu dem Schluss, dass Probleme mit HMI-Konzepten, die im Fahrsimulator 

identifiziert werden, im Testgelände stärker ausgeprägt sind. Auf Grundlage der Ergebnisse 

werden Fahrsimulatoren als valide Versuchsumgebung erachtet. 

Die zweite Validierungsstudie, Exp_Culture, untersucht den Einfluss des kulturellen 

Hintergrunds auf die Usability-Bewertung, indem Ergebnisse von Proband*innen aus den 

Vereinigten Staaten Amerikas und Deutschland verglichen werden. Hinsichtlich der absoluten 

Validität ist die Datenbasis nicht eindeutig. Die Ergebnisse bestätigen jedoch relative Validität. 

Die Studie kommt zu dem Schluss, dass die Ergebnisse von Usability-Bewertungen auf andere 

Kulturen westlicher Industrieländer übertragbar sind. Einschränkungen sind lediglich bei der 

Zufriedenheit, einer Facette von Usability, zu erwarten.  

Die dritte Validierungsstudie, Survey_Culture, befasst sich mit dem Einfluss des 

kulturellen Hintergrunds auf die subjektive Wichtigkeit von Usability-Faktoren. Der Vergleich 

der U.S.-amerikanischen und deutschen Bewertungen zeigt weder erhebliche noch 

systematische Effekte. Es wird abgeleitet, dass Usability-Bewertungen innerhalb einer Kultur 

der westlichen industrialisierten Welt durchgeführt werden können.  

Die Ergebnisse der drei Validierungsstudien führen zur Formulierung von vorläufigen 

Empfehlungen. Diese werden in einem Expertenworkshop diskutiert und weiterentwickelt. Die 

abschließenden 12 Empfehlungen schlagen Methoden für die Durchführung von Nutzerstudien 

zur Usability von HMIs im Kontext des CAD vor. 

Diese Arbeit liefert neue empirische Erkenntnisse zu experimentellen Methoden in 

Nutzerstudien zur Usability-Bewertung mit Fokus auf der Validität in unterschiedlichen 

Nutzungskontexten. Die Ergebnisse werden auf Basis bestehender Literatur und eines 

Expertenworkshops konsolidiert und verfeinert. Somit leistet die Arbeit einen wertvollen 

Beitrag zur Weiterentwicklung valider Forschungsmethoden zur Durchführung von 

Bewertungen der Usability von HMIs für das CAD. 
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1 Introduction 

1.1 Motivation 

In 2021, a new chapter in the progress of automated driving has started: Honda launched 

the first vehicle that is equipped with an automated driving system (ADS) known as Level 3 

(L3) ADS (SAE International, 2021; Sugiura, 2021). This ADS allows the driver to be 

temporarily released from the responsibility of the driving task. The term ñtemporarilyò 

indicates the accompanying limitations and challenges. Repeated reallocations of the 

responsibility for the driving task signify the importance of well-designed human-machine 

interfaces (HMIs). HMIs can facilitate the intended and safe interaction between drivers and 

the ADS. Partly overlapping with safety-related aspects, usability comprises a more integral 

consideration of the interaction quality. Usability is plays a crucial role in assessing the design 

of HMI concepts (François et al., 2017). Advances in the research methods for assessing the 

usability of HMIs for L3 ADS are needed to adapt to the technological progress.  

ñWe must recognize, however, that all of our scientific efforts fall along a 

continuum of fallibility. There is no investigation that can be totally lacking in its 

potential informativeness, nor will there ever be one that is perfect in its 

attainment of internal, external, and theoretical validity. Our goals, then, should 

be to strive toward conducting the least fallible in quiries, to cautiously interpret 

our experiments in accordance with their logical warrant, and to guard against 

the paralysis of complacency regarding the adequacy of current research 

methods.ò 

Mahoney, 1978, p. 671 

According to Mahoney (1978), no perfect research method or study design exists. Instead, 

he advocates that researchers must be aware of pitfalls and limitations when interpreting their 

data. Furthermore, research methods should be selected considering the limitations of validity. 

Next to objectivity and reliability, validity is one of the three main quality criteria for scientific 

tests (Bortz & Döring, 2006, p. 195). Mahoneyôs declaration motivates this thesis to learn 

more about these limitations and the resulting conclusions. Simultaneously, it is a constant 

reminder throughout this thesisô theoretical and empirical work.  

This thesis examines the potential effects of the testing environment and the usersô 

cultural background on usability assessments of HMIs for L3 ADS. The two factors are 

selected regarding their relevance for researchers and practitioners. The factor testing 

environment is examined by testing the validity of driving simulators. Driving simulators have 

many advantages, with cost-efficiency, high degrees of standardization, and low risks being 

only some of them (Caird & Horrey, 2011, Table 5.1). Furthermore, the availability of test 

vehicles equipped with ADS is limited. Therefore, most research on HMIs for ADS is 

conducted in driving simulators. The factor culture is examined by testing the validity of 

usability assessments and comparing the subjective importance ratings of usability factors 

across differing cultural backgrounds of potential users. To succeed in todayôs globalized 

world, products must be available in different cultures. In examining the potential effects of 
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testing environment and cultural background and drawing attention to these effects, this thesis 

contributes to a responsible approach to usability testing on HMIs for L3 ADS.  

1.2 Structure 

Chapter 2 presents the theoretical foundation of this thesis. This includes the introduction 

of relevant terms and definitions as well as methods for assessing usability. Furthermore, 

existing literature on the effects of the testing environment and the culture is presented. In 

Chapter 3, five research questions are formulated. A short description of the approach to each 

research question is provided. Chapter 4 presents a systematic literature review on common 

practices of usability testing of HMIs for L3 ADS, thereby addressing research question RQ1. 

The work is published in Albers, Radlmayr, et al. (2020), and only a summary is provided in 

this thesis. Chapter 5 offers insights into the experimental design applied in the subsequently 

presented validation studies Exp_Testing-Environment and Exp_Culture, completing research 

question RQ1. The experimental design is derived from the systematic literature review 

presented in the previous chapter. The experimental method is published in Albers et al. (2021) 

and may be referred to for more details. Chapter 6 presents the findings of the validation study 

Exp_Testing-Environment, addressing research question RQ2. Two experiments conducted in a 

static driving simulator and an instrumented vehicle on a test track are compared to investigate 

the effect of the testing environment on a selection of usability metrics. The validation study 

Exp_Culture is presented in Chapter 7, focusing on research question RQ3. To investigate the 

effect of the usersô cultural background on the assessment of usability, data from two 

experiments with German and U.S.-American samples are compared. Both experiments are 

conducted in an instrumented vehicle on test tracks in Germany. Chapter 8 offers insights into 

research question RQ4. The effect of the usersô cultural background on the subjective 

importance rating of usability factors in the context of HMIs for L3 ADS is examined 

(validation study Survey_Culture). Survey data of three samples comprising one German and 

two U.S.-American subsamples (one currently resides in the United States, and one subsample 

originates in the validation study Exp_Culture) is analyzed. Chapter 9 presents the results of an 

expert workshop discussing a set of preliminary recommendations for conducting user studies 

to assess the usability of HMIs for L3 ADS. Based on the expert workshop, a final set of 

recommendations is formulated, providing the answer to research question RQ5. Chapter 10 

concludes the thesis by summarizing the findings regarding the five research questions. 

Furthermore, the learnings are critically reflected, and an outlook on future research is 

presented. The thesis closes with the formulation of five key messages.  
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2 Theoretical Foundation 

This chapter presents the thesis' theoretical foundation and identifies relevant research 

gaps. The chapter starts with the definition of relevant terms that are used throughout the 

present work. After that, an overview of methods for assessing usability is presented. The 

chapter closes with previous research on the effects of the testing environment driving 

simulator and the userôs cultural backgrounds on user studies. The chapter does not cover 

studies in the field of usability assessments for L3 HMIs, which are presented in a literature 

review in Chapter 4. 

2.1 Terms and Definitions 

This section defines the terms relevant to the thesis. The areas of automated driving, 

usability, validity, testing environment, and culture are covered. 

2.1.1 Automated Driving and Related Terms 

Automated driving is an umbrella term referring to different degrees and application areas 

of automation. The framework óPrinciples of Operationô by Shi et al. (2020) provides a 

comprehensive overview of the different types of automation, stressing the differences 

between continuous and discontinuous automation. The óPrinciple of Operation Aô comprises 

advanced driver assistance systems (ADAS) with informing and warning functions that 

indirectly influence vehicle guidance. In contrast, óPrinciple of Operation Bô contains ADAS 

that continuously and directly affect vehicle guidance through functions with varying degrees 

of automation. The óPrinciple of Operation Cô comprises ADAS that also directly influence 

vehicle guidance. However, these functions operate discontinuously, that is, only temporarily 

in accident-prone situations. This thesis focuses on continuous automation (óPrinciple of 

Operation Bô).  

The different degrees of continuous automation are described in more detail in the 

standard J3016 (SAE International, 2021). Its six different levels of automation (LoAs) range 

between Level 0 (L0), which refers to no driving automation, and Level 5 (L5), which refers to 

full driving automation. The LoAs are characterized through the definition of the allocation of 

responsibilities between the driver and the ADS for different categories and an operational 

design domain (ODD), thereby determining the specific LoAsô characteristics. The categories 

are dynamic driving task (DDT) and DDT fallback. The DDT is subdivided into ósustained 

lateral and longitudinal vehicle motion control, and object and event detection and responseô. 

The ODD describes the operating conditions (e.g., traffic or roadway conditions) under which 

the ADS is designed to function. The ODD is either limited or unlimited (L5 only). Figure 2.1 

provides an overview of the six LoAs presented in J3016 (SAE International, 2021). 

The thesis focuses on L3, known as conditional driving automation. In 2021, Honda 

launched the first vehicle equipped with L3 ADS (Sugiura, 2021). According to the standard 

J3106, in L3 driving, the entire DDT is performed by the ADS (SAE International, 2021). The 

human operator is required to stay responsive in the role of the fallback-ready user. The 

operator reacts in cases of ADS-issued requests to intervene (RtIs) or system failures by, for 

example, resuming manual control of the DDT. In contrast, Level 2 (L2) is described as partial 
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driving automation. The driver is responsible for the óDDT fallbackô and one part of the DDT: 

object and event detection and response. The ADS is only responsible for the other part of the 

DDT: sustained lateral and longitudinal vehicle motion control.  

The difference between L2 and L3 is substantial. Lorenz et al. (2015) describe the 

transition of the driver from the operator to the passenger role as a paradigm change. A 

simplified model for the different degrees of automation underlines this observation. The BASt 

introduces three different LoA (ñmodesò) that range between (1) assisted mode equivalent to 

L0, L1 (Level 1), and L2; (2) automated mode equivalent to L3; and (3) autonomous mode 

equivalent to L4 (Level 4) and L5 (Bundesanstalt für Straßenwesen, 2021). Following the 

model of the Bundesanstalt für Straßenwesen (2021), the difference between L2 and L3 may 

be described as fundamental compared to differences between, for example, L1 and L2. The 

HMI facilitates the repeated transitions between LoAs and, thus, of the DDT from the human 

operator to the ADS and vice versa. The design of the HMI faces new challenges with the 

paradigm change. 

 

An RtI is the ñalert provided by a [L3] ADS to a fallback-ready user indicating that s/he 

should promptly perform the DDT fallback [...]ò (SAE International, 2021, p. 19). This 

fallback may involve resuming manual driving or pursuing a minimal risk condition (SAE 

International, 2021). RtIs play an essential role in L3 ADS. The term was formerly known as a 

take-over request and may be used as a synonym (Radlmayr, 2020). 

 

In the automotive domain, an HMI is the location where information is transferred from 

the driver to the vehicle and vice versa (Bubb et al., 2015, p. 272). Bengler et al. (2020) list 

output channels, input channels, and dialog logic as the main elements of an HMI. The authors 

specify that output channels (e.g., displays or auditory signals) communicate information about 

the system state to the driver while input channels (e.g., buttons or pedals) transfer information 

from the driver to the vehicle. The dialog logic builds the relationship between input and 

output and the context parameters (Bengler et al., 2020). 

In human factors research, HMIs play a vital role. Research has shown that well-designed 

HMIs reduce effects such as mode confusion (S. H. Lee & Eom, 2015) or misuse 

(Parasuraman & Riley, 1997) while facilitating learning effects (National Highway Traffic 

Safety Administration [NHTSA], 2016). 
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Figure 2.1 Overview of the LoAs according to the standard J3016 (SAE International, 2021). 

2.1.2 Usability and Related Terms 

The term usability has a long history originating in the software domain. According to J. 

R. Lewis (2012), the term usability was first used in the title of a scientific publication in 1979. 

Lewis reports that user friendliness and ease of use were commonly used back then. He 

distinguishes between two conceptions of usability, the formative and the summative 

conception of usability. For the formative approach, Lewis cites an early definition of usability 

as the ease of use in 1981 by Chapanis (p. 3, as cited by J. R. Lewis, 2012) that proposes an 

inversely proportional relationship between ease of use and the number and severity of 

difficulties people have in using software. For the summative approach, Lewis cites a 

definition from Bevan et al. (1991, p. 652) that considers a ñclass of users carrying out specific 
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tasks in a specific environmentò while dividing usability into (1) ease of use referring to user 

performance and satisfaction and (2) acceptability referring to whether a product is used. 

The differences between the formative and summative approaches are illustrated by 

Nielsen (1993) by explaining their main goals: ñThe main goal of formative evaluation is [é] 

to learn which detailed aspects of the interface are good and bad, and how the design can be 

improved. [é] In contrast, summative evaluation aims at assessing the overall quality of an 

interfaceò (Nielsen, 1993, p. 170). Nielsen (1993, p. 26) operationalizes usability by listing 

five attributes: (1) learnability, (2) efficiency, (3) memorability, (4) errors (referring to the 

error rate & the errorôs severity), and (5) satisfaction. He argues that these attributes are 

ñprecise and measurableò and facilitate a systematic approach to usability testing (Nielsen, 

1993, pp. 26ï27).  

This thesis applies the definition provided by the ISO standard 9241-11 (International 

Organization for Standardization [ISO], 2018a). In contrast to Nielsenôs operationalization 

(Nielsen, 1993, pp. 26ï27), it provides three facets to operationalize the construct usability. 

The ISO definition follows the summative approach and defines usability as the ñextent to 

which a system, product or service can be used by specified users to achieve specified goals 

with effectiveness, efficiency and satisfaction in a specified context of useò (ISO, 2018a, p. 2). 

Nielsenôs attributes efficiency, satisfaction, and errors correspond to the facets of the ISO 

definition. In addition, Nielsenôs operationalization comprises the attributes learnability and 

memorability, which are not directly addressed in the ISO definition. These attributes are 

reflected in all three facets of the ISO definition (effectiveness, efficiency, and satisfaction) 

with a focus on the quality of the first contact and early interaction (learnability) and the 

interaction quality in long-term use (memorability), respectively. 

The elements of the ISO definition are further specified. The facet effectiveness is the 

ñaccuracy and completenessò (ISO, 2018a, p. 3) of the goalsô achievement. The facet 

efficiency relates to the resources needed to achieve the goals. The facet satisfaction refers to 

the match between ñthe userôs needs and expectationsò and ñthe user's physical, cognitive and 

emotional responsesò (ISO, 2018a, p. 3). The ñcontext of useò comprises a ñcombination of 

users, goals and tasks, resources, and environmentò where the environment is further described 

as ñthe technical, physical, social, cultural and organizational environmentò (ISO, 2018a, p. 4). 

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

of this thesis. 

 

Scientific publications on usability assessments often overlap with other concepts. This 

parapraph provides a clear differentiation between usability and the terms user experience 

(UX), workload, acceptance, trust, and controllability. 

UX and usability are closely related. Dumas and Salzman (2006) describe that starting in 

2000, researchers expanded the meaning of the term usability by integrating ñaffective aspects 

of the userôs interactionò (p. 110). An example is proposed by Quesenberry (2004), who 

suggests adding ñengagingò to the definition in the ISO standard 9241-11 (ISO, 2018a) to 

stress the importance of a pleasant, satisfying, and interesting interface. The approach of 

Barnum (2021) describes UX as an umbrella term that ñincludes usability testing, but also 

many other research toolsò (p. 18). This thesis refers to the definition of UX as proposed by the 

ISO standard 9241-11: UX is ñthe userôs perceptions and responses that result from the use 
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and/or anticipated use of a system, product or service. [UX] focuses on the nature of these 

responses before, during and after use.ò (ISO, 2018a, p. 13). In addition to the different scopes 

of time that these constructs refer to, the standard further explains that usability typically 

focuses on user groups and their goals, while UX focuses on individual usersô goals or 

motivations (ISO, 2018a, p. 22). Concluding, usability can be regarded as a component of UX, 

but the terms must not be used as synonyms. 

A similar relationship exists between the terms workload and usability. Workload is the 

proportion of an operatorôs limited capacity required to perform a particular task (O'Donnell & 

Eggemeier, 1986). Workload is, therefore, directly related to efficiencyðone facet of 

usability. 

Rahman et al. (2017) define the term acceptance in the context of ADAS as ñthe reaction 

of drivers when they are exposed to an in-vehicle technology and their willingness to adopt the 

technology while drivingò (p. 362). According to Rousseau et al. (1998), trust is generally 

defined as the willingness to rely on another party based on its characteristics. In the context of 

new technologies, trust is perceived as a critical factor for adopting these new technologies 

(Gefen et al., 2003), which resembles the role of construct acceptance. Both concepts are 

closely related to the facet satisfaction of usability building upon the usersô experiences 

regarding effectiveness and efficiency. 

The code of practice formulated in the project Response 3 (2009) defines controllability 

as the ñlikelihood that the driver can cope with driving situations including ADAS-assisted 

driving, system limits and system failuresò (p. 5). This safety aspect is addressed in research 

mainly by assessing the take-over performance (e.g., Albert et al., 2015; Naujoks et al., 2015; 

Naujoks et al., 2018). Controllability is related to effectiveness, which is a facet of usability. 

The difference between these constructs lies in their focus. While controllability studies focus 

on safety-relevant aspects, the assessment of effectiveness also comprises non-severe 

interaction errors. 

The constructs presented above appear several times in the scope of this work. The 

definition of and differentiation between usability and related terms facilitates understanding 

this thesisô research focus. 

2.1.3 Validity 

Newton and Shaw (2014) report that the term validity was defined in 1921 by the North 

American National Association of Directors of Educational Research ñas the degree to which a 

test measures what it is supposed to measureò. According to the authors, the concept of the 

term validity has different meanings depending on the discipline (pp. 2ï3). Furthermore, 

Newton and Shaw (2014) outline that over the past decades, differing concepts of validity have 

been developed (pp. 14ï24), and numerous terms related to validity have been established 

(e.g., pp. 7ï9). In the following, only the terms relevant to this thesis are presented.  

D. T. Campbell (1957) distinguishes between internal and external validity. He describes 

that internal validity is given if solely the stimulus of interest is responsible for a significantly 

different outcome. In contrast, the author describes external validity as generalizability, that is, 

whether the effect of interest can be generalized over ñpopulations, settings, and variablesò (p. 

297). He points out that a trade-off between concepts exists in the form of the level of control 

positively affecting the internal validity and negatively affecting the external.  
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In driving simulator research, validity may be subdivided into physical and behavioral 

validity (e.g., Bellem et al., 2017; Blana, 1996; Mullen et al., 2011). Bellem et al. (2017) 

define physical validity as ñthe extent to which a driving simulator is capable of reproducing 

physical realityò (p. 443), that is, the correspondence of physical components, such as layout, 

dynamic characteristics, or visual displays, to on-road driving. Behavioral validity is defined as 

ñthe behavioral correspondence between driving behavior in the simulator and that on real 

roadsò (p. 443), which includes the behavior, performance, and experience of drivers (Bellem 

et al., 2017). The relationship between physical and behavioral validity is ambiguous, 

concerning past research on this topic providing contradicting empirical results (e.g., Bellem et 

al., 2017; Goodenough, 2010; Jamson, 2001). Schneider (2021) concludes by describing the 

relationship as non-linear and complex. 

Finally, one can distinguish between absolute and relative validity. Blaauw (1982) 

presents a conservative approach when defining the two terms for driving simulator research. 

He states that absolute validity is given if numerical values are about equal in the two 

environments of interest. According to Blaauw (1982), relative validity requires that 

ñdifferences are of the same order and direction in both systemsò (p. 474). More liberal 

approaches, such as the one of Kaptein et al. (1996), define absolute validity as given ñif the 

absolute size of the effect is comparable to the absolute size of the effect in realityò (p. 31), 

while relative validity is given if ñthe direction or relative size of the effect of the measure is 

the same as in realityò (p. 31). In this thesis, the conservative approach is applied, as Blaauw 

(1982) proposed. 

This thesis investigates usability assessments of HMIs for L3 ADS. Thus, the focus is on 

behavioral validity. Furthermore, this thesis concludes on both absolute as well as relative 

validity. The trade-off between internal and external validity is considered during the 

development of the experimental design (Chapter 5) and in the discussion of the 

generalizability of the thesisô findings (Chapter 10). 

2.1.4 Testing Environment 

In the scope of this thesis, the term testing environment describes the setting in which an 

experiment is conducted. These settings may be categorized differently depending on the 

perspective and context. 

Bruder et al. (2007) distinguish between laboratory and field studies. Laboratory studies 

are subdivided into simple mockups (e.g., table-mounted displays) and driving simulators. 

Field studies are subdivided into test track studies, test drives in real traffic, and naturalistic 

driving studies. The different testing environments are ranked with an increasing authenticity 

level and decreasing experimental control: simple mockups, driving simulators, test track 

studies, test drives in real traffic, and naturalistic driving studies. (Bruder et al., 2007) 

Other researchers use different categories (and additional dimensions) to describe the 

testing environment (e.g., Purucker et al., 2018; Schneider, 2021). Schmidtke and Schulze 

(1989) list evaluation methods that resemble the above-presented testing environments of 

Bruder et al. (2007), adding only mathematical models (low level of authenticity, high level of 

flexibility).  Schneider (2021) proposes a classification approach to common settings in 

pedestrian research that classifies the settings on four dimensions: experimental control, 

scenario realism, physical fidelity, and awareness (of being observed). This thesis 
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distinguishes between five different testing environments, as Bruder et al. (2007) proposed. 

Only two of these testing environmentsðthe driving simulator and the test trackðare 

examined in the scope of this work. 

2.1.5 Culture 

The Latin origins of the term culture are associated with education or refinement (Minkov 

& Hofstede, 2013, p. 10). The definition of culture is complex and varies across different 

domains. Even within domains, researchers struggle to agree on one definition, as illustrated 

by Jahoda (1984), who remarks that in social sciences, the number of books covering the 

definition of culture is enormous. A definition often cited in social sciences is provided by 

Kluckhohn (1959, p. 86): ñCulture consists in patterned ways of thinking, feeling and reacting, 

acquired and transmitted mainly by symbols, constituting the distinctive achievements of 

human groups, including their embodiments in artifacts; the essential core of culture consists 

of traditional (i.e., historically derived and selected) ideas and especially their attached 

valuesò. A more recent definition of culture is provided by the well-known social psychologist 

Geert Hofstede and colleagues (Hofstede et al., 2010, pp. 5ï6). They describe that culture is 

learned in a social environment, making it a collective phenomenon. Hofstede et al. (2010) 

view culture as mental software and define the term as ñthe collective programming of the 

mind that distinguishes the members of one group or category of people from othersò (p. 6).  

 

Following the definition of Hofstede, the next step is operationalizing the terms group or 

category to conduct cultural research. According to Hofstede (2001, p. 10), groups and 

collectivesðand thus culturesðcan be formed by nations, regions, ethnicities, organizations, 

occupations, and even age groups or genders. Minkov and Hofstede (2013, p. 11) argue that in 

a pragmatic approach, culture can be defined based on the focus of the research interest. 

Research on cultures often uses nationality as an operationalization for culture (e.g., Barber & 

Badre, 1998; Hofstede & Minkov, 2013a; Minkov & Hofstede, 2013). This approach has been 

the subject of many controversies: Child (1981, pp. 327ï328) remarks that not nationality but 

other phenomena like national wealth, level of industrialization, or climate may cause cultural 

differences. Peterson and Smith (2008) identify three main critiques for using nations in cross-

cultural research: (1) the variance of individuals within nations, (2) the existence of 

subcultures within nations, and (3) the weaknesses of structural theories in general. Minkov 

and Hofstede (2013, pp. 25ï26) take a stand on the points of criticism. They argue that the first 

and third points are irrelevant. The first point of criticism refers to the complexity of 

individuals within nations. Minkov and Hofstede (2013, pp. 25ï26) comment that the critique 

shifts the focus from the level of group research to the level of individual research. 

Furthermore, they weaken criticism of the theoretical nature of the construct nationality by 

pointing out that any abstract theory could be defended without empirical evidence. The 

critique referring to subcultures such as regions and ethnicities is confronted by empirical data 

involving 299 in-country regions from 28 countries confirming the existence of national values 

(Minkov & Hofstede, 2013, pp. 25ï26). Researchers in favor of using nations in cross-cultural 

research argue that nations create shared experiences regarding education, economy, and 

demography (Inglehart & Baker, 2000, p. 37; Parker, 1997, pp. 11ï17; Minkov & Hofstede, 
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2013, pp. 25ï27). With the complex discussion on the term culture in mind, this thesis follows 

the common approach of defining culture through nationality.  

 

Cross-cultural research has a long history. One of the earliest and, up to this day, most 

prominent tech-related cross-cultural research is conducted by Geert Hofstede. In the 1970s, 

Hofstede identified cultural values and dimensions based on survey data from over 100,000 

questionnaires in 50 countries provided by IBM (Hofstede, 2011). Hofstede defines values as 

ña broad tendency to prefer certain states of affairs over othersò (Hofstede, 2001, p. 5). Over 

the decades, Hofstedeôs model of cultural dimensions has been refined and complemented and 

currently holds six dimensions (Hofstede, 2011). Table 2.1 comprises the dimensionsô 

descriptions and empirical results for selected countries/regions. 

The cultural values of Hofstedeôs model can be assessed through the Values Survey 

Module (VSM), a 30-item questionnaire with six items related to sociodemographic data and 

24 items related to cultural values (Hofstede & Minkov, 2013a). The thesis applies Hofstedeôs 

model and its method to obtain data on cultural values. Numerous other cross-cultural studies 

focus on variations of nations, regions, and ethnicities that are not subject to this thesis. 

Minkov and Hofstede (2013, chapter 9) provide a comprehensive overview of major cross-

cultural studies. 
  



Theoretical Foundation 

11 

 

Table 2.1 Description and empirical findings of Hofstede's model of cultural dimensions 
(Hofstede, 2011). 

Dimension Description Tendencies in empirical data 

Power 
Distance 

ñ[E]xtent to which the less 
powerful members of 
organizations and institutions 
(like the family) accept and 
expect that power is distributed 
unequallyò (p. 9) 

High scores in East European, Latin, Asian, and 
African countries;  
low scores in Germanic and English-speaking 
Western countries 

Uncertainty 
Avoidance 

ñ[E]xtent [to which] a culture 
programs its members to feel [é] 
uncomfortable [é] in 
unstructured situationsò (p. 10) 

High scores in East and Central European 
countries, Latin countries, Japan, and German-
speaking countries; 
low scores in English-speaking, Nordic, and 
Chinese culture countries 

Individualism 
ñ[D]egree to which people in a 
society are integrated into 
groupsò (p. 11) 

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

Masculinity 
ñ[D]istribution of values between 
the gendersñ (p. 12) 

High scores in Japan, German-speaking countries, 
and some Latin countries like Italy and Mexico;  
moderately high scores in English-speaking 
Western countries;  
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 

Long Term 
Orientation 

Connection of the past with the 
current and future 
actions/challenges 

High scores in East Asian countries;  
moderately high scores in Eastern- and Central 
Europe; 
neither high nor low scores in South- and North-
European and South Asian countries;  
low scores in the United States and Australia, Latin 
American, African, and Muslim countries 

Indulgence 
vs. Restraint 

Degree of freedom that societal 
norms give to citizens in fulfilling 
their human desires 

High indulgence scores in South and North 
America, Western Europe, and parts of Sub-Sahara 
Africa;  
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 section presents an overview of the different methods for assessing usability. 

Emphasis is put on methods and metrics relevant to the thesis. For extensive coverage of the 

methods for usability assessments, please refer to Dumas and Salzman (2006), J. R. Lewis 

(2012), or Sarodnick and Brau (2016). 

The first usability tests are reported as being ñexpensive, time-consuming, and rigorousò 

(Barnum, 2021, p. 16). Traditional usability tests were mainly conducted by experimental 

psychologists or cognitive scientists and typically involved 30 to 50 participants (Barnum, 

2021, p. 16). In the 1990s, usability testing experienced a drastic change. Several researchers 

observed that sample sizes as small as N = 5 in a usability study discover about 80% to 85% of 

the usability problems that a bigger sample would have discovered (J. R. Lewis, 1994; Nielsen, 

2000; Virzi, 1990). Besides the more resource-efficient way of usability testing, other methods 
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have been refined and developed. Dumas and Salzman (2006) assign these methods to four 

different categories: (1) field methods, (2) inspection methods, (3) usability testing, and (4) 

focus groups, interviews, and surveys.  

2.2.1 Field Methods 

Dumas and Salzman (2006) describe that field methods aim to study users, their needs, 

behaviors, and product interaction in a real-world context. The authors distinguish between 

explorative and evaluative field studies. Furthermore, field methods vary substantially in the 

degree of the usersô awareness of being part of a study. Commonly used techniques are 

behavioral observations, interviews, or diaries.  

2.2.2 Inspection Methods 

Inspection methods do not involve the (potential) end user but are conducted with 

usability specialists or developers instead (Dumas & Salzman, 2006). The most frequently 

applied inspection methods are the cognitive walkthrough and the heuristic evaluation. In a 

cognitive walkthrough, an evaluator takes the role of a user completing a specified set of tasks 

while examining the cognitive demand and potential usability problems for each step (Nielsen, 

1994). According to Barnum (2021, p. 46), the heuristic evaluation is the second most often 

selected method from a UX toolkit. In a heuristic evaluation, few evaluators assess an 

interface's compliance with a set of usability principles (Nielsen, 1993, p. 155). For each of the 

usability principles, the evaluators rate the severity of a usability problem ranging between 

ñ0: this is not a usability problem at allò to ñ4: usability catastropheðimperative to fix this 

before product can be releasedò (Nielsen, 1993, p. 103). Nielsen (2005) proposes a set of 10 

usability principles for the field of software usability: (1) visibility of system status; (2) match 

between system and the real world; (3) user control and freedom; (4) consistency and 

standards; (5) error prevention; (6) recognition rather than recall; (7) flexibility and efficiency 

of use; (8) aesthetic and minimalist design; (9) help users recognize, diagnose, and recover 

from errors; and (10) help and documentation. Up to this day, the set of heuristics is (with 

adjustments) often applied in research in the software and other domains (1,391 Google 

Scholar citations for the current version by Nielsen, 2005; examined 29.10.2023). The 

application of heuristic evaluations is recommended in the early stages of a product 

development process Nielsen (1993, p. 159). 

2.2.3 Usability Testing 

Usability testing corresponds to empirical methods with (potential) end users for 

identifying usability problems or for comparing or measuring the usability of specific products 

(Dumas & Salzman, 2006, p. 111). Further characteristics of the methods are the defined set of 

tasks that participants must complete, the recording and analysis of qualitative or quantitative 

measures, and often the involvement of the thinking-aloud technique (Dumas & Salzman, 

2006, p. 111).  

The thinking-aloud technique is described as one of the most essential methods of 

usability testing (Nielsen, 1993, p. 195). This method requires participants to think out loud 

while performing specific tasks (C. Lewis, 1982). The verbalized thoughts allow the 

experimenter insights into the usersô perspectives and problems while interacting with a 
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product (Nielsen, 1993, p. 195). Other usability measures applied in usability testing are 

satisfaction ratings, error rates, or task success rates (Dumas & Salzman, 2006).  

Hornbæk (2006) presents a literature review comprising 180 studies in the field of 

usability research on human-computer interaction. The review provides an extensive overview 

of usability measures applied in empirical usability studies assigned to the usability facets 

effectiveness, efficiency, and satisfaction. The most frequently used measures of effectiveness 

are accuracy, for example, error rates or precision; binary task completion, that is, the number 

or percentage of successfully completed tasks; and quality of outcome, that is, the 

ñunderstanding or learning of information in the interfaceò (p. 83). Commonly used measures 

of efficiency are time, that is, the duration of a (part of a) task; usage patterns, for example, the 

use frequency or the deviation from the optimal solution; and the input rate, for example, the 

number of correctly entered words in a specific period. Predominant measures of satisfaction 

are questions regarding the satisfaction with the interface, for example, the ease of use, and 

questions regarding the usersô attitudes and perceptions, for example, the perception of the 

interaction or the perception of the relation to other persons. Usually, the response format of 

these questions is a scale ranging from disagreement to agreement with the respective 

statement. Another commonly used measure of satisfaction relates to the usersô preference, 

which can be inquired in a rating or ranking or observed through the usersô behavior. Only 7% 

of the studies in the literature review use standardized questionnaires such as the 

óQuestionnaire for User Interaction Satisfactionô (QUIS), licensed for usability measurements 

in human-computer interaction (Chin et al., 1988).  

2.2.4 Focus Groups, Interviews, and Surveys 

Dumas and Salzman (2006) summarize focus groups, interviews, and surveys into one 

major category. A distinction between the subcategories is made by Courage and Baxter 

(2005), who assign focus groups to individual usersô feedback, interviews to small samples 

with more in-depth data collection, and surveys to large user samples.  

Focus groups comprise six to nine users discussing a product and a moderator who 

ensures that selected topics are covered, and every user is heard (Nielsen, 1993, pp. 214ï215).  

In interviews, the user and the interviewer are in direct exchange, where interviewers can 

respond to misunderstandings or interesting user remarks with follow-up questions (Nielsen, 

1993, pp. 210ï211). Nielsen (1993, pp. 210ï211) points out that interviews enable in-depth 

data collection but are associated with a high resource demand in the data collection and 

analysis phase.  

In contrast, questionnaires have a high resource demand in the development phase but 

have the advantages of allowing efficient data collection of large samples and flexible use 

regarding location (e.g., via mail) and time (e.g., comparisons over time) (Nielsen, 1993, 

pp. 212ï213). Sauro and Lewis (2012, pp. 185ï186) complement the above-listed advantages 

of standardized questionnaires with objectivity, quantification, effective communication, and 

scientific generalization. In addition to the QUIS (Questionnaire for User Interaction 

Satisfaction), several questionnaires with differing application areas, focuses, and lengths 

exist. An extensive overview is presented by Sauro and Lewis (2012, chapter 6).  
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¶ The óSystem Usability Scaleô (SUS) has been developed as a cost- and resource-

efficient (ñquick and dirtyò) 10-item questionnaire with an overall score between 0 

and 100, designed for a range of application contexts (Brooke, 1996). The SUS is 

frequently applied with 16,351 Google Scholar citations (examined 29.10.2023) for 

the original paper by Brooke (1996) introducing the questionnaire.  

¶ The óPost-Study System Usability Questionnaireô (PSSUQ, Sauro & Lewis, 2012) is 

a license-free 16-item questionnaire with one overall score and three subscales: 

System Quality, Information Quality, and Interface Quality.  

¶ A related questionnaire is the óComputer System Usability Questionnaireô (known as 

CSUQ, J. R. Lewis, 1995), which is identical to the PSSUQ with adjusted wordings 

for the adaption to research in contexts other than laboratory settings (Sauro & 

Lewis, 2012).  

¶ The óUsability Metric of User Experienceô (UMUX, Finstad, 2010) is a short 4-item 

questionnaire directly reflecting the facets of usability in the definition of the ISO 

standard 9241-11 (ISO, 2018a) with an overall score between 0 and 100.  

¶ The óSoftware Usability Measurement Inventoryô (known as SUMI, Kirakowski, 

1996) includes 50 items that result in a global scale and the five subscales Efficiency, 

Affect, Helpfulness, Control, and Learnability (https://sumi.uxp.ie/, Sauro & Lewis, 

2012).  

¶ The óUser Experience Questionnaireô (UEQ, Laugwitz et al., 2008) is a 26-item 

questionnaire focusing on UX rather than usability with six subscales: Attractiveness, 

Perspicuity, Efficiency, Dependability, Stimulation, and Novelty.  

Research by J. R. Lewis (2019) shows that the questionnaires SUS, CSUQ, and UMUX 

strongly correlate. Consequently, researchers may choose the questionnaire based on other 

aspects, such as comparability with previous research or length. Furthermore, the questionnaire 

may be selected regarding the suitability of the questionnaire items to the research subject. 

In usability studies, researchers often combine several of the previously listed methods. 

Interviews and questionnaires are often conducted at the end of usability tests (e.g., Barnum, 

2021, p. 239; Dumas & Salzman, 2006, p. 126; Hornbæk, 2006). This approach is backed by 

the ISO standard 9241-11 (ISO, 2018a). According to the ISO standard 9241-11 (ISO, 2018a, 

pp. 7, 26), no single intrinsic measure of usability exists because no measure fully represents 

overall usability, and usability and its facets depend on the respective user goals and context of 

use. 

2.3 Effects of the Testing Environment Driving Simulator  

This section presents literature on the validity of driving simulators as this thesis' testing 

environment of interest. This sectionôs scope is not limited to usability assessments but user 

studies in general. After generalizing the advantages and limitations of driving simulators, 

selected findings of previous driving simulator validation studies are presented. 
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2.3.1 Driving Simulator as a Valid Research Tool 

This thesis compares the testing environments, driving simulator, and test track. Both 

testing environments feature a lower level of authenticity and a higher level of experimental 

control than naturalistic driving settings (Bruder et al., 2007). Most research efforts focusing 

on the effects of testing environments examine driving simulators. Among others, driving 

simulators have the advantages of being resource- and cost-efficient, enabling a high degree of 

standardization and control of confounding variables and permitting risk-free testing of safety-

critical situations (Caird & Horrey, 2011, Table 5.1).  

Despite the advantages, several aspects require consideration when conducting research in 

driving simulators. Purucker et al. (2018) list several of these aspects: Regarding the modeling 

of the physical world, the lack of visual details and further shortcomings in the visual 

representation (e.g., rendering errors and luminance), as well as limitations of spatial, 

acoustical, physical, and cinematic cues, are listed. Furthermore, motion sickness can occur, 

and the participantsô awareness of being in a simulator may affect their perception and 

behavior (e.g., perceived risk, see Ranney, 2011). Purucker et al. (2018) suggest implementing 

familiarization drives and training to reduce the potential effects of the abovementioned 

aspects.  

Attempts to validate driving simulators usually involve comparisons (e.g., ANOVAs, 

correlations, or regressions) between driving simulator experiments and replications in 

instrumented cars in test track experiments orðless oftenðreal traffic conditions. The focus 

of these validation studies is manifold. That is, validation studies may address specific 

methods (e.g., Bengler et al., 2010: lane change test in different laboratory settings), specific 

products (e.g., Krause et al., 2014: traffic light assistant in a static driving simulator vs. real 

traffic conditions), or specific settings of the testing environment (e.g., Knappe et al., 2007: 

lane keeping and steering performance for different field of view conditions). Review papers 

on driving simulator validation studies provide good overviews of the common methods and 

the current state of the art (Blana, 1996; Mullen et al., 2011; Wynne et al., 2019). The 

validation studies presented can be attributed to specific aspects of driving behavior, such as 

speed or driversô perception. Relevant findings of their work are presented in the following.  

2.3.2 Driving Simulator Validation Studies in the Automotive Context 

One of the most common measures in validation studies is comparing driversô speed 

(Mullen et al., 2011; Wynne et al., 2019). Mullen et al. (2011) conclude that most studies 

confirm relative, if not absolute, validity. In contrast, Wynne et al. (2019) find that more than 

one-third of the studies included in their review on speed validation do not demonstrate either 

relative or absolute validity. The differences are diverse, ranging from higher speeds 

(Senserrick et al., 2007; Wynne et al., 2019), lower speeds (Fors et al., 2013), or greater speed 

variations (Senserrick et al., 2007) in simulators compared to on-road observations. The 

reviewsô results are similar for other aspects, such as braking behavior, lateral driving 

measures, overall driving performance, and physiological measures (Mullen et al., 2011; 

Wynne et al., 2019). The ambiguous findings reported in the reviewsô studies suggest that the 

question of simulator validity is complex. Mullen et al. (2011) further examine validation 

studies covering the effects of road design and traffic control devices, complex behaviors such 

as divided attention tasks, and effects of specific user groups (e.g., characterized through age 
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or medical conditions). Mullen et al. (2011) conclude that one can assume relative validity for 

most of the measures but not absolute and that researchers need to be aware of the limitations 

and uncertainties of driving simulator validity. Wynne et al. (2019) additionally examine the 

relationship between findings of validity and the fidelities of driving simulators. The results 

indicate no clear relationship (Wynne et al., 2019). The authors conclude their review with a 

call for more standardization and transparent documentation in validation studies. 

Furthermore, they suggest including the measured speed in each validation study to enhance 

the comparability of different validation attempts. The two reviews by Mullen et al. (2011) and 

Wynne et al. (2019) stress the importance of selecting a driving simulator with appropriate 

features for the research question of interest. In line with Kaptein et al. (1996), Mullen et al. 

(2011) even urge to newly validate driving simulators for each research question of interest. 

2.3.3 Driving Simulator Validation Studies in the Automated Driving 

Context 

Validation studies for driving simulators covering the field of driver behavior in 

automated driving conditions are scarce. Bellem et al. (2017) investigate the validity of driving 

simulators for the perception of comfort in automated driving conditions. An experiment 

involving a test drive with lane changes and deceleration maneuvers is conducted in a moving-

base simulator with two different settings and an instrument vehicle on a test track (Bellem et 

al., 2017). The results show relative and absolute validity for only one of the two driving 

simulator settings, demonstrating the importance of appropriate motion cues in research on 

driving comfort (Bellem et al., 2017). Another validation study for automated driving is 

conducted by Poisson et al. (2020), who repeat a driving simulator experiment on driver 

behavior for L4 driving in a Wizard of Oz vehicle on a test track. The authors observe 

differing take-over strategies between the two testing environments and more interruptions of 

non-driving related activity (NDRA) engagement while driving L4 in the Wizard of Oz 

experiment compared to the driving simulator experiment. No differences are found in the 

analysis of reaction times to RtIs. 

 Regarding the validity of driving simulators for usability research in ADS HMIs, the two 

validation studies in the context of automated driving (Bellem et al., 2017; Poisson et al., 

2020) are encouraging despite the differences in single metrics and simulator settings. 

Furthermore, the vast body of literature on previous attempts to validate driving simulators in 

the general automotive context, as presented in the reviews of Mullen et al. (2011) and Wynne 

et al. (2019), suggests that driving simulators provide valid results. Nevertheless, several 

studies included in their reviews could not confirm relative or absolute validity. While most 

studies showed relative validity, only a minority yielded results suggesting absolute validity. 

Additionally, it should be noted that several studies yield results confirming some form of 

validity for specific metrics, while for other metrics, no validity could be found (Mullen et al., 

2011; Poisson et al., 2020; Wynne et al., 2019).  

2.4 Effects of the Usersô Cultural Background 

This section presents literature on cultural effects in user studies. The first subsection 

presents research on cross-cultural effects in the data collection phase. The second subsection 
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presents cross-cultural studies in interface design, the link between theoretical models of 

cultural values, and interface design. It closes with cross-cultural studies in automotive 

interface design. 

2.4.1 Effects of Culture in the Data Collection Phase 

The danger of drawing false conclusions is high if cultural effects during the data 

collection phase are not considered. To illustrate this, several examples of cultural effects 

occurring during the data collection phase are presented.  

Loew et al. (2022) suggest that questionnaires may have different structures in different 

countries. They conduct factor analyses of the SUS for samples from China, the United States, 

and Germany and find different two-factor structures for each country. Regarding response 

behavior for scales such as Likert scales, Moss and Vijayendra (2020) present three response 

tendencies that are country-specific: (1) acquiescence response styles describe a tendency to 

agree: these styles are common in Latin America, the Middle East, and some African 

countries; (2) extreme response styles describe a tendency for using the extremes of rating 

scales: these styles are common in Latin America, and (3) middle response styles describe a 

tendency for using the mid-responses of rating scales: these styles are common in Asia. 

Douglas and Liu (2011, pp. 30ï31) list numerous studies confirming a cultural effect on 

response behavior in usability tests. A common phenomenon is the reluctance to express 

criticism in several cultures (e.g., Chetty et al., 2007; Herman, 1996; Yeo, 2001). Herman 

(1996) reports an extreme example of a participant in Singapore who aborts a test and cries 

due to failing to complete a set of tasks. Regardless of the poor performance and the emotional 

stress, the overall feedback in the interview is positive. Vatrapu and Pérez-Quiñones (2006) 

additionally find an effect of the interviewerôs cultural background on the intervieweesô 

responses. They conduct interviews with Indian participants and either Indian or Anglo-

American interviewers. Results suggest that interviewees report more usability problems and 

provide more detailed and forthright descriptions of these problems if the interviewer is from 

the same culture compared to interviews conducted with Anglo-American interviewers.  

Douglas and Liu (2011, p. 33) recommend conducting tests in local contexts with local 

experimenters to minimize cultural effects on research methods. 

2.4.2 Effects of Culture on Interface Designs 

In addition to cultural effects on research methods, cultural effects on the interaction of 

humans and technical devices can be seen in numerous studies. To illustrate the variety of 

potential reasons for cultural effects and the resulting findings, selected studies are presented 

in this subsection. In 1991, Abed identified different scanning patterns for non-directional 

stimuli depending on the participantsô learned reading direction. The reading direction and 

literacy rates influence the interaction with technical devices. Sherwani et al. (2009) find that 

speech interfaces are preferred over touch-tone interfaces for mobile phone applications by 

users with low literacy rates. In a study by Lesch et al. (2009), participants from China and the 

United States rate the perceived hazard of colors, words, and symbols and their combinations. 

The Chinese participants provide lower absolute hazard ratings than the U.S.-American 

participants. Furthermore, the relative levels of perceived hazard differ between the samples 

regarding the elements, particularly the colors. In contrast, the relative levels of perceived 
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hazard for combinations of the elements are similar for both samples. Honold (1999) examines 

cultural differences in the learning process and observes that Chinese prefer learning by 

imitating friends while Germans prefer individual learning by doing. Studies by Chau et al. 

(2002) and Frandsen-Thorlacius et al. (2009) show that the Chinese place high importance on 

aesthetics compared to Americans and Danish, respectively. These studies suggest the 

existence of cultural differences in preferences for usability aspects which are addressed in the 

following. 

The first approaches to link culture to design aspects of technical devices appeared around 

the year 2000. Barber and Badre (1998) identified cultural markers in websites, such as icons 

or colors, and introduce óculturabilityô to underline the strong relationship between usability 

and culture. Marcus and Gould (2000) developed guidelines for interface designs based on 

Hofstedeôs model of cultural dimensions (Hofstede, 2011), illustrated with examples from 

website design. Twenty years later, Gong et al. (2020) took up the approach and apply five of 

Hofstedeôs cultural dimensions to develop HMI guidelines in the automotive context. Gong et 

al. (2020) formulate 16 HMI guidelines for the design of automotive HMIs for the Chinese 

market. Sogemeier et al. (2022) map the six cultural dimensions of Hofstedeôs model 

(Hofstede, 2011) to HMI design in the automotive context. The researchers map the cultural 

dimensions to a set of usability criteria and provide examples of HMI design for extreme 

expressions on the cultural dimensions. 

In addition to cultural values such as Hofstedeôs model of cultural dimensions (Hofstede, 

2011), cultural differences in the context of driving may influence the driversô preferences and 

behavior. In a naturalistic driving study, Orlovska et al. (2020) observe different usage 

behaviors of ADAS, such as Pilot Assist and Adaptive Cruise Control (ACC) between 

Chinese, Swedish, and U.S.-American markets. A possible reason is provided by Large et al. 

(2017), explaining that road environment, local rules, and regulations (formal and informal) 

differ between cultures. A study by Lindgren et al. (2008) supports this argument. They 

compare the ratings of potentially dangerous driving behavior between Swedish and Chinese 

drivers. The results show that both samples mainly identify the same problems. However, the 

Swedish sample rates these problems more severe and stressful than the Chinese drivers. 

Supported by their findings of different cultural driving contexts, the authors argue that ADAS 

might not be accepted and might be ignored or misused if warnings occur too often in 

situations rated as typical or non-critical by drivers.  

In addition to the driving context, the above-presented link between Hofstedeôs model of 

cultural dimensions (Hofstede, 2011) and HMI guidelines suggests the existence of cultural 

differences in preferences for HMI design. Empirical studies on cultural effects regarding 

automotive HMIs are limited and mainly cover the design of infotainment systems. Only a few 

cross-cultural studies addressing automated driving exist. Selected studies from both areas are 

briefly presented in the following.  

Roessger (2003) compares the input controls rotary push button and touch screen for 

samples from Germany, Japan, and the United States. The United States and Germany yield 

similar ratings, differing only in aspects regarding expectations and aesthetics, while the 

Japanese ratings differ significantly from the other two samples. Another study regarding input 

controls compares British and Chinese participants (Large et al., 2019). In both samples, the 

touch screen is preferred and rated as least demanding to use while driving. Chinese 



Theoretical Foundation 

19 

 

participants, however, express more excitement for the novelty and show higher off-road 

glance times compared to the British participants. Young et al. (2012) compare preferences for 

control types and labels for Australian and Chinese drivers. The results confirm the findings of 

previously presented studies (Chau et al., 2002; Frandsen-Thorlacius et al., 2009) emphasizing 

the high importance of aesthetics for Chinese drivers. Regarding navigation systems, 

Heimgärtner (2007) and Large et al. (2017) find that Asian samples from China and Malaysia 

prefer higher information densities than Western samples from German- and English-speaking 

drivers. Furthermore, Heimgärtner (2007) finds that the English-speaking sample differs from 

the German- and the Chinese-speaking samples by preferring considerably lower display 

durations of maneuver advice notifications. Further differences between samples from Asian 

and Western cultures could be shown in studies on infotainment systems for preferences 

regarding the usage of quick buttons (Mehler et al., 2021: China vs. Germany), the learning 

behavior (Khan & Williams, 2014: India vs. UK) and the importance rating of specific HMI 

features (Khan et al., 2016: India vs. UK). Niehaus et al. (2020) compare Japanese to German 

truck drivers. They report that the Japanese sample systematically produces lower ratings 

while the relative ratings of the HMI variations are similar for both samples. Further analyses 

show no cultural effect, but the comprehensiveness of icons in the tested HMI concepts proves 

to be most important for the HMI design. The authors conclude that the design of 

understandable icons supported with descriptions is more relevant to cross-cultural HMI 

designs than cultural backgrounds.  

Regarding the cultural effects in automated driving, Edelmann et al. (2021) compare four 

samples from China, Germany, Japan, and the United States in an online study examining the 

usersô acceptance of the ADSô decisions in overtaking situations. The research shows similar 

results for the German and U.S.-American samples who prefer ADS decisions with only low 

hindrances of other traffic participants. The Japanese sample rejects all ADS decisions leading 

to any hindrances of other participants. The Chinese sample shows high acceptance ratings for 

all ADS decisions regardless of the level of hindrance. Strle et al. (2021) and Hergeth et al. 

(2015) conduct cross-cultural research in take-over scenarios of ADS, focusing on driving 

behavior and trust. Strle et al. (2021) compare U.S.-American to Slovenian drivers. The 

researchers observe significantly lower take-over performances and higher distractions due to 

engagement with voluntary NDRAs in the U.S.-American sample than in the Slovenian 

sample. Hergeth et al. (2015) examine the development and measurement of trust in a Chinese 

and a German sample concerning take-over situations. The results show similar developments 

of trust in both samples, while mistrust is significantly more pronounced in the Chinese sample 

than in the German sample. Furthermore, behavioral measures could not be related to the self-

reported measures of trust.  

 

The studies presented in this section confirm the existence of cultural differences relevant 

to interface designs. Most studies compare Western countries to Asian countries, specifically 

China. Analyses suggest that cultural differences are more pronounced between Western 

countries and Asian countries compared to differences between Western countries themselves. 

A recurring observation is the superior importance of aesthetic aspects in Chinese culture 

compared to Western cultures (e.g., Chau et al., 2002; Frandsen-Thorlacius et al., 2009; Young 

et al., 2012). Nonetheless, comparisons between Western countries suggest that differences 
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within these countries exist, too (e.g., expectations and aesthetics in Roessger, 2003, or take-

over performances and NDRA engagement in Strle et al., 2021). The presented studies 

highlight the importance of the research methods when conducting cross-cultural research: The 

differences between cultures may only show in specific metrics. Furthermore, the existence of 

covariates such as comprehensiveness or language proficiency can help to explain the effects. 

Considering the first subsection on cross-cultural effects in the data collection phase, the 

greatest care must be taken in selecting methods and data interpretation. 



Research Questions 

21 

 

3 Research Questions 

The previous chapter provides an overview of the current state of the art. The chapter 

identifies research gaps concerning the effects of context on usability assessments of HMIs for 

L3 ADS conducted in user research. Five research questions are targeted in this thesis. The 

research questions and the approaches to answer them are presented in this chapter. The thesis 

structure aligns with the five research questions depicted in Figure 3.1. 

 

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

 

RQ1  Based on common research methods and findings, what is the best practice advice for 

an experimental design for assessing the usability of HMIs for L3 ADS? 

 

The research question RQ1 addresses the status quo of common research methods and 

findings applied in usability testing of HMIs for L3 ADS. In the first step, a systematic 

literature review is conducted to answer this research question. Based on the literature review, 

a best practice advice is developed. The approach and results are presented in Chapter 4. In the 

second step, the best practice advice is transcribed into a study design for user tests applied in 
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three experiments presented in this thesis. The study design is described in Chapter 5. The 

three experiments provide the data basis for two validation studies presented in this thesis.  

 

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

for L3 ADS? 

 

The validation study Exp_Testing-Environment examines the effect of the testing 

environment on a selection of usability metrics. In particular, a static driving simulator is 

compared to an instrumented vehicle on a test track: The experiment Sim_GER is conducted in 

a static driving simulator at the Chair of Ergonomics in Garching. The experiment TT_GER is 

conducted in an instrumented vehicle on a test track at the Universität der Bundeswehr in 

Neubiberg. The experiments and the comparative analysis of the results are presented in 

Chapter 6. The chapter concludes by assessing the validity of driving simulators for assessing 

the usability of HMIs for L3 ADS, thereby answering research question RQ2. 

 

RQ3 Which effect has the usersô cultural background on metrics for assessing the usability 

of HMIs for L3 ADS? 

 

The validation study Exp_Culture addresses the effect of the usersô cultural background 

on a selection of usability metrics (RQ3). The data of the experiment TT_GER is reused for this 

validation study. The participant sample consists of Germans. The experiment TT_USA is 

conducted in an instrumented vehicle on a test track at BMW Driving Academy in Maisach. 

The participant sample of the experiment TT_USA consists of U.S.-Americans1. Chapter 7 

presents the experiments and the comparative analysis of the results. This validation study 

aims to provide insights into the validity of usability assessments of HMIs for L3 ADS 

conducted in different cultural settings and, thereby, the transferability of conclusions across 

cultures. 

 

RQ4  Which effect has the usersô cultural background on the subjective importance rating of 

usability factors in the context of HMIs for L3 ADS? 

 

The validation study Survey_Culture examines the effects of the usersô cultural 

background on the subjective importance of different usability factors in the context of HMIs 

for L3 ADS. Subjective data on the importance ratings and cultural values are collected. The 

samples are drawn from the German population (ON_GER), the U.S.-American population 

(currently residing in the USA; ON_USA), and from the experiment TT_USA conducted with 

U.S.-American participants in Maisach, Germany. Results from the three samples are 

compared and discussed in Chapter 8. This chapter aims to answer research question RQ4, thus 

deepening the insights in the importance of culture in the usability testing of HMIs for L3 

ADS.  

 

 
1 Initially planned experiments in the United States and Japan are canceled due to the COVID-19 

pandemic. Instead, one experiment is conducted in Germany with U.S.-American participants 

(TT_USA). 
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RQ5 Which methods are recommended for assessing the usability of HMIs for L3 ADS? 

 

An expert workshop is conducted to discuss a set of preliminary recommendations for the 

assessment of usability in HMIs for L3 ADS. The preliminary set of recommendations is 

derived from the findings and experiences of the experiments presented in chapters 

Chapter 6, Chapter 7, and Chapter 8. The workshopôs results are consolidated with literature 

findings and this thesis' empirical findings. Chapter 9 presents the expert workshop and the 

consolidation of the final methodological recommendations for usability testing of HMIs for 

L3 ADS, thereby answering research question RQ5. 

 

Chapter 10 summarizes the findings alongside the five research questions. Furthermore, 

the findings are critically reflected regarding their limitations and generalizability. After 

concluding the contribution of this thesis, potential fields for future work and the key messages 

are identified. 
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4 Development of a Best Practice Advice for Assessing the 

Usability of HMIs for L3 ADS 

A systematic literature review is conducted to gain insights into the common research 

practices for assessing usability. Furthermore, a best practice advice is derived. This advice 

serves as the basis for the experimental design applied in the validation studies Exp_Testing-

Environment and Exp_Culture presented in Chapter 6 and Chapter 7. The literature review and 

the experimental design based on the best practice advice address RQ1. The literature review is 

published in Albers, Radlmayr, et al. (2020) and may be referred to for details. It comprises a 

detailed analysis of the selected sixteen articles and the derivation of the best practice advice. 

The approach and results are summarized in this chapter. 

4.1 Analysis of the Status Quo of Common Research Methods 

and Findings 

The review is based on the guidelines óReporting Items for Systematic Reviews and Meta-

Analysesô (Moher et al., 2009). Articles are selected that feature a combination of keywords 

such as ñusabilityò, ñhuman-machine interfaceò, or ñconditionally automated drivingò. 

Initially, a set of 560 articles is identified during the search phase. The final selection features 

16 study and theoretical articles focusing on usability for HMIs in the context of L3 automated 

driving. The study articles are analyzed regarding the study characteristics applied in their 

experiments. The theoretical articles are examined regarding the recommendations for study 

designs. The following six experiment characteristics serve as categories to structure the 

findings: definition of usability, testing environment, sample characteristics, test cases, 

dependent variables, and conditions of use. 

4.1.1 Definition of Usability 

Since the scope of the research effort is on usability assessments, the literature review 

analyzes the applied definitions of usability. The analysis shows that four articles do not 

provide a distinct definition or operationalization of usability. Five articles operationalize 

usability using metrics such as the SUS (Brooke, 1996). Additionally, two articles refer to the 

minimum requirements provided by the NHTSA as a practical guide (2017). According to the 

requirements, the user of an ADS HMI must be able to understand if the ADS is ñ(1) 

functioning properly; (2) currently engaged in ADS mode; (3) currently ôunavailableô for use; 

(4) experiencing a malfunction; and/or (5) requesting control transition from the ADS to the 

operatorò (NHTSA, 2017, p. 10). Finally, four articles apply (a variation) of the definition 

provided by the ISO standard 9241-11 (ISO, 2018a), and two articles refer to the definition of 

usability provided by Nielsen (1993). 

4.1.2 Testing Environment 

Twelve articles provide information on the applied or recommended testing environment. 

Driving simulators are listed in 10 of these 12 articles. Of these 10 articles, two apply moving-

base driving simulators, and four articles report using fix-base driving simulators. Two other 

articles describe the applied or recommended driving simulators as low-fidelity or high-fidelity 
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driving simulators, respectively. The use of instrumented vehicles is recommended twice in 

theoretical articles. One study article applies desktop methods for assessing paper and video 

prototypes. 

4.1.3 Sample Characteristics 

Regarding the sample characteristics, 14 articles provide information and either list 

experts or potential users as participants. Most of these articles (n = 12) list potential users as 

participants for the usability test, and only two study articles report conducting tests with 

experts only. Twice, both expert and user testing are recommended. Regarding the sample 

characteristics, the sample sizes of the expert samples vary between N = 4 and N = 9 and list 

ergonomics, HMIs, or ADAS as background. The sample sizes of tests with potential users 

range between N = 12 and N = 57. Five of the seven study articles with potential users draw 

samples from their own company. The age distribution mostly ranges between 20 and 62.  

4.1.4 Test Cases 

Thirteen articles provide information on test cases. In 10 articles, test cases cover 

transition scenarios. Downward transitions, for example, L3 to L0, are covered in all of these 

articles, while upward transitions are described in eight articles. Four articles (additionally) 

cover test cases on system modes and availabilities of LoAs. Six articles (additionally) cover 

test cases on planned maneuvers, different traffic scenarios, or the interaction with navigation 

systems. 

4.1.5 Dependent Variables 

Three articles do not provide information on dependent variables. Six articles apply or 

recommend observational metrics such as gaze behavior or interaction performance. Six 

articles (additionally) apply or recommend using standardized usability questionnaires such as 

the SUS (Brooke, 1996). Questionnaires for constructs affiliated with usability, such as 

acceptance, are (additionally) applied or recommended by seven articles. Seven articles 

(additionally) apply or recommend using qualitative methods such as interviews or heuristic 

evaluations (Nielsen & Molich, 1990). 

4.1.6 Conditions of Use 

The conditions of use are generally not reported in detail. In 14 articles, information 

indicates that first contact interaction is tested or recommended to be tested in all these cases. 

Five articles specifically test intuitive use without detailed instructions. Seven articles 

additionally report or recommend testing interactions of repeated contact. 

4.2 Derivation of a Best Practice Advice 

The review concludes with a best practice advice for the six study characteristics. The 

best practice advice is briefly described in this section and depicted in Table 4.1.  

It recommends defining and operationalizing usability in the context of HMIs for L3 ADS 

through a combination of the definition provided by the ISO standard 9241-11 (ISO, 2018a) 

and the NHTSA minimum requirements (NHTSA, 2017). Regarding the testing environment, 
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the best practice advice recommends using high-fidelity driving simulators, which aligns with 

the status quo. For early prototypes, the advice acknowledges the value of desktop methods. 

The best practice advice further recommends conducting tests with potential end users. The 

sample characteristics are supposed to represent the potential user regarding the distribution of 

characteristics such as age, gender, prior experience, or affiliation with technical devices. The 

sample size is to be selected based on the planned statistical procedure. The best practice 

advice recommends focusing on transitions between LoAs, the availability of LoAs, and non-

critical scenarios when determining the test cases. Regarding dependent variables, the best 

practice advice recommends the application of observational and self-reported metrics. The 

observational data are further specified in collecting visual behavior and interaction 

performance data. The advice recommends applying the SUS, short interviews, and 

supplementing standardized questionnaires for self-reported data. Finally, providing only 

general information on the ADS and testing the first contact interaction are recommended for 

the conditions of use. 

 

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

Study characteristic Best practice advice 

Definition of usability 

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

Practical Realization: the user understands that the ADS is ñ(1) functioning 
properly; (2) currently engaged in ADS mode; (3) currently óunavailableô for 
use; (4) experiencing a malfunction; and/or (5) requesting control transition 
from the ADS to the operatorò (NHTSA, 2017, p. 10) 

Testing environment Driving simulator 

Sample characteristics 

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

Sample size: determined by the statistical procedure 

Test cases 

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

Criticality: non-critical situations 

Dependent variables 

General: combination of observational and subjective metrics 

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

Conditions of use 
First contact between user and ADS 

Instructions contain only general information on the ADS 
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5 Experimental Design for Validation Studies Exp_Testing-

Environment and Exp_Culture  

This chapter presents the experimental design that is applied in the three experiments of 

the validation studies Exp_Testing-Environment and Exp_Culture. The study design builds 

upon the best practice advice presented in the previous chapter and completes the work on 

RQ1. The development of the study design is published by Albers et al. (2021). This chapter 

builds upon the publication and provides more detailed insights. 

The validation studies are designed as between-subject studies comprising the 

independent variables experiment (Exp) and HMI concept (HMI). In each of the three 

experiments, two subsamples are formed by the independent variable of the HMI concept. 

Potential training and sequential effects are expected to be considerable due to the similarity of 

the basic structure of the HMI concepts (see Subsection 5.4.1). By choosing a between-subject 

design, the influence of learning effects is avoided. 

The validation studies focus on assessing the effects of the testing environment and the 

usersô cultural background. Therefore, the overall experimental design strives to achieve high 

internal validity, especially regarding standardization. Where possible, the experimental design 

reflects a realistic setting (e.g., scenarios, information availability, HMI design) to ensure the 

generalizability of results (see Subsection 2.1.3 for more details on the trade-off between 

internal and external validity).  

5.1 Definition of Usability 

The underlying definition of usability is provided by the ISO standard 9241-11 (ISO, 

2018a) and thereby covers the three usability facets effectiveness, efficiency, and satisfaction. 

In addition, the NHTSA minimum requirements (NHTSA, 2017) are considered criteria for a 

practical approach. The operationalization of the usability assessment is realized through the 

selection of test cases (see Section 5.3) and metrics (see Section 5.6). 

5.2 Sample Characteristics 

The samples consist of naïve participants regarding their experience with L3 ADS. This 

enables the assessment of intuitive usability in a first-contact interaction. The recruitment 

criteria strive to represent the entire population of drivers and the population of potential future 

users. Participants are required to hold a valid driving license. A balanced gender distribution 

is aimed at a minimum of 30% females. The participantsô targeted age range is between 18 and 

75 years. Following the NHTSA visual-manual distraction protocol, the age distribution is 

aimed to include a minimum of five participants in four different age groups: (1) 18-24; (2) 25-

39; (3) 40-54; (4) > 54 (NHTSA, 2013). This leads to a minimum sample size of 20 

participants per subsample. Participants are evenly distributed to the subsamples based on the 

criteria described above. Participants suffering from physical or cognitive impairments are 

excluded. Additionally, participants whose mobility or perception is affected by the intake of 

medication or drugs are excluded. 
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After recruitment, participants are requested to provide additional information. This 

includes factors potentially affecting the interactions, such as visual impairments. Information 

on the participantsô driving experience, such as familiarity with ADAS, is expected to support 

the interpretation of interindividual differences or to identify subsamples relevant to future 

research. 

5.3 Test Cases 

The ADS enables L0, L2, and L3 driving. For the sake of simplicity, the system does not 

offer L1 driving. The L2 ADS is implemented and instructed as a L2 hands-on ADS. Only in 

L3 driving participants are allowed to take their hands off the steering wheel. Otherwise, a 

hands-off (H-off) detection warning is issued. Each experiment covers 12 test cases. Due to 

safety aspects, the test cases mostly comprise non-critical situations. The usability assessment 

focuses on situations with a high probability of occurrence, such as the interaction when using 

the basic functions. Instead, safety-related assessments of ADS are mainly affiliated with 

constructs such as controllability (see Subsection 2.1.2). These critical situations have a low 

probability of occurrence. The selection is based on and, therefore, linked to the NHTSA 

minimum requirements (NHTSA, 2017), as shown in Table 5.1. Three test cases (TC1, TC4, 

TC7) cover continuous rides in L0, L2, and L3 without further events. Three test cases (TC2, 

TC6, TC8) feature changes in the availability of LoAs. Here, twice, LoAs become available 

that have not been available before, and once, L3 becomes unavailable due to a malfunction. 

None of these availability changes affects the currently activated LoA. Three test cases (TC3, 

TC5, TC9) cover transitions initiated by the participant (upon request of the experimenter). 

Two test cases (TC10, TC12) feature RtIs. In TC10, the system reaches the end of the ODD, 

thus triggering an RtI with a time budget of 20 s (RtI20s) before the emergency braking 

maneuver begins (ñODD endò in Table 5.1). In TC12, the system is degraded by a malfunction 

of sensors affecting the currently active L3, thus triggering an RtI requiring an immediate 

reaction of the driver 6 s (RtI6s) before the emergency braking maneuver begins (ñmalfunctionò 

in Table 5.1). One test case (TC11) features a combination of a change in the availability and a 

transition request initiated by the participant (upon request of the experimenter).  

The HMI concepts in the experiments continuously provide information on the currently 

active LoA and the available LoAs. Therefore, all test cases allow to collect data on the first 

three NHTSA minimum requirements ñfunctioning properlyò, ñcurrently engaged in ADS 

modeò, and ñcurrently óunavailableô for useò (NHTSA, 2017, p. 10). The latter two 

requirements, ñexperiencing a malfunctionò and ñrequesting control transition from the ADS 

to the operatorò (NHTSA, 2017, p. 10), are addressed only in two test cases each (TC6 & 

TC12 and TC10 & TC12, respectively).  

Despite disadvantages such as potential training and sequential effects (Bortz & Döring, 

2006, p. 184), the test cases have a fixed order. No full permutation could be realized with the 

planned study design, and most of the test cases require the precedence of specific other test 

cases; for example, a take-over request (TC10 or TC12) could and should not be tested before 

the first activation of L3 (TC3). 
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Table 5.1 Description of the 12 test cases and their linkage to the NHTSA minimum 
requirements, adapted from Albers et al. (2021).  

Test 
case 

Description 
Active LoA [higher LoAs 

available] (LoAs according to 
SAE International, 2021) 

NHTSA minimum 
requirements 

(NHTSA, 2017) 

1 Continuous ride in L0, no events L0 [-] 1, 2, 3 

2 Change in availability L0 [-] Ą L0 [L2, L3] 1, 2, 3 

3 Transition: initiated by participant L0 [L2, L3] Ą L3 1, 2, 3 

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

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

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

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

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

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

10 
Change in availability (ODD end) & 
transition: system-initiated 

L3 Ą L0 [-] 1, 2, 3, 5 

11 
Change in availability & 
transition: initiated by participant 

L0 [-] Ą L3 1, 2, 3 

12 
Change in availability (malfunction) & 
transition: system-initiated 

L3 Ą L0 [-] 1, 2, 3, 4, 5 

Note. ñThe NHTSA minimum requirements (NHTSA, 2017, p. 10) are: ñ(1) functioning properly; (2) 
currently engaged in ADS mode; (3) currently óunavailableô for use; (4) experiencing a malfunction; (5) 
requesting control transition from the ADS to the operator.ò 

5.4 HMI Concepts 

Participants of all experiments are randomly assigned to one of two implemented HMI 

concepts2,3. Both HMI concepts are evaluated in all three experiments. An overview of the 

HMI concepts is provided in Appendix I. The HMI concepts serve as the artificial research 

subject. Introducing two HMI concepts per experiment allows for assessing the relative 

validity, which refers to the agreement between the direction (and size) of effects. 

Furthermore, the sensitivity of metrics toward specific differences in HMI design may be 

assessed. 

Forster and colleagues (Forster et al., 2020a, 2020b) investigate the difference between 

two HMI concepts that vary in their compliance with guidelines for HMI design (Naujoks, 

Wiedemann, et al., 2019). The within-subject study confirms differences in usability and 

acceptance measures from behavioral and self-reported data. The approach of variation 

between two HMI concepts is adapted from this study as presented in Forster et al. (2020b) 

and Forster et al. (2020a).  

In this section, the design and the development of the underlying HMI concept are 

described. Afterward, the differences between the two HMI concepts are described, as well as 

the heuristic expert evaluation confirming the different degrees of compliance. 

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

his term paper. 
3 The implementation and control of the HMI concepts in the instrumented vehicles for the experiments 

TT_GER and TT_USA is realized by Jessica Kos (2020) as part of her bachelorôs thesis. 
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5.4.1 Basic Design 

The underlying basic HMI concept builds upon the design of Feierle et al. (2020), 

originating from a design of Götze (2018). The basic concept is adapted for the LoAs L0, L2, 

and L3 and the selection of test cases. Due to technical constraints and simplicity, the HMI 

mainly consists of visual components. The instrument cluster (IC) structure for the two 

concepts is visualized in Figure 5.1 (left). Speed (Figure 5.1 (1)) is displayed on the left side of 

the IC, and infotainment features (Figure 5.1 (2)) are visualized in the right area. While the 

speed is displayed synchronously with the realized driving data, the infotainment area is static 

and not functionally implemented in the prototype. The central area of the IC displays the ego 

vehicle in its current lane (L2 & L3 only), surrounded by a ring serving as a metaphor for the 

vehicleôs surrounding environment (introduced by van Gijssel, 2012; Figure 5.1 (3)). 

Following Melcher et al. (2015), the lower area in the center of the IC displays a scale that 

includes the three LoAs. The scale indicates the currently active LoA and the availability of all 

LoAs (Figure 5.1 (4)). Three icons are designed to represent the three LoAs (Figure 5.1, right). 

The icon for L0 displays a steering wheel gripped by two hands. The icon for L2 displays a 

steering wheel that is only touched by two hands. Above the steering wheel are two arches 

associated with radio waves. The icon for L3 does not show hands but three arches above the 

steering wheel.  

 

 
Figure 5.1 Left: Structure of the basic HMI design implemented in the IC: (1) speed; (2) 
infotainment; (3) ego vehicle and its surrounding environment (L2 & L3 only); (4) scale for 
LoAs. Right: Icons for the three implemented LoAs L0 (left), L2 (center), and L3 (right). 

 

The HMI continuously provides visual information on the active LoA and the availability 

of the LoAs. In addition, further information, such as malfunctions and RtIs, is displayed 

visually. The language of the HMI is German in Sim_GER and TT_GER, and U.S.-American 

English in TT_USA.4  

The ADS is controlled mainly via buttons on the steering wheel. A multifunction steering 

wheel of the BMW 3 series G21 is used (Figure 5.2, left). Only two buttons on the left spoke 

are relevant. These buttons are covered with stickers featuring customized labels (Figure 

5.2, right).  

 
4 The translation is performed through an agency. 

1 23

4
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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 constraints, the control logic is not varied between the two HMI 

concepts. Two buttons allow the user to activate the different LoAs and to switch between 

these LoAs. The buttons and their functions are depicted in Figure 5.3. The left button, 

hereafter referred to as ACT (for activation), triggers transitions between L0 and L2 and vice 

versa (L0 Ą L2; L2 Ą L0). When pressed while L3 is active, the ACT button deactivates L3 

driving and switches to L0 (L3 Ą L0). The label displays an icon for a power button 

complemented with the letters ñAUTò. The right button, hereafter referred to as MOD (for 

mode), triggers transitions between L2 and L3 and vice versa (L2 Ą L3; L3 Ą L2). The MOD 

button has no effect when being pressed while L0 is active. The label displays an icon with 

two arrows pointing up and down, complemented by the letters ñAUTò. Oversteeringða 

braking or strong steering maneuverðalso triggers a transition from L2 or L3 to L0 

(L2/L3 Ą L0). 

 

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

Starting from the basic concept, two HMI concepts are developed. Following the 

framework of HMIs proposed by Bengler et al. (2020), the HMI concepts can be distinguished 

as follows: The input channels and dialog logic are identical. The output channel(s) providing 

information about the system status comprise the differences between the two concepts. 

One HMI, hereafter referred to as High-Compliance-HMI (HC-HMI), is designed in 

compliance with guidelines for HMI design (Naujoks, Wiedemann, et al., 2019). The HMI 

comprises the IC and LED strips on the steering wheel. Furthermore, warning sounds are 

implemented for the multimodal communication of urgent information (Naujoks, Wiedemann, 

et al., 2019, item 18). 

The second HMI, hereafter referred to as Low-Compliance-HMI (LC-HMI), features low 

compliance with guidelines for HMI design (Naujoks, Wiedemann, et al., 2019). Eight 

guideline items are intentionally violated, as described in Table 5.5.2. For example, only the IC 

is implemented to visually communicate with the participant. The LC-HMI does not use 

auditory or additional visual signals, such as the LED strips on the steering wheel, violating the 

multimodality of high-priority notifications (Naujoks, Wiedemann, et al., 2019, item 18).  
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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: ñSystem state changes should 
be effectively communicated.ò 
(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: ñHMI elements should be 
grouped together according to their 
function to support the perception of 
mode indicators.ò 
(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. 

Item 7: ñThe visual interface should have 
a sufficient contrast in luminance and/or 
color between foreground and 
background.ò 
(ISO, 2009) 

The colors of all LoAs fulfill the recommended (Ó 5:1) 
contrast ratio requirements when being displayed on the 
black display background. L0 is displayed in white (RGB 
255, 255, 255) and has a contrast ratio of 21:1. L2 (green: 
RGB 0, 255, 0) has a contrast ratio 15.3:1. L3 (cyan: RGB 
0, 255, 255) has a contrast ratio 16.7:1. 

Not all LoAs are displayed in colors that fulfill the 
recommended (Ó 5:1) contrast ratio requirements when being 
displayed on the black display background. L0 (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: ñTexts (e.g., font types and size 
of characters) and symbols should be 
easily readable from the permitted 
seating position.ò 
(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 iconôs details. 

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

Item 9: ñCommonly 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.ò 
(Deutsches Institut für 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 L0, L2, and L3. 

Item 14: ñThe colors used to 
communicate system states should be in 
accordance with common conventions 
and stereotypes.ò 

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: ñDesign for color-blindness by 
redundant coding and avoidance of 
red/green and blue/yellow 
combinations.ò 
(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 
iconsô color and position.  

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

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

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

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

Item 18: ñHigh-priority messages should 
be multimodal.ò 
(J. L. Campbell et al., 2007; Stevens et 
al., 2002) 

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

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

Concepts 

A heuristic evaluation with six experts is conducted to validate the intended differences 

between the HMI concepts. The six experts (n = 1 female, n = 5 male) have been working in 

the field of HMIs for three to seven years (M = 4.58, SD = 1.48). In a permuted order, the 

experts experience both HMI concepts and rate each. A list of 10 heuristics is provided as a 

guidance (Table 5.3). The heuristics are based on the heuristics of Nielsen (2005) and the 

guidelines provided by (Naujoks, Wiedemann, et al., 2019).  

 

Table 5.3 List of heuristics used in the expert evaluation. 

Heuristic Description Source 

1 ñSystem state changes should be effectively communicated.ò 
Naujoks, Wiedemann, et 
al., 2019, p. 129, item 3 

2 
ñThe visual interface should have a sufficient contrast in 
luminance and/or [color] between foreground and 
background.ò 

Naujoks, Wiedemann, et 
al., 2019, p. 129, item 7 

3 
ñTexts (e.g., font types and size of characters) and symbols 
should be easily readable from the permitted seating 
position.ò 

Naujoks, Wiedemann, et 
al., 2019, p. 129, item 8 

4 
ñ[é] Use of non-standard symbols should be supplemented 
by additional text explanations or vocal phrase/s.ò 

Naujoks, Wiedemann, et 
al., 2019, p. 129, item 9 

5 
ñThe [colors] used to communicate system states should be 
in accordance with common conventions and stereotypes.ò 

Naujoks, Wiedemann, et 
al., 2019, p. 129, item 14 

6 The HMI allows recognition rather than recall. Nielsen, 2005, principle 6 

7 
ñIn case of sensor failures, their consequences and required 
operator steps should be displayed.ò 

Naujoks, Wiedemann, et 
al., 2019, p. 129, item 20 

8 The visual interface has an aesthetic and minimalist design. Nielsen, 2005, principle 8 

9 
ñHMI elements should be grouped together according to their 
function to support the perception of mode indicators.ò 

Naujoks, Wiedemann, et 
al., 2019, p. 129, item 5 

10 
ñThe semantic of a message should be in accordance with its 
urgency.ò 

Naujoks, Wiedemann, et 
al., 2019, p. 129, item 10 

 

The experts could indicate violations of the heuristics as well as the severity of the 

violation ranging between ñ0: this is not a usability problem at allò to ñ4: usability catastrophe 

ðimperative to fix this before product can be releasedò (Nielsen, 1993, p. 103). After the 

assessment, an interview focuses on colors, icons, and the iconsô positioning. Furthermore, the 

experts are asked to express further feedback and comments.  

The heuristic evaluation confirms the different degrees of compliance (see Figure 5.4). 

For the HC-HMI, the experts list 10 violations of the heuristics with a severity of 1 or higher 

(M = 2.4, SD = 0.66, Med = 2). For the LC-HMI, the experts state 35 violations with a severity 

of 1 or higher (M = 3.2, SD = 0.95, Med = 4). For the HC-HMI, three issues with severity 

scores of 3 or 4 are mentioned. The experts criticize the insufficient saliency of H-off 

notifications, the time-based countdown for the end of the ODD (TC10) instead of providing 

distance information, and the use of green color for L2, which implies no need for action and is 

therefore deemed more suitable for L3. Regarding the color selection the concluding interview 

results in mainly positive opinions (e.g., ñfitting, blue and green look technicalò). For the LC-

HMI, 26 issues with severity scores of 3 or 4 are mentioned. The criticisms address all of the 
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implemented differences between the HMI concepts. The focus of criticism lies on the color 

selection (yellow used for L3 conveys caution or warning messages), too small icons, and the 

insufficient saliency and urgency of warnings due to the color selection and the visual 

implementation alone. Critique referring to the usage of serif font and the positioning of 

notifications is mentioned with less severity.  

General feedback on the basic HMI design provokes the improvement of the icons for the 

control buttons (as displayed in Figure 5.2; the original icons are rated as visually cluttered) 

and the removal of the ego vehicle and the vehicleôs surrounding environment visualized by a 

ring (see Figure 5.1, (3)) in L0 (no assistance systems for the vehicle surrounding are expected 

in L0). Two experts criticize the control logic. Due to technical limitations, the control logic is 

not altered. The HC-HMI is further improved based on the suggestions to increase the 

differences between the HMI concepts. Among minor changes, such as wording adjustments in 

single notifications, the salience of RtIs and H-off notifications is increased.  

 

 
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. 

 

Figure 5.5 displays excerpts of the HMI concepts in two different scenarios. Appendix I 

(Table 12.1) contains more excerpts of the HMI concepts.  
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Figure 5.5 Excerpts of the HMI concepts (left: HC-HMI; right: LC-HMI) in the IC. Top: L2 has 
just been activated. Bottom: Second stage of the warning cascade during the RtI20s. 
Note. The second stage of the warning cascade during the RtI20s in the HC-HMI indicates a countdown 

(one box disappears per second). The warning is supplemented with yellow LED lights flashing on the 

steering wheel and a warning sound with low criticality. 

5.5 Study Procedure 

After welcoming, the participants give informed consent to participate in the experiment, 

to allow the data collection, and to follow the instructions and safety regulations given by the 

experimenter. The second part consists of a pre-questionnaire about the participants' 

sociodemographic and driving backgrounds. Afterward, participants familiarize themselves 

with the test course and the driving simulator or instrumented vehicle, respectively. After the 

familiarization drive, participants receive further instructions on the procedure and their 

driving task. The instructions include the LoAs, the HMI, and the NDRA information. After a 

clarification of questions, the eye-tracking system is calibrated. The following test drive, 

including short interviews, takes about 45 min. After the test drive, participants report their 

experiences through a post-questionnaire and a final interview. The total duration of the 

experiment varies due to interindividual and organizational differences between 1.5 hr and 2 hr 

in the driving simulator and 2 hr and 2.5 hr in the test track experiments, respectively. 

5.5.1 NDRA 

In contrast to L0 and L2, L3 driving allows to engage in NDRAs. The standardized 

NDRA surrogate reference task (SuRT; ISO, 2012) is introduced as an NDRA to provide an 

observational measure of mode awareness or compliance with the responsibilities for the 

driving task. In the center console, a tablet featuring the SuRT is installed. Participants are 

instructed that engagement in the SuRT is only allowed in L3 driving but not in L0 or L2. 

While L3 is active, participants are encouraged to engage in the SuRT. Before the test drive, 

participants familiarize themselves with the SuRT and are encouraged to ask questions. 
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5.5.2 Instructions 

The experiments are designed to test the intuitive usability during first contact interaction 

with the ADS. Therefore, no detailed information on the operation of the ADS is provided.  

After welcoming, participants receive general information on the study context, 

procedure, and safety instructions.  

After the familiarization drive, participants receive more detailed instructions. First, the 

three LoAs are introduced as ñManual Drivingò (corresponds to L0), ñAssisted Drivingò 

(corresponds to L2), and ñAutomated Drivingò (corresponds to L3). For each of the LoAs, 

information is provided explaining the abilities of the respective LoAs and the resulting 

responsibilities that lie with the driver. The information is based on the simplified description 

of the SAE LoAs for customers (Shuttleworth, 2019). Afterward, general information on the 

HMI is provided, informing the participant that the interaction with the ADS occurs through 

the HMI. The two control buttons on the steering wheel are indicated, though their function 

and the control logic are not explained. After that, the SuRT is introduced. The written 

instruction closes with explaining the test drive procedure and the participantsô required 

actions. Due to the test course features and safety aspects, the speed limit is set to 30 km/h, and 

each test case starts and ends at a standstill. Participants must manually accelerate at the test 

case's start and reactivate the LoA with which the previous test case ended. Pre-recorded audio 

announcements triggered by the experimenter support the participant in this task. At the end of 

each test case, participants manually slow down the car to a standstill. For standardization, 

participants are instructed to initiate transitions only if explicitly requested by the ADS or the 

experimenter.  

After participants finish reading the instructions, the experimenter briefly summarizes the 

key aspects of the instruction and encourages the participant to clarify questions. 

5.5.3 Test Course 

The test course in Sim_GER simulates the test track at the Universität der Bundeswehr in 

Neubiberg, Germany (used in TT_GER). Due to organizational constraints, TT_USA could not 

be conducted on the same test track. Instead, TT_USA is conducted on a test track at the BMW 

Driving Academy in Maisach, Germany. Discrepancies between the test courses are reduced to 

a minimum. Due to safety reasons, the test drives do not include surrounding traffic, obstacles, 

or lane change maneuvers. 

The test course comprises two about 900 m long lanes with turning opportunities at each 

end. A sketch of the test course, including important waypoints, is depicted in Figure 5.6 (top). 

Test drives are conducted on the respective right lanes. For each 900 m section, one test case is 

performed. At the end of each test case, participants stop the vehicle before turning the vehicle 

around manually, starting the next test case by driving in the other direction. The first and the 

last 150 m sections (0 mï150 m; 750 mï900 m) are reserved for the manual acceleration and 

deceleration phase. When passing 150 m or 750 m, a sound marks the beginning or end of the 

respective test case. The data collection is limited to the central section of the straight between 

200 m and 700 m. With an average speed of 30 km/h, each test case produces about 60 s of 

recorded data. Events occurring during the test cases are triggered at three different waypoints 

(375 m, 450 m, 535 m), thus reducing the predictability of events for the participant while 

maintaining a high degree of standardization. The test cases are only realized in the HMI 
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notifications. This means that cues in the test course do not accompany changes of 

availabilities. Thus, changes in availabilities could not be associated with a change in road type 

or any other feature of the test course. Consequently, participantsô reactions are distinctly 

attributed to the respective HMI concept. 

In the test track experiments, waypoints are marked for the experimenter with traffic 

cones or wires laid across the lanes (only waypoints at 150 m and 750 m), as visualized in 

Figure 5.6 (bottom). The waypoints are not marked in the simulator experiment. 

 

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

recorded between 200 m and 700 m. Events are triggered at three different waypoints (325 m, 450 m, 

575 m). The test drive ends with another sound (750 m) and a deceleration phase (750 m-900 m). The 

turning points at both ends allow the test course to be driven in both directions.  

5.6 Data Collection 

Both observational and self-reported data are collected in the experiments. The driving 

simulator and the instrumented vehicles have a microphone and a camera supporting the 

analysis. The camera is directed at the steering wheel and catches the operation of the control 

buttons on the steering wheel and other movements. In the test track experiments, an additional 

camera is installed and directed at the driving scenery to record unexpected events potentially 

influencing the experiment. Figure 5.7 displays photos of the experimental setup. The 

simulator setup and a data gateway in the instrumented vehicle record vehicle-related data. 

Speed, lateral and longitudinal acceleration are recorded, as well as the operation of the gas 

pedal, the brake pedal, and the buttons on the steering wheel. The eye-tracking system Dikablis 

Glasses 3 by Ergoneers records the gaze behavior. The collection of sociodemographic and 

self-reported data and the documentation of the experimenter ratings is realized via 

LimeSurvey.  

200 m0 m 900 m450 m 575 m325 m
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A protocol allows the experimenter to document unusual behavior, unforeseen external 

events, or technical issues. Furthermore, the weather and lighting conditions are documented in 

the test track experiments. In the driving simulator experiment, the weather and lighting 

conditions are set to a lightly clouded sky with bright lighting conditions. 

This section briefly describes the collected data, starting with the sociodemographic data 

to describe the experimentsô samples. Afterward, the observational and self-reported data are 

described, followed by the description of individual factors as potentially confounding 

variables. Finally, a short overview of the metrics is provided, offering a linkage to the 

compliance violations of the HMI concepts, the usability facets of the ISO standard 9241-11 

(ISO, 2018a), and the components of the NHTSA minimum requirements (NHTSA, 2017). 

 

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

5.6.1 Sociodemographic Data 

Sociodemographic data are collected to describe the sample and evaluate its 

representativity. In addition to age and gender, participants provide data on their visual 

deficiencies, such as the need for visual aids and color deficiencies.  

Regarding the driving experience, participants report the mileage and driving frequency 

of the last 12 months. Afterward, participants indicate familiarity with the ADAS Cruise 

Control (CC), ACC, and Lane Keeping Assistant (LKA) . If participants report familiarity with 

specific ADAS, a subsequent question inquires on the frequency of using the ADAS. Finally, 

participants are requested to report their prior knowledge of automated driving on a 5-point 

Likert scale with the anchors ñ0: no knowledgeò and ñ4: expertò.  

5.6.2 Observational Data 

5.6.2.1 Driving Behavior 

Analyzing driving behavior metrics allows for an objective assessment of the interaction 

quality. Data for the following metrics are collected and analyzed systematically. Other 

remarkable driving behavior is documented in the protocol. 

The observed LoA is compared to the LoA intended by the test case schedule for all test 

cases.  
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The first contact interaction consists of an instructed transition from L0 to L3. In this test 

case, participants are instructed to use the input channels of the HMI for the first time (TC3). 

The prior test cases comprised steady rides in L0 with a change of availability in TC2. The 

control paths and success rate for this first contact interaction are analyzed.  

The RtIs (RtI20s & RtI6s) require transitioning from L3 to L0. The take-over time (TOT) as 

the time between the start of the RtI and the transition to L0 is calculated for these test cases 

(TC10 & TC12).  

The qualitative analysis of the take-over paths allows for identifying potential interaction 

problems and take-over strategies. 

Throughout the test drive, the driving behavior is assessed. A focus is laid on the 

following two aspects: The first aspect concerns L2 driving. The number of H-off detection 

warnings issued by the ADS is analyzed, as well as the warning stage where participants 

deactivate the warning by taking their hands back to the steering wheel. The second aspect 

concerns unnecessary deactivations. In TC6, participants drive in L2 while receiving a 

notification that a sensor error has led to the non-availability of L3 driving. This information 

does not imply a need to act since L2 is unaffected. Deactivations following this notification 

may be interpreted as a misunderstanding of the notification and are therefore considered in 

the analysis.  

5.6.2.2 Eye-Tracking 

Gaze behavior comprises measures valuable to estimate the driver state, the driverôs 

allocation of attention, and the quantification of information acquisition of stimuli such as 

notifications in an HMI (ISO, 2018b, p. 6). The eye-tracking data is processed and analyzed 

with the software D-Lab 3.60 (Ergoneers Group, 2022) 

Attention ratios, that is, ñthe percent of time glances are within an [area of interest 

(AOI)]ò (ISO, 2018b, p. 8), serve as a measure of trust (Körber et al., 2018) and mode 

awareness (Feldhütter et al., 2019) in automated driving research. Four different AOIs are 

defined: 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. The AOIs are visualized in Figure 5.8. This experiment calculates the attention ratios 

for the continuous rides in all three LoAs L0, L2, and L3. The distribution of attention ratios 

conveys information on the mental model's correctness and the level of trust. Based on the 

instructions, attention ratios for the AOI Street are expected to be high for L0 and L2, while L3 

produces high values for the SuRT.  

In addition to the attention ratios, the gaze behavior during RtIs (TC10: RtI20s & TC12: 

RtI6s) is investigated. The glance allocation to the different AOIs at the start of the RtI is 

examined. The metric serves as an indicator of the development of trust and as a filter variable 

for the following eye-tracking metrics. RtIs are triggered (mainly5) by notifications displayed 

in the IC. Additionally, the gaze paths during RtIs with an emphasis on the glance allocation to 

the different AOIs at the end of the RtI are examined in a qualitative analysis. 

 
5 In the HC-HMI concept, the RtI6s in TC12 and the second and third stage of the warning cascade of the 

RtI20s in TC10 are accompanied with sounds and LED lights (see Section 5.4 or Appendix I). 
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The glance allocation time to the IC reflects the visibility and saliency of these 

notifications. The duration of the first glance at the IC conveys the efficiency with which 

participants receive the information in the notifications. 

 

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

5.6.2.3 Experimenter Rating 

An experimenter rating is conducted based on the method reported by Forster, Hergeth, 

Naujoks, Beggiato, et al. (2019). After each test case, the experimenter rates the participantsô 

interaction performance on a 5-point Likert scale ranging from (1) ñno problem: quick 

processingò to (5) ñhelp of experimenter: multiple problems; massive errors require restart 

task; help of experimenter necessaryò.  

5.6.3 Self-Reported Data 

5.6.3.1 Short Interviews 

As described in Section 5.5, each test case requires a manual vehicle turning, and 

participants are instructed to stop the vehicle to a standstill. These short breaks are used to 

implore the participantsô mode awareness, system understanding, and other incidents.  

To assess the mode awareness, participants are requested to report the last active LoA, 

which is compared to the actual active LoA. Furthermore, the actual availability of LoAs is 

compared to the availability of LoAs reported by the participant. After RtIs or malfunctions 

reducing the number of available LoAs, participants are asked to report the indicated reasons 

for the change. 

To inquire about the degree of system understanding, participants are requested to 

indicate whether they were allowed to take their hands off the steering wheel or answer e-mails 

during the last active LoA.  

In test cases involving transitions, participants are requested to indicate whether they 

encountered problems during the interaction. If confirmed, participants are asked to describe 

these problems. 
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