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Abstract

Higher level automated driving, such as SAE Levels 3 and 4, is predicted to come with several
benefits like the possibility of conducting non-driving related activities (NDRAs) without
monitoring the automation system. As this is seen as one of the most important advantages of
automated driving, users’ perception of the usefulness of such systems may —at least
partially — depend on how well they are able to perform NDRAs, which in turn might depend
on how long the vehicle will be able to drive automatically without the driver taking over
control from the vehicle again. Since the availability of the automated driving system (ADSs)
requires specific conditions to be met that might not be in users’ direct control, how long the
system is available must mostly be accepted as a given. Nonetheless, the availability of the ADS
can be indicated by means of the human-machine interface (HMI), enabling users to plan their
activities accordingly and to adjust their expectations, avoiding disappointment. The research
on HMIs regarding ADSs has long focused on intervention requests by the system and
information needs while driving automatically. This work aims to change that by providing
research on requirements for HMIs regarding the availability of ADSs independent of the
system state and requests to intervene. First, information needs were collected using explorative
research approaches. These information needs were then translated into HMI concepts and
tested regarding their benefits for users in driving simulator studies. Information displays that
were found to be useful for study participants were combined into one final HMI concept
providing information on why the ADS is not available and when it will become available.
Furthermore, before the ADS is activated, the HMI concept displays how long it will be
available after activation, giving users the possibility to evaluate whether they want to activate
the system and whether the availability duration fits their needs. These information elements
were shown to increase acceptance towards the ADS and usability of the HMI display.
Moreover, study results indicate that task performance in NDRAs and perceived system
understanding can be increased by providing transparency regarding the availability of the
system. Hence, this thesis represents an important contribution to the literature on human-
machine interaction related to automated driving, as it fills a gap that was previously overlooked
in research and helps developers to create HMIs that improve users’ acceptance, which is

associated with the actual usage of a system.



Zusammenfassung

Automatisiertes Fahren hoherer Stufen, wie SAE Level 3 und 4, wird mit mehreren Vorteilen
verbunden sein. Zum Beispiel mit der Moglichkeit fiir Nutzende, Aktivitidten auszuiiben, die
nicht mit dem Fahren zusammenhdngen, ohne das Automatisierungssystem i{iberwachen zu
miissen. Da dies als einer der wichtigsten Vorteile des automatisierten Fahrens angesehen wird,
konnte der wahrgenommene Nutzen solcher Systeme zumindest teilweise davon abhéngen, wie
gut Nutzende in der Lage sein werden, fahrfremde Titigkeiten (NDRAs) auszuiiben, was
wiederum davon abhéngen konnte, wie lange automatisiertes Fahren moglich sein wird, ohne
wieder die Kontrolle iiber das Fahrzeug iibernehmen zu miissen. Da die Verfiigbarkeit des
automatisierten Fahrsystems (ADS) an bestimmte Bedingungen gekniipft sein wird, die die
Nutzer haufig nicht beeinflusst kdnnen, muss die Dauer der Verfiigbarkeit dieses Systems meist
als gegeben hingenommen werden. Dennoch kann durch die Mensch-Maschine-Schnittstelle
(HMI) Transparenz beziiglich der Verfligbarkeit des ADS geschaffen werden, damit die Nutzer
ihre Aktivititen entsprechend planen und ihre Erwartungen anpassen konnen, um
Enttduschungen zu vermeiden. In der Forschung zu HMIs im Zusammenhang mit ADSs
standen Ubernahmeaufforderungen und Informationsbedarfe wihrend des automatisierten
Fahrens lange Zeit im Mittelpunkt. Die vorliegende Arbeit zielt darauf ab, dies zu dndern und
erforscht die Anforderungen an ein HMI beziiglich der Verfiigbarkeit von ADSs unabhingig
vom  Systemzustand und den  Ubernahmeaufforderungen.  Zunichst  wurden
Informationsbedarfe mit Hilfe explorativer Forschungsmethoden gesammelt. Diese Bedarfe
wurden dann in HMI-Konzepte iibersetzt und in Fahrsimulatorstudien auf ihre Vorteile fiir
Nutzende getestet. Informationen, die sich als niitzlich erwiesen, wurden in einem endgiiltigen
HMI-Konzept zusammengefasst, das Auskunft dariiber gibt, warum das ADS nicht verfiigbar
ist und wann es verfiigbar sein wird. Auflerdem wird vor der Aktivierung des ADS angezeigt,
wie lange es nach der Aktivierung zur Verfiigung stehen wird, um den Nutzenden die
Moglichkeit zu geben, selbst zu beurteilen, ob sie das System aktivieren wollen und ob die
Dauer der Verfiigbarkeit ihren Bediirfnissen entspricht. Es hat sich gezeigt, dass die Anzeige
dieser Informationen die Akzeptanz beziiglich des ADS und die Benutzerfreundlichkeit der
HMI-Anzeige erhohen. Dariiber hinaus deuten die Studienergebnisse darauf hin, dass die
Leistung in der Ausfiihrung von NDRAs und das wahrgenommene Systemverstindnis durch
die Bereitstellung von Transparenz beziiglich der Verfiigbarkeit des Systems erhoht werden

konnen. Diese Arbeit stellt somit einen wichtigen Beitrag zur Literatur {iber die Mensch-
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Maschine-Interaktion im Zusammenhang mit dem automatisierten Fahren dar, da sie eine
Liicke schlie3t, die bisher in der Forschung iibersechen wurde und Entwicklern helfen kann,
HMIs zu erstellen, die die Akzeptanz der Nutzenden verbessern, welche wiederum mit der

tatsdchlichen Nutzung eines Systems assoziiert ist.
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1 Introduction

1 Introduction

Automated driving at higher levels is associated with several benefits, including the possibility
to engage in activities that have no connection with the actual task of driving (Pfleging et al.,
2016) or increased road safety (Winkle, 2016). Before benefits like these can come to fruition,
users will have to understand automated driving systems to be able to operate them safely and
satisfactorily. Looking at existing advanced driving assistance systems (ADAS) like the
adaptive cruise control (ACC), it seems like users often struggle to understand the systems’
functionalities or do not know about their limitations (Beggiato & Krems, 2013). As it can be
assumed that higher levels of automated driving systems (ADSs) are more complex than an
ACC for example (Parasuraman & Riley, 1997), enabling the users to understand and use them
correctly becomes even more important. The limitations of an ADS influence the users’
possibilities to engage in non-driving related activities (NDRAs), and thus can impact the
perceived usefulness of the system as well as the usage behaviour. As will be further explained
in the next chapter, limited availability of the system must be communicated clearly to help
users adjust their expectations and plan their NDRAs accordingly, ensuring that the benefits of

an ADS will actually be perceived as such.

An overview of the state of research regarding expectations and attitudes towards automated

driving along with methodological approaches to study the same is given in , which
is the theoretical background chapter of this work. gives an overview of the
methodology and research questions of this thesis, while presents an explorative

investigation of which information users might need to develop an appropriate mental model
of the availability and limitations of ADSs of higher levels. The development of different HMI

concepts, which are based on the found information requirements, and the testing of the same

in driving simulator studies is described in . The findings of the experiments result in
a final HMI concept which is presented in . A general discussion of the outcome of
this work is presented in and recommendations on how to conceptualise an in-vehicle

HMI display with a focus on conveying important information on the system’s functionalities
and limitations in different system states to increase transparency are given in

Moreover, methodological insights gained from investigating different information needs
regarding ADSs are presented in the respective chapters of the different studies as well as in

the general discussion.
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2 Theoretical Background

2.1 Manual and Automated Driving

The term automated driving does not refer to a specific function or definition. Rather, it is used
to distinguish certain driver-assistance functions from manual driving. Manual driving can be
divided into three different tasks: the primary, the secondary, and the tertiary driving task. The
primary driving task involves the mechanical activities that are directly involved in driving a
vehicle, such as steering and accelerating. The secondary driving task includes the activities
that are performed to communicate with the environment and aim at supporting the primary
driving task, such as operating the windshield wipers when it rains. The tertiary driving task
includes, for example, operating the air conditioning or the radio and is therefore not directly

related to operating the vehicle (Bubb, 2003).

The primary driving task can be further subdivided into three levels, the navigation, the
manoeuvre, and the stabilisation level (Donges, 1982). The navigation level comprises the
selection and planning of a route as well as the calculation of the time required for the route.
The manoeuvre level is where actions such as changing lanes, turning or overtaking take place.
All interventions that serve to stabilise the vehicle concerning the current lane and speed are

associated with the stabilisation level (Donges, 2015).

ADASSs primarily serve to increase efficiency and safety when driving (Bengler et al., 2014).
However, the development of such systems also aims at increasing comfort while driving (Bubb
& Bengler, 2015; Wallentowitz & Reif, 2011). ADASs can support the driver in each of the
three driving tasks, for example in navigation, lane keeping or even in the tertiary driving task,
such as by providing information on service activities to be performed or by assisting in the
operation of the infotainment system (Bubb & Bengler, 2015). These support systems can be
divided into three categories (Gasser et al., 2015): category A describes information and
warning systems that do not have a direct influence on vehicle guidance, but only have an effect
through the driver. One example of such a system is the traffic sign recognition. Category B
includes systems that continuously automate specific driving tasks. This means that these
functions have a direct influence on vehicle guidance, although the driver is always able to
override them, as they are mainly comfort functions. The ACC is an ADAS that falls in this
category. Category C, on the other hand, describes systems that intervene in vehicle control in

emergencies. This means that there is a direct influence on the control of the vehicle, as in
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category B, but this influence is not continuous and is limited to hazardous and emergency

situations. One example of this is the emergency brake assistant.

The present study takes on the definition and categorisation of automated driving systems as
proposed by the Society of Automotive Engineers (SAE) (SAE, 2021). The SAE taxonomy
describes all levels of automation from Level O to Level 5. Level 0 is manual driving, where all
driving tasks must be performed by the driver. On this level, no assistance from the system
exists — not even on the stabilisation level (Donges, 1982). Level 1 refers to assisted driving,
where one stabilisation task is performed by the vehicle. This means that one ADAS of category
B is active. Hence, the system takes over either longitudinal or lateral guidance, but not at the
same time. Level 2 automated driving is when the system has both lateral and longitudinal
control and is therefore a combination of two ADASSs of category B. At this level, the system
can take over the stabilisation task independently, but the driver must still always observe and
monitor the system and the functionality of the ADAS to be able to intervene if necessary. The
system does not have to provide warnings in the event of errors or failure. In Level 3, the vehicle
also takes over longitudinal and lateral guidance within a specific operational design domain
(ODD), but the user of the function may engage in NDRAs during active automation. In the
event of a dangerous situation or when a system limit is reached, the driver is informed by the
system with a certain lead time so that control of the vehicle can be taken over again. This is
called a request to intervene (RtI). Thus, the user of the system must always be able to take over
while performing an NDRA. This level of automated driving is called conditionally automated
driving (CAD), since specific, previously defined conditions must be met before the system can
be enabled. In comparison, a Level 4 ADS can execute a minimal risk manoeuvre in case the
user does not respond to the RtI in time, and thus the user of the system no longer serves as a
necessary fallback level and is not expected to do so. Level 5 ADS or autonomous driving, on
the other hand, can handle all traffic situations and is no longer limited to a specific ODD. In
theory, a human operator is no longer needed here (SAE, 2021). Figure 2.1. gives an overview

of all automated driving levels according to the SAE manual standard.
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Figure 2.1: Overview of the automated driving levels (SAE, 2021) (DDT: Dynamic Driving Task;
OEDR: Object and Event Detection and Response).

One of the first use cases of higher-level ADSs like CAD is driving automatically on highways.
Such an automated system could be called a highway pilot (Wachenfeld et al., 2015). The ODD
in this case would be the highway, but very likely not all sections of it. System boundaries may
also be congestion ends, highway ends, acceleration and deceleration lanes, and distributor
lanes (BaSt, 2012). This implies that there must necessarily be a period of non-availability of
the CAD before it is activated on the highway. Moreover, it cannot be guaranteed that a highway
trip can be driven automatically without any interruptions. The first Level 3 ADS was released
by Mercedes Benz. It works only on highways with a maximum velocity of 60 km/h (Mercedes-
Benz, 2022).
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2.2 Acceptance and Intention to Use

ADSs of higher levels, i.e. SAE level 3 and above (SAE, 2021), that allow for automated driving
at velocities above 60 km/h, are not yet commercially available. Still, this is a topic discussed
by the broader public. Automated vehicles can be seen in movies and in car manufacturers’
advertising campaigns, whereby these vehicles rarely correspond to the current state of

technology and could lead to people’s expectations being exaggerated.

When Level 2 automated driving functions that are already available today, like the Tesla
Autopilot, are advertised ambiguously (Giesen, 2016), dangerous behaviour can occur when,
for example, the monitoring role is no longer consistently performed by the driver (Morando et
al., 2021). The fact that expectations regarding current Level 2 ADSs sometimes exceed their
functionalities leads to the assumption that expectations regarding ADSs of higher levels will

even be higher and might not be met by these systems after their market introduction.

This subchapter summarises research on what future users expect from ADSs and explores if
these systems will be able to fulfil these expectations. It will be further discussed how possible
discrepancies between expectations and real system capabilities might affect the attitudes of

future users towards ADSs.

2.2.1 Expectations Regarding Automated Driving

The expectations associated with the introduction of ADSs comprise increased efficiency and
road safety (Lemmer, 2016; Winkle, 2016), and other comfort-related benefits. In an online
survey with more than 3000 participants from Denmark (Nielsen & Haustein, 2018), a number
of specific expectations were identified, such as arriving relaxed at the destination (which was
mentioned most often), not having to park manually and not having to pay attention to traffic.
Some participants also expected reduced fuel consumption and thus a reduced negative impact

on the environment.

The second most frequently mentioned expected benefit in this survey study was the possibility
to devote time to other activities while driving (Nielsen & Haustein, 2018). Other studies have
also shown that the possibility to conduct NDRAs is one of the most important advantages of
ADSs for future users (Pettersson & Karlsson, 2015; Pfleging et al., 2016). However, the

literature also indicates that there can be inter-individual differences in the perception of these
5
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systems. For example, only one in four respondents in the above-mentioned Danish survey
study believed that ADSs can increase safety. Overall, this study differentiated between
enthusiasts, sceptics, and those with a neutral attitude. There were differences between these
groups regarding the frequency of mentioning certain expectations. The enthusiasts were those
who mentioned positive expectations more frequently. This group consisted to a greater extent
of younger, male participants who lived in urban areas, while sceptics tended to belong to the
older population in rural areas (Nielsen & Haustein, 2018). In addition, married people had
fewer concerns about NDRAs and costs and more concerns about the safety of ADSs. People
with higher incomes were more concerned about liability and less concerned about
relinquishing control, while people with lower incomes were also more concerned about safety.

Car enthusiasts were more concerned about giving up control (Howard & Dai, 2013).

Regardless of inter-individual differences, it appears that there are some specific expectations
among the population about the potential benefits of ADSs which must be considered when
developing these systems. If expectations are neither met nor corrected, intention to use the
system and acceptance might decrease and expected advantages cannot come to fruition

(Naujoks, Forster, et al., 2017b).

2.2.2 Technology Acceptance and ADSs

Acceptance in the driving context is a construct that the literature has defined in several different
ways. In a comprehensive review, Adell, Varhelyi, and Nilsson (2018a) postulated five different
categories into which the diverse definitions of acceptance can be divided. The first refers to
acceptance as the willingness to accept a system, a measure or even, for example, a law. In the
second category, acceptance is equated with the degree to which users’ needs and requirements
are met and can thus be described as the usefulness of a system. The third category is similar to
the second one, but here rational usefulness is supplemented by emotional components. In the
fourth category, acceptance is outlined as the willingness to use — in other words, the intention
to adopt a system. The fifth category refers to the actual use of a system and not just to the

willingness to use it.

Acceptance can also be differentiated between attitudinal and behavioural acceptance (Saad,
2004). Attitudinal acceptance is based on emotions and experiences and is therefore considered
the basis for accepting a system. Behavioural acceptance, on the other hand, refers to observable

behaviour, i.e., actual use or the intention to use. A distinction can also be made between
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contextual and conditional acceptance. Contextual acceptance refers to the willingness to use a
system in a certain setting (Saad, 2004), while conditional acceptance depends on certain
conditions, e.g., the willingness to only use a system provided it can be switched off at any
given time (Adell, Varhelyi, & Nilsson, 2018a). Adell (2009) researched these different
definitions and concluded that acceptance in the driving context is the willingness of a person

to include a system in their driving or, if the system is not yet available, the intention to use it.

The most frequently used models of acceptance, defining what factors can be used to predict it

(Rahman, 2016), are presented in the following.

The Technology Acceptance Model (TAM) (Davis, 1989) — which was not developed for
assessing technology acceptance of ADSs or manual driving but in the context of information
technology — is one of the most widely used models explaining the adoption of new
technological systems (Park & Kim, 2014). It consists in its original form of two main factors
influencing the usage of systems: perceived usefulness (PU) and perceived ease of use (PEoU).
According to the authors, PU and PEoU influence the attitude towards showing a certain
behaviour, which in turn predicts the intention to use (ITU) a system. The actual usage is then
believed to be influenced by this intention. PU is defined as the degree to which a person
believes that a certain system would help in achieving their goal and to which extent using this
system would enhance their performance. PEoU is described as the extent to which a person
believes that using this system is free of effort. Venkatesh and Davis (2000) extended the
original TAM and added several more predicting factors to it: experience, voluntariness,
subjective norms, image, job relevance, output quality, and result demonstrability. Figure 2.2
depicts the extended TAM version containing the original TAM framed by a rectangle. In this
depiction, the attitude towards usage is not included since this factor was removed from the
extended version. Thus, this model incorporates the idea that more than the attitude towards

usage can influence the actual usage behaviour (Larue et al., 2015).

Although the original TAM was not developed for the vehicle context, it has been used in
research to assess driver acceptance (Larue et al., 2015; Park & Kim, 2014; Rddel et al., 2014).
The suitability of the model to investigate technology acceptance in the field of ADAS was
tested by Rahman et al. (2017). The authors suggest that it can be used in this context and leads
to meaningful results. Yuen et al. (2021) found in their study that PU as well as PEoU positively
influence users’ ITU and are influenced by perceived characteristics of innovation such as result

demonstrability and relative advantage. Panagiotopoulos and Dimitrakopoulos (2018) state that
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PU is the strongest predictor of acceptance towards automated vehicles (AVs) while Choi and

Ji (2015) state that PU might be of more importance to users of ADSs than PEoU.
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Figure 2.2: Extended TAM (original TAM within the rectangle) (Venkatesh & Davis, 2000).

Another acceptance model aiming at explaining behaviour — not only with regard to technology
— 1s the Theory of Planned Behaviour (TPB) (Ajzen, 1991). According to this model, three
factors of behavioural intention exist that can predict technology usage behaviour: attitude,
subjective norms, and perceived behavioural control. Besides directly influencing the
behavioural intention, the perceived control also indirectly affects actual usage and is therefore
not fully mediated (Rahman et al., 2017). This model was also used in various studies to
investigate system usage behaviour in the driving context (Larue et al., 2015; Rodel et al., 2014)

and was found to be suitable for measuring technology acceptance (Rahman et al., 2017).

The Unified Theory of Acceptance and Use of Technology (UTAUT) (Venkatesh et al., 2003)
is a further acceptance model that postulates two direct determinants of usage (see Figure 2.3):
behavioural intention and facilitating conditions. The former is in turn influenced by social

influence, performance expectancy, and effort expectancy. The model is based on the TAM and
8
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the TPB and other acceptance models and thus shows overlap with those models (Adell,
Varhelyi, & Nilsson, 2018b). Gender, experience, age, and voluntariness of use serve as
moderating factors in this model. Adell (2009) was the first to propose the UTAUT for
measuring technology acceptance in the vehicle context and conducted a pilot study. The
original items of the model were adapted for this purpose, to be used for the field study. The
results showed that performance expectancy was the most significant factor in predicting

behavioural intention, followed by social influence (Adell et al., 2011).
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Figure 2.3: The UTAUT model (Venkatesh et al., 2003).

The extended version of the TAM consists of more influential factors than the original one but
only one of the additional factors — subjective norms — has a direct influence on ITU. The other
factors either influence PU directly or serve as moderator variables. As subjective norms depend
on social norms regarding a system and, since the system of interest in this work is not yet
available, this factor cannot be measured and would be of no use for investigating the effects

of an HMI concept on acceptance.

Some main differences between the TBP and the original TAM are that the TBP was not created
for measuring acceptance regarding technology as well as the dimension of subjective norms

9
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that exists in the TBP but not in the original TAM and cannot be used in this work as explained
above. The UTAUT contains similar factors as the TAM, since performance expectancy can be
interpreted analogously to PU and effort expectancy to PEoU. Besides these two factors, only
social influence directly influences the behavioural intention which is operationalised like ITU
of the TAM. This additional factor of social influence would not add valuable information in
the context of this work. Furthermore, the remaining moderator variables of the UTAUT like

gender, age or voluntariness of use can be controlled in experimental settings.

Taking the considerations above into account, as well as the fact that it is assumed to be one of
the most used models when it comes to describing the adoption of new technology in driving
context in general (Park & Kim, 2014; Zhang et al., 2021) and also automated driving (Jing et
al., 2020; Zhang et al., 2021), the original TAM was chosen to serve as a basis for defining
acceptance in the present paper. Its simplicity was assumed to aid in describing the results of
the studies carried out for this thesis more easily, especially as no path analyses were conducted
to test the single predictors. Moreover, with PU as a factor, the TAM includes the most
important predictor of ITU and therefore acceptance. For an overview of different determinants

of acceptance towards A Vs, the review article from Jing et al. (2020) is recommended.

Since acceptance towards ADSs is deeply linked to people’s expectations regarding the
performance of a system and their own effort during usage (Adell, Vérhelyi, & Nilsson, 2018a;
Nordhoff et al., 2016), it is important to be aware of future users’ expectations when designing
a system that is subject to public discussion before it is available on the market. For example,
future users will have expectations regarding which NDRAs will be feasible while driving
automatically. The PU — and therefore the acceptance — might be dependent on how the users’
task performance conducting NDRAs will be improved by using the system (Davis, 1989;
Naujoks, Forster, et al., 2017b; Venkatesh et al., 2003). Hence, it must be taken into account
during development in which tasks ADSs are intended to provide support to users. Users’
knowledge of a system and its benefits seems to be able to influence attitudes towards it (Konig
& Neumayr, 2017). Both the expectations regarding the use of a technical system and the
knowledge about its functioning are stored in the user’s mental model (Stanton & Young, 2000),

which will be discussed in the next subchapter.

10
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2.2.3 Mental Models and ADS

A mental model is a structure that reflects the user’s knowledge and assumptions about a
system, which are factors that can influence acceptance and hence usage behaviour (Itoh, 2012;
Kazi et al., 2007; Vorm & Combs, 2022). It includes the user’s understanding of what a system
contains, how this content is linked and how the system works (Carroll & Olson, 1987). These
assumptions are subject to falsification tests during usage: if they are not falsified, they are

considered valid. All this takes place without conscious processes (Stanton & Young, 2000).

The knowledge that system developers have of a system differs from that of its users, which
leads to a difference in their mental models. Therefore, it is important to involve users in the
development process to understand these discrepancies and to be able to address them
accordingly. In order to make a system user friendly, the interaction problem that exists in the
communication between humans and computers should be minimised so that users can solve
their actual problems while using the technical system as a help (Bullinger, 1985). In such an
interaction, the system is called target system. The complete and consistent representation of
the target system is called conceptual model and is created by the developers. The attempt of
scientists to represent the users’ mental model of a system is called the scientists’

conceptualisation (Norman, 1987).

The concept of mental models has been considered in the context of automated driving, as it
seems to be fundamental that users know about the functionalities of the ADS and thus what
actions are expected from them (Carsten & Martens, 2018). Incorrect mental models could, for
example, lead to critical situations before and after transitions (Borojeni et al., 2018), and may
lead to a misplaced level of trust in automation and thus to negative behavioural adaptations
(Ebnali et al., 2019). One study found that users of ACC — especially at the beginning of
usage — have difficulties understanding system limitations (Larsson, 2012). However, a
longitudinal study has shown that incorrect mental models of one experimental group, caused
by incorrect prior information regarding the system, converged over time through usage with
the correct mental models of the other experimental group, caused by correct prior information.
The same study also showed that information that was learnt regarding system limitations can
be erased from the mental model when the respective limitations are not experienced during
repeated usage (Beggiato & Krems, 2013). Hence, feedback about the ADS, its capabilities,
and the limits of its capabilities is important to allow users to form a coherent mental model
(Beggiato, Hartwich, et al., 2015). Moreover, any adjustment of an incorrect mental model by
corrective information from the environment leads to increased cognitive workload (Beggiato

11
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& Krems, 2013). This would also mean, for example, that when a user expects an ADS to be
available for a certain amount of time and this expectation is not fulfilled, workload will be

increased — not only by the process of taking over itself but also by adjusting the mental model.

Therefore, mental models store knowledge that is gathered about a system during use, but which
may also already exist before the first use, and which can be shaped by different information
channels. In the case of ADSs, it can be assumed that many laypersons already have a mental
model of these systems — even of higher levels of automation — even though such systems are
not yet available for purchase. These mental models include expectations, which may be
influenced by advertising, movies, and other sources. In this case, the mental model would be
formed top-down based on existing knowledge structures (Beggiato & Krems, 2013). Up to and
including SAE Level 4, every ADS has limitations (SAE, 2021) and thus, these systems will
never be able to meet the expectations of future users who have an almost perfectly functioning

automation represented in their mental models (Dzindolet et al., 2003; Kraus et al., 2020).

Mental models cannot only be formed top-down (based on existing knowledge structures) but
also bottom-up through situational information from the environment (Beggiato & Krems,
2013), which explains why they are not static — they may change over time (Bach, 2000).
Multiple interactions between users and machines contribute to the creation of mental models
(Forster, Hergeth, Naujoks, Beggiato, et al., 2019) and incoming information is able to update
them. Thus, it can be assumed that by presenting information on system functionalities,
incorrect mental models based on false expectations can be corrected. The user interface, or
system image (Bullinger, 1985), can be used to influence the user’s mental model, since a
discrepancy between the system image and the user’s model leads to an adjustment of the latter.
However, such discrepancies between the mental model and the environment lead to an increase
in cognitive workload (Beggiato & Krems, 2013), and therefore presentation of information
should be carefully considered. The next subchapter focuses on user interfaces in cars for
conveying information, and their potential effects on the users’ attitudes and explores what

needs to be factored in during the design of such an interface.

2.3 The Human-Machine Interface

The HMI is used for communication between the driver and the vehicle. All input and output
systems fall into the HMI category. In the early days of driving, these HMIs were mainly

mechanical and conveyed relevant information to the driver such as speed, engine speed or fuel
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level. Over time, these HMIs no longer proved to be sufficient, as drivers wanted entertainment
while driving, for example, beyond the mere provision of information. With the introduction of
the radio and navigation systems, the in-vehicle HMI evolved into a complex infotainment
system that provides information relevant to driving as well as comfort and entertainment.
Today, the scope of the infotainment system includes telephony, navigation, TV, vehicle
setting, media, and driving and automation-related information (Meixner et al., 2017). Bengler
et al. (2020) created a framework for different HMI components, dividing the HMI in different
types, namely the dynamic HMI, the vehicle HMI, the infotainment HMI, the external HMI,
and the automation HMI, which contain all information a user needs to interact with an ADS.

The following section provides a short overview of the general HMI in the vehicle context.

Inputs are made in the vehicle via control elements. Based on the taxonomy of Riihmann (1993)
and Eckstein (2001), Bruder and Didier (2015) have made a human-centred classification of
input modalities. According to this classification, hand/arm inputs are required for controlling
the vehicle using the steering wheel as well as for operating the secondary and tertiary driving
tasks, such as setting the turn signal and operating a touchscreen. Leg and foot movements, on
the other hand, are mainly required for pedal inputs. Other input modalities mentioned in this
classification are weight shifting, voice input, eye movement, as well as gestures and facial

expressions (Bruder & Didier, 2015).

Input devices in the vehicle are mostly haptic. Thus, in addition to the elements for the primary
driving task, there are hard and soft keys that are often located in the centre console and on the
steering wheel. In addition, rotary controllers as central input devices and levers behind the
steering wheel are common in current vehicles. However, there is a present trend towards
touchscreens, allowing for a large variety of inputs to be made in one single place in the vehicle
(Meixner et al., 2017). The operating tasks include switching a function on and off and setting
values and permanent inputs that are necessary for driving the vehicle (Bengler, Pfromm, &

Bruder, 2015).

Concerning the output of human-machine interactions, signals can be divided into three
different types: acoustic, optical, and haptic (Schmidtke, 1993; Timpe & Baggen, 2000). The
visual sense processing optical signals is still the most important when driving (Meixner &
Miiller, 2017). While the traffic environment is perceived visually, driving task and comfort-
related information is also mainly presented using this channel, but often combined with an
acoustic stimulus. Due to the high demand put on the optical sense, presenting further complex

information visually should be avoided (Bruder & Didier, 2015).
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Visual cues in the vehicle can be further categorised into digital, analogue, pictorial, and contact
analogue (Bubb, Bengler, et al., 2015), primarily used in infotainment displays. These include
the instrument cluster (IC) behind the steering wheel, the central information display (CID) in
the centre console, and the head-up display in the windshield (Knoll, 2015). Acoustic signals,
on the other hand, can be divided into those that warn and indicate something and those that
convey detailed information via speech. In the case of haptically conveyed information, a
distinction must be made between surface haptics, which refers to tactile stimuli, and actuation

haptics (Bubb, Bengler, et al., 2015).

2.3.1 Challenges for In-Vehicle HMIs

The focus of the present work is on the automation HMI and information needs concerning the
ADS. Since some ADS-related information might have to be presented while driving manually,
the challenges for in-vehicle HMIs are described in this subchapter also with reference to

manual driving.

For the driver to be able to operate all the different functions, and to process the large volume
of information conveyed through different channels, a careful design of the HMI and all related
components is necessary. In addition to conventions and guidelines for the anthropometric
design of the vehicle interior, which also concerns the positioning of the screens and controls
(Bengler, Pfromm, & Bruder, 2015; Bubb, Griinen, & Remlinger, 2015; DIN, 1953; ISO, 2009),
there are norms that address system ergonomics. These include requirements for the
presentation of information in general (DIN ISO, 2017), requirements for the design of
information displays in the vehicle (ISO, 2003), as well as guidelines for the development of
in-vehicle information systems with particular reference to safety (Stevens et al., 2002) and

system ergonomic design maxims (Bubb, Bengler, et al., 2015), to name only a few.

Since the complexity of the primary and secondary driving tasks is increasing due to the
growing number of different functions and potential distractors, and at the same time the tertiary
activities themselves are becoming more and more complex (Bengler, 2017; Bubb, Bengler, et
al., 2015), it is important that constructs exist that can be used to assess the system-ergonomic
quality of HMIs. One of these constructs is usability, published in the DIN ISO norm 9241,
which describes the extent to which a product can be employed by users to perform tasks
satisfactorily, efficiently, and effectively (DIN ISO, 2017). Satisfaction is defined as the extent

to which the user’s emotional and cognitive responses, which result from interaction with the
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product, are consistent with expectations and requirements. Efficiency describes the
relationship between the resources used, including time, effort, materials, or money, and the
results achieved. Effectiveness is the completeness and accuracy with which tasks are fulfilled

or goals are achieved.

An exploration of usability should not leave out user experience (UX), as the definitions of both
constructs often overlap (Bengler, 2017). In the ISO standard, UX is defined as the user’s
perception and reaction resulting from interaction with the system. It should be noted that UX
refers to the reactions before, during and after usage (DIN ISO, 2017). UX includes other
aspects that may be associated with a product and can have an influence on the emotional or
cognitive reaction, such as brand image and the user’s personality, state, and experiences with
the product (Mirnig et al., 2015), and is therefore a broader construct than usability. Usability
and UX are seen as selling points for vehicles (Bengler, 2017), since good usability positively
influences the usage of a system in the vehicle as the probability of conducting tasks
satisfactorily increases with increasing usability. Nonetheless, a high level of usability does not
automatically imply an absence of distraction and therefore care must be taken to ensure that

the level of workload is not too high (Bengler, Bubb, et al., 2015).

Workload is characterised by the situation surrounding the operator, including the work task,
the environment and the systems available, and by the load that follows in response to this
situation (Bubb, Vollrath, et al., 2015). Too high a workload is associated with a decrease in
driving performance (Hancock & Verwey, 1997), making it imperative that critical driver
distractions be considered in the development of driver assistance systems and HMIs (Bengler,
2017). According to the multiple resource theory (Wickens, 2008), different activities can be
performed simultaneously without adverse effects as long as different and non-interfering
perceptual channels are addressed. On the other hand, the simultaneous use of, for example, the
visual channel by two different tasks can increase the workload and thus impair task

performance, for instance when driving (Lansdown et al., 2004).

2.3.2 HMIs and Information Needs for Automated Driving

Research on HMIs regarding automated driving can be divided into three areas: methodological
research, research on HMI modalities, and content-related issues such as information needs.
Research on methodological issues deals, for example, with topics such as the creation of survey

instruments to be able to test HMIs (Siebert et al., 2013) or the suitability of existing subjective
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measures for investigating HMIs in automated driving contexts (Forster et al., 2020). Other
methodological issues relate to how studies should be designed to test HMIs, from creating
suitable test scenarios for various HMI-related research questions to recommendations on how
to check the safety of HMI displays (Hock et al., 2018; Naujoks et al., 2019; Naujoks et al.,
2018; Schomig et al., 2020; Warg et al., 2020). In addition, there are research efforts that
address the question of how to best test usability of HMI displays in automated driving (Albers
et al., 2020; Forster et al., 2018). Albers et al. (2020) have formulated best practice
recommendations that answer questions such as which test environment is most suitable or how
a study sample should be selected when testing the usability of an HMI-system concerning
automated driving. Their recommendations suggest that a study should take place in a driving
simulator, that the study population should be representative of future users and that transitions
between different levels of automation should be tested in the presence of several automation

levels and in non-critical situations.

When considering the research that deals with the presentation of certain information as well
as with different output modalities, it is helpful to divide them according to the respective
system states in which the corresponding information is to be offered. This thesis follows the
classification of the system states of CAD, hence a Level 3 ADS, into the following phases:
manual driving with non-availability of the ADS; manual driving with availability of the ADS;
automated driving including the take-over process when reaching a system limit. The following
is a summary of the different information displays that were explicitly mentioned to be part of

the HMI in studies investigating automated driving.

Only very few research papers were found that refer to displays of ADSs during manual driving
while the ADS was unavailable. Only Wandtner et al. (2018) report having given information
regarding the ADS in this state in a study. The participants in the experimental group
experienced an overview of all availability sections on their route in each system state, i.e., even
when the ADS was not available, visually in the centre console. However, there were no
research questions on how this display during manual driving affected the drivers and their

attitudes regarding the ADS.

For the manual driving phase with an available ADS, a number of research papers indicate how
the availability of the ADS was indicated. In most works, a visual signal in the IC, in the HUD
or via LED was coupled with an acoustic signal (Feldhiitter et al., 2018; Kraus et al., 2020;
Wandtner et al., 2018). In addition to this acoustic signal, Muthumani et al. (2020) describe
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having selected a voice output with the content “hands off” when availability was indicated.
None of the cited papers reports having explicitly investigated the displays for ADS during

manual driving.

More papers give insights into in-vehicle information content displayed in studies during
automated driving, such as current speed (Feierle, Biicherl, et al., 2020; Feierle, Danner, et al.,
2020; Hartwich et al., 2020; Hecht, Kratzert, & Bengler, 2020), speed limit (Feierle, Danner, et
al., 2020; Naujoks, Forster, et al., 2017a), surroundings (Naujoks, Wiedemann, & Schomig,
2017), upcoming traffic events (Forster etal., 2016; Y. Yang et al., 2018), as well as the distance
to upcoming traffic events (Naujoks, Forster, et al., 2017a). Moreover, navigation information
(Feierle, Danner, et al., 2020; Hartwich et al., 2021; Oliveira et al., 2020) and details about the
current traffic situation (Hartwich et al., 2020) are mentioned to be shown to participants while
driving automatically in driving simulators. This information often aims at increasing
transparency of what the vehicle perceives from the environment. Nonetheless, it can also be
provided during manual driving and is not necessarily ADS-related and therefore does not fall
into the category of an automation HMI (Bengler et al., 2020). Information content displayed
in studies that is more directly related to ADSs is the current and the available driving mode
(Feldhiitter et al., 2018; Forster, Hergeth, Naujoks, Krems, & Keinath, 2019a; Lau et al., 2020),
indicating whether the ADS is active or not. In addition, the distance to and reason for future
manoeuvres can be presented to users along with the vehicle’s intentions (Hartwich et al., 2021;
Naujoks, Forster, et al., 2017b; Wintersberger et al., 2018). Another piece of information
mentioned in the literature is an indication of how well the ADS can handle the current situation
(Kunze et al., 2019). In most studies, Rtl-related information is presented to participants, e.g.,
in Feierle, Holderied, and Bengler (2020) and Gold (2016). Furthermore, the durations of
current and upcoming sections of (non-)availability of the ADS are information needs
mentioned in several papers (Beggiato, Hartwich, et al., 2015; Richardson et al., 2018;
Wandtner et al., 2018). However, no influence of presenting the duration one can drive in
automated driving mode on subjective evaluations or objective measures has been observed so
far. There are no concrete research results on many of the information contents mentioned here,
as these were presented in studies but were not subject of any specific research questions.
Nevertheless, there is research that suggests that the need for information may depend on
interpersonal and situational factors. For instance, users with less system experience (Beggiato,
Hartwich, et al., 2015) or with lower initial trust in the system (Hartwich et al., 2020) may need
more information on the ADS than comparison groups. According to one study, gender also

plays arole in this regard, as does whether or not study participants engage with NDRAs during
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automated driving (Lau et al., 2020). An online survey concluded that less information about
the system is needed during active engagement in NDRAs than without engagement (Hecht,

Darlagiannis, & Bengler, 2020).

In some studies, visual displays such as ambient lights (Muthumani et al., 2020; Y. Yang et al.,
2018) or augmented reality head-up displays (Schomig et al., 2018) were chosen to convey
ADS-related information. Sometimes, information was also paired with an acoustic cue, for
example regarding the RtI (Feierle, Holderied, & Bengler, 2020; Feldhiitter et al., 2017; Gold
et al., 2013). Nonetheless, information on automated driving is most frequently displayed

visually in the IC in the studies mentioned above.
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3 Research Questions, Methodology and Structure

This chapter briefly summarises the theoretical background and leads to the research questions

this thesis aims to answer.

3.1 Research Questions

Higher level automated driving allows users to engage in NDRAs while the vehicle is in control
of the driving task. In SAE Level 3, users serve as a fallback level in case a system limit is
reached, while in SAE Level 4, the vehicle is able to handle all situations within the predefined
ODD by itself. In both levels, however, users must perform the driving task themselves before
reaching the ODD and again after leaving it. This means that an automated journey will always
be of limited duration and that NDRAs that take longer than the automated driving section lasts
must be interrupted. This thesis focuses on developing an HMI concept for such SAE Level 3

and 4 systems.

Research shows that the possibility to perform NDRAs is one of the most important reasons to
purchase a vehicle with an integrated ADS and to activate the same. In addition, there is a
picture of very high expectations among laypersons regarding the capabilities of future
automated driving functions, which may not be fulfilled. A mismatch between the users’ mental
models that were built top-down based on expectations resulting from previous knowledge and
the actual capabilities of the system can negatively influence the human-machine interaction.
Moreover, unmet expectations — e.g. when the system’s capabilities are overestimated — are
likely to affect users’ attitudes towards the ADS leading to decreased ITU and acceptance (Lee
& See, 2004). Since acceptance is associated with actual usage and the benefits of an automation
system can only be realised if it is used, it will be one construct this thesis focuses on. The
usefulness — which is part of acceptance in the TAM — of an ADS can only be received by users
if they use the system purposefully, meaning that the system actually helps them to achieve the
goal they pursue with the activation of the ADS.

The high expectations of future users and the limited availability and thus limited feasibility of
NDRASs could have a negative impact on the usage behaviour. As described above, the mental
models of users can be adjusted to the reality of technical possibilities by providing information
on the system. Hence, it is necessary to collect the information needs future users have regarding

the availability of the ADS. The following research question was defined:
19



3 Research Questions, Methodology and Structure

1. Which information do users need regarding the ADS and its availability?

Since the journey in a vehicle with an ADS can be divided into sections of manual driving with
the automation being unavailable, manual driving with available automation, and automated
driving, not including transitions, it must also be investigated in which system state the

information addressed in the first research question should be presented:

2. In which system state do the users need information regarding the ADS and its

availability?

The way HMIs are designed influences the usability of the system image and can also have
effects on acceptance and mental workload. Therefore, the way information is presented in the
vehicle can also affect driving safety and thus, the manner of interaction, especially when
complex information regarding availability is displayed, will also be given consideration in this

work:

3. How should information regarding the ADS and its availability be conveyed?

3.2 General approach

To answer the research questions listed above, this thesis followed the guidelines of user-
centred design according to DIN EN ISO 9241-210 (International Organization for
Standardization, 2019), which describes a development process for interactional systems that
should be both usable and useful. An important part of this process is the understanding and
involvement of the users or — if they do not yet exist — future users. This includes a
comprehensive understanding of the tasks the system is intended to support and the
environment and context in which the system will be used. In addition, the process provides for

iterations of the single steps, as requirements may be added or changed during the development.

Specifically, requirements for a system are defined based on what is known about the task and
the context of use. These requirements are then translated into design solutions, which in turn
are evaluated. From each step of the process, it is possible to jump back to a previous step to
make adjustments. For example, after evaluating a design solution, it is possible to go back to

defining requirements or simply make a change in the design (Mirnig et al., 2015).

Applying these design principles to the research questions of this thesis, several steps were
taken on the way to finding a solution. First, the users had to be well understood regarding their

task of using the ADS in a meaningful way. For this purpose, a focus group interview was
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conducted with experts in the field of automated driving and/or in the field of human-machine
interaction in the vehicle context. Based on the outcome of the focus group interview, an
exploratory driving simulator study was conducted with laypersons. These two explorative
investigations are reported in . Using the findings of these two different approaches,
information requirements, for an HMI concept were defined. The requirements were then
operationalised, and the fulfilment of these requirements was analysed regarding their benefits
for future users. Based on literature research on each requirement, hypotheses were formulated,
and tested through confirmatory research approaches using driving simulators. For this purpose,
simple design solutions were used to enable the graphical presentation of specific information.
The testing of the single information components is reported in . After evaluating the
single information needs, those that were found to be relevant were combined into an overall
concept and again evaluated in terms of usability and other measures considered relevant as

outlined above, which is described in

An alternative approach would have been to gather all information needs that are collected in
the explorative study to one HMI concept instead of testing the single elements separately. This
way it would have been possible to take more iterations of improving the complete HMI
concept. Nonetheless, by using this approach it would have not been possible to trace on
dependent variables back to one HMI element which is considered as a prerequisite to remove

a concept component that serves no purpose.

3.3 Methodology and Questionnaires

For the confirmatory driving simulator studies open and semi-open questions to study
participants were combined with quantitative surveys in the form of questionnaires, to ensure
comparability within this work. Three questionnaires were used in each of the studies, except
for the first exploratory one, all of which are described in the following. Reference is made to

this in the respective chapters on individual studies.

The first of the three questionnaires was the Acceptance Scale (van der Laan et al., 1997), which
measures acceptance of technical systems in a vehicle context on a semantic differential. The
questionnaire measures two dimensions: usefulness and satisfaction. For this purpose, two
opposing pairs of terms are juxtaposed, and study participants indicate which term applies more
to them with a neutral option. An example is the comparison between the terms “useful” and

“useless”. The TAM questionnaire was not used as an instrument to measure acceptance in this
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work as it was not developed for investigating automated driving acceptance, and therefore the
items would have had to be adjusted to the driving context, which could have negatively
influenced the validity of the test. The Car TAM questionnaire developed by Osswald et al.
(2012) was also not chosen in this work since it is based on the UTAUT, and therefore includes
dimensions and predictors that are not part of the more simple acceptance definition of the
original TAM. The Acceptance Scale (van der Laan et al., 1997) on the other hand may not be
based on the TAM but consists of two dimensions that are similar to the two predicting factors
of this model. Usefulness can be assumed to be related to PU and satisfaction to be related to
PEoU. Furthermore, it is frequently used when researching ADSs (Forster et al., 2020; Hecht,
Kratzert, & Bengler, 2020; Korber et al., 2018; Zoellick et al., 2019). In addition, when the
factor loadings of the corresponding dimensions are insufficient, an overall acceptance score
comprising all items can be created (Beggiato, Pereira, et al., 2015). The same approach was

chosen in this work.

As outlined above, usability is another important factor that should be considered when
investigating in-vehicle HMIs. To measure this, the System Usability Scale (Brooke, 1996) was
used in this work. This questionnaire consists of 10 items that are answered on a 5-point Likert
scale, an example item being I think I would like to use this system frequently. The answer
options cover a range from 0 to 4, from strongly disagree to strongly agree. The total sum of
the answers is multiplied by 2.5 to obtain a total range from 0 to 100. It should be noted,

however, that these are not percentages.

Workload can be increased by a new HMI concept or additionally displayed information and
was surveyed in this work using the NASA Raw Task Load Index (NASA-rTLX) (Hart, 2006).
It consists of six items with a response scale from 0 to 20. Each item describes its dimension
discretely and can therefore be evaluated separately. However, it is also possible to obtain an
overall value for workload by summing up the individual answers and scaling the sum to 100.
The six dimensions are mental demand, physical demand, temporal demand, overall

performance, effort, and frustration.

In the studies described in and , these subjective measurements were used
to compare HMI concepts or to test them against pre-defined threshold values. All HMIs and
questionnaires used in this work were presented to participants in German. In the following
chapters, the content of the HMIs has been translated to English when mentioned in the text to
retain language consistency. Nonetheless, figures showing pictures of the HMIs are the original

ones and therefore in German.
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Hypotheses were formulated for each study before conducting statistical tests. In the respective
chapters, all alternative hypotheses can be found but without explicit formulation of the null
hypotheses. A null hypothesis is the logical inversion of the alternative hypothesis and can
therefore be implicitly derived from latter (Field et al., 2013). For example, when the alternative
hypothesis states that a difference in the outcome variable exists between difference groups, the

null hypothesis would state that the outcome variable would be the same for all groups.

23



4 Information Needs Regarding the ADS' Before Activation — An Exploratory Study

4 Information Needs Regarding the ADS Before Activation
— An Exploratory Study

Transitions between manual and automated driving are largely studied in the context of Rtls,
i.e., the takeover of control by the human driver after a period of automated driving, which can
be explained by the criticality of this interaction (Lu et al., 2016). As mentioned above, the
activation of ADSs has not received much attention from researchers so far. Lu et al. (2016)
claim, for example, that this issue is trivial, similar to the activation of an ACC. However, many
users do not even know all the functionalities and limitations of this comparatively simple ACC
system (Beggiato & Krems, 2013), and therefore, the operation of an ADS — including its

activation — will most likely be complex as well and thus requires investigation.

Specific conditions have to be met for users to be able to activate an ADS of Level 3 or 4 (SAE,
2021). Furthermore, users need an adequate mental model of the system and its capabilities and
limitations to activate the system safely (Forster, Hergeth, Naujoks, Krems, & Keinath, 2019b).
As these conditions can depend on external circumstances such as weather conditions and
structural aspects of the road and can also change over time on familiar routes, it is necessary
to provide the information required by the user while driving. The purpose of this study is to
explore the information needs of users regarding ADS and its availability. The study described

in this chapter was published in Danner, Pfromm, Limbacher, and Bengler (2020).

4.1 Research Questions

To be able to speak of a purposeful activation of the ADS, drivers must know what purpose
they are pursuing with the activation, and whether this goal was fulfilled must be evaluated at
the end of the automated drive. Thus, based on HMI concepts investigated in the literature so
far (see ), a user can only evaluate retrospectively if their goal has been achieved.
However, to enable users to decide before an activation whether activating the ADS serves their

purpose, this study exploratively collects information regarding the expectations of future users.

Future users are explicitly referred to as novices in this study, as they have no prior technical
knowledge, which makes it a beneficial user group for gathering basic information needs. As

described above, users with less experience tend to having a greater need for information
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(Beggiato, Hartwich, et al., 2015). The first question refers to the expectations of these novices

regarding the availability of ADS:

1. What do participants expect regarding the availability duration and frequency of L3

automated driving systems?

The second question refers to the information needs of novices regarding the availability of the

ADS, especially before it has been activated:
2.  What kind of information do participants need before activating the ADS?

Presuming that reasons for non-availability of the ADS are potentially not always intuitive,
three more questions are explored regarding the assumption of novices and their information

needs, along with one question regarding their intentions to use the ADS:

3. What reasons for non-availability do participants assume when the ADS is not
available?

4. What kind of information do participants need regarding the ADS when it is not
available?

5. Why would participants want to activate the ADS and why would they choose to

drive manually when ADS is available?

4.2 Method

Two different qualitative methods were used to answer the research questions outlined above.
Firstly, a focus group interview was carried out with experts in the field and secondly, a driving

simulator study was conducted with laypersons.

4.2.1 Focus Group Discussion

The focus group interview was conducted with N = 5 experts on the topic of automated driving.
All participants were employees of AUDI AG. In the context of this study, they were considered
experts because they were either involved in the development of ADS as engineers or were
engaged in the development of user interfaces for the communication between drivers and AVs
as HMI experts. In addition, each of the participating experts had gained experience with
novices in a prototypical AV and was therefore considered able to both report from their

experience behaviour and statements of novices and give their professional assessment. The
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interview was scheduled for one hour and was recorded with the help of audio equipment after
all participants had agreed. The conversation was moderated with the help of a previously
defined interview guideline which consisted of four content-related topic blocks that served to
trigger a professional discussion among the participants and originated from the above-

mentioned research questions. These topics included:

- General reporting of experts’ experience with novices in AVs

- The perceived expectations of novices regarding an ADS and its availability

- An assessment by the experts of how realistic these expectations are

- Elaboration of information, the presentation of which could reduce the potential

discrepancy between novices’ expectations and technical feasibility

Subsequently, the group discussion was transcribed and analysed through a qualitative content
analysis according to Mayring (2015) with a focus on deductive allocation into categories.

These categories corresponded to the four thematic blocks from above.

4.2.2 Driving Simulator Study

After analysing the results from the focus group interview, a driving simulator study was
conducted to compare the findings from the expert interview with the behaviour and statements

of study participants who were novices.

4.2.2.1 Participants

Overall, N = 15 participants took part in the study; 11 of them were men and 4 of them were
women. The average age was M =27.5 years (SD = 3.1). The average annual mileage among
the participants was M =12.21 km (SD = 13.01). Regarding driver assistance systems, 20%
reported having experience with ACC systems, 13% with a lane keeping assistant and 13% with

a parking assistant. None of the participants had had any prior experience with ADSs.

4.2.2.2 Simulator, Route, and Procedure
The study was conducted in a fix-base driving simulator at AUDI AG. The software Virtual

Test Drive was used for track programming. The simulator setup is shown in Figure 4.1.

After the participants were informed about the trial and had given their written consent, they
experienced a five-minute test drive to familiarise themselves with the driving simulator and
the operation of the ADS, which was activated and deactivated by pressing a button on the

steering wheel. During this drive, they were exposed to both manual and automated driving
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sections. Thus, they experienced the interactions for availability of the ADS in the HMI as well
as Rils.

Figure 4.1: Driving simulator setup.

Subsequently, four experimental drives followed. These took place on the same route in the
simulator, differing from each other only in the availability of the ADS, the traffic density, or
the duration of the journey. The order of the scenarios was randomised. Three of the drives
lasted 5 minutes and one drive about 8. The ADS was available on three of the drives and on
one it was not. When participants tried to activate the ADS when it was not available, a pop-up
was displayed in the IC in German with the text “automation not available: route section not
appropriate”. Whenever the ADS was not available, the simulated road was missing the
emergency lane. After each of the four journeys, participants answered semi-standardised
interview questions. The answers were noted down by the conductor of the experiment. After
completion of all drives, the participants rated the information needs that were raised in the

focus group interview.

Before driving the first scenario, the participants were instructed to imagine that the upcoming
trip was their daily commute home after work. They should imagine they wanted to use this
drive to watch a short video on the tablet that was mounted in the cockpit below the CID. The
participants were also instructed to leave the motorway at the next exit and stop at the motorway
lay-by. They were asked to watch the video only while driving automatically and never while
driving manually. If they had to take control of the vehicle, they would have to stop the video.
In the first scenario, the ADS became available after about 20 seconds on the motorway until
about 15 seconds before the highway exit. The video lasted 4 minutes and therefore the

participants had the opportunity to finish watching it. Thus, this scenario is meant to represent

27



4 Information Needs Regarding the ADS' Before Activation — An Exploratory Study

the ideal case where users want to perform an NDRA and can complete it without interruption

during an automated journey. Figure 4.2 shows the different scenarios.

Scenario 1 Scenario 2 Scenario 3 Scenario 4
]: Start: motorway lay-by T~ Start: motorway lay-by T Start: motorway lay-by T Start: motorway lay-by
________ Availability notification -~ Availability notification
; ; 7 Availabilty notifcation
NDRA: | NDRA: |
Short | Long | !
video | video | |
cip ! cip |
- - ' |
success . no ' |
: SLICGBS§ |
_________ ; ! |
RUl iRl If activated: Rtl
) - Stop: motorway lay-by ]: iStop: motorway lay-by | Stop: motorway lay-by I Stop: motorway lay-by
-—— Using activation button
|Manual drive (ADS not available) Automated drive (ADS available - instruction to use it) I ADS available - no instruction to use it

Figure 4.2: Scenarios experienced by study participants.

The instructions for the second scenario were similar. The only difference was that the
participants were instructed not to take the next motorway exit but the one after that. The video
to be watched during this drive was 8 minutes long. Thus, the video could not be finished until
the RtI occurred again at the first motorway exit, i.e., at the same point as in the first scenario.
For the remaining three minutes until the second exit and the completion of this experimental
drive, the ADS was not available anymore. Therefore, the scenario simulated a situation in

which users cannot complete their NDRA without interruption.

Before the third scenario, the participants were instructed in the same way as in the first scenario
with the only difference that this time they were not asked to watch a video. They were
instructed to drive as they pleased, manually or automatically, depending on the availability of
the ADS of course. During this drive, the ADS did not become available. Hence, a scenario was
simulated in which the unavailability of the ADS prevents the user from engaging in NDRAs,
although they presumably expect availability. The sole deviation in the simulated route
compared to the other scenarios was the absence of an emergency lane. If participants did not
try to activate the ADS during this scenario, they were asked to use the activation button after
stopping the car. This way it was ensured that every participant saw the notification stating non-

availability.

The instruction for the fourth scenario was the same as for the third. However, on this trip the
ADS did become available. In comparison to the other drives, the traffic density was also

higher. Thus, an unpleasant highway drive was simulated.
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4.2.2.3 Measures

After each drive, open questions were asked regarding information displays the participants
would have wished for. Furthermore, the information needs raised in the focus group interview
were rated on a 5-point Likert scale. Participants were asked how important and useful they

would consider a presentation of the respective information.

4.3 Results

4.3.1 Focus Group Results and Discussion

According to the experts, novices’ expectations of the ADS tended to be too high, especially if
no prior experience with an ADS had been gained. Laypersons seemed to feel disturbed by Rtls

and sometimes had difficulties understanding or even accepting system limits.

Novices seemed to expect infinite availability durations even if they knew about the possibility
of Rtls. Although they were informed that the ADS they were experiencing would only work
on the highway and that the availability of this system was subject to specific conditions, they
still seemed surprised when they had to take control of the vehicle because the ADS did not
work in certain areas. They also seemed to expect to be allowed to sleep while the ADS was

activated, even if they knew they had to act as a fallback.

The experts considered these expectations not realistic and stated they cannot be fulfilled within
the next few years with the introduction of Level 3 ADSs. They considered periods of 30 to 40

minutes of automated driving time to be realistic but assumed that interruptions would occur.

The discussants concluded that non-transparent system limits might lead to a discrepancy
between the expectations of novices and actual technical functionalities in Level 3 ADSs. They
felt that an indication of how long the ADS was available — presented before and after the
activation — could help users to adjust their expectations to the actual possibilities and thus
choose their NDRAs accordingly to prevent frustration by being forced to interrupt an activity.
As this availability duration would be an estimation, the experts suggested displaying an
indication of how certain this estimation would be. Hence, transparency could be increased in
case the estimated availability duration is not entirely correct. In addition, they considered it
likely that suggestions about which NDRAs could be completed during the automated drive,
following the logic of a recommender system, could be of help to users. Also, an overview of
all sections on which automated driving is available on one’s route — displayed during all system

states — might help users organise their NDRAs correspondingly. In case of non-availability, a
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display of when the ADS will be available could add value as well as reasons why the ADS is

not available. Table 4.1 summarises the information needs generated.

Anticipated information needs when ADS is Anticipated information needs when ADS is not
available available

Estimated availability duration of the ADS before

L Reasons for non-availability
activation

Certainty of availability duration Duration until ADS is available

Overview of availability periods on the whole route

Suggestions of NDRAs feasible during the
automated drive

Table 4.1: Information needs gathered in the focus group interview split by system states.

4.3.2 Driving Simulator Study

Even though the experimental drives were completed in randomised order, they are referred to
as scenario 1, scenario 2, and so on, to ensure identification with the routes described above in

the methods section of this chapter.

After experiencing scenarios 1 and 2 — which were classified as ideal and non-ideal depending
on whether the availability duration was sufficient for completing the NDRA or not- the
participants were asked what availability duration they would have initially expected. Eight out
of 15 participants stated they would have assumed infinite availability and that they would have
manually deactivated the ADS before leaving the highway. Four said they expected short
periods of availability, two said they expected to be able to complete the NDRA and one
participant did not specify a period but expected availability until a critical event occurred. The

frequencies are shown in Figure 4.3.
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Expectations first time asked

.
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Infinite Long enough for MNDRA  Short periods Until critical event
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Expectations second time asked

Infnlte Long enoughforNDRA Short perlod Lintil critical event
Expectation
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Figure 4.3: Frequency of mentioned expectations regarding availability when asked for the first and the second
time (Danner, Pfromm, Limbacher, & Bengler, 2020).

After experiencing scenarios one and two, study participants were also asked what information
they would have needed before activating the ADS. Out of 15, ten stated they would have
wished for a time duration or distance indication of how long the ADS would be available. Two
indicated that they did not need any additional information before activation but wanted a time
period of availability after activating the ADS. In addition, two respondents would have liked
an indication of whether the ADS would be able to handle the situation. Figure 4.4 shows the

frequencies of responses.
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Information needs before activation
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Figure 4.4: Information needs before activating the ADS (Danner, Pfromm, Limbacher, & Bengler, 2020).

To identify information needs when the ADS was not available, participants were asked after
scenario three (in which the ADS did not become available) what information they would have
found useful during this drive. Out of 15, eight said they would have liked information about
when the ADS would be available. Four said they did not want to receive any information
regarding the ADS when not available. Also, four stated they would have appreciated a
permanent icon to indicate the non-availability. Three stated that they missed a notification

about the reasons for unavailability. Figure 4.5 shows all answers along with their frequencies.

Information needs during non-availability
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Mo displays Mon-availability icon Reasons  When ADS will be available
Information

Figure 4.5: Information needs regarding the ADS when not available (Danner, Pfromm, Limbacher, & Bengler,
2020).
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Of the 15 participants, six tried to activate the ADS even though it was unavailable and thus
saw the above-mentioned notification. The nine remaining participants noticed the notification
only after completing scenario 3, after being instructed by the conductor of the experiment to
press the activation button. When asked if this hint was sufficient and if not, what else they
would have wished for, eleven of the participants stated this feedback was not sufficient and
desired more detailed reasons for non-availability. The study participants were also asked what
reason for non-availability they assumed during the drive. Six answered they suspected the
traffic density had been too high to drive automatically and four thought technical reasons had
caused the non-availability. None of the participants gave the correct reason, which was the

lack of an emergency lane.

Information needs when ADS is available

n

1- -

| ! | |
Duration Cerainty Availability overview Suggestions
Information

Information needs when ADS is not available
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1- L]

! )
Duration Reasons
Infarmation

Figure 4.6: Rating of the information needs generated in the focus group discussion (Danner, Pfromm,
Limbacher, & Bengler, 2020).
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At the end of the four drives, participants were asked to rate how important and how useful they
considered the presentation of the information generated in the focus group. The results can be
seen in the form of boxplots with medians in Figure 4.6. A higher rating indicates greater

perceived importance.

To answer the last research question, participants were asked what reasons they would have to
activate the ADS and what reasons they would have to drive manually even though the ADS
was available. The most frequently cited reason to drive automatically was to perform NDRAs,
and the second most frequently cited reason was when traffic would not allow faster driving
anyway. The most common reason for choosing not to activate was the desire to drive faster
than the ADS would allow the vehicle to drive. Figure 4.7 shows all mentions for both

questions, including their frequency.
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Reasons for driving manually
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Reasons for driving automatically
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Figure 4.7: Reasons for driving manually and for driving automatically with frequency.
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4.4 Discussion and Limitations

In this study, qualitative methods were used to find answers to the five research questions
outlined above. Firstly, it was found that the expectations of laypersons regarding the
availability of an ADS, including Level 3 automation, are too high. This was reflected in the
statements of the experts as well as in the statements of a large part of the laypersons in the
driving simulator study. According to the focus group discussants, the expectations of infinite
availability times and availability times that are sufficient for the completion of an NDRA in
any case are unrealistic. Future users are expected to face interruptions. To prevent frustration
that can arise from unmet expectations (Ochs et al., 2008), it would be useful to provide users

with information on how long the ADS will be available, both before and after the activation.

Other information needs identified in this study are a certainty indication regarding the
estimation of the availability duration, suggestions for NDRAs that can be completed during
the automated drive, an overview of all availability sections on any particular route, a time
duration until the ADS will be available, and reasons for the non-availability of the ADS.
Interestingly, the focus group interview had already revealed all these information needs. The
participants of the driving simulator study did not add any information needs related to
availability. According to the evaluation of the participants, the certainty indication as well as
the suggestions on NDRAs are the least important information. Moreover, these two
requirements also show the widest variance as can be seen in Figure 4.6. It can therefore be

concluded that the greatest interindividual differences exist here.

In addition, the focus group interview showed that novices sometimes have difficulties
accepting non-availability, which was not demonstrated in the driving simulator study.
Nonetheless, no participant was able to correctly determine the reason for non-availability,
although this was at least visually indicated on the route by the missing emergency lane. This
confirms the relevance of the provision of information on reasons for the ADS not being
available, especially as this could lead to an increased perceived system understanding, similar

to the presentation of reasons for Rtls (Korber et al., 2018).

As stated in the theoretical background of this thesis, one of the greatest benefit of automated
driving is the possibility to pursue NDRAs (Pettersson & Karlsson, 2015; Pfleging et al., 2016).
This is also reflected in the statements of the driving simulator study participants, most of whom

reported that pursuing an NDRA would be their main reason to activate the ADS.
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Since this study involved qualitative approaches, all statements are of course subjective, not
quantifiable, and difficult to generalise. The quantitative rating of the single information needs
and the difference between these ratings can also only be interpreted to a limited extent,
especially since these differences were not subject to statistical testing. This was omitted
because no hypotheses could be formulated in advance due to a lack of theoretical background
for the research questions. Another limitation of this study is the lack of demographic data on
the experts in the focus group interview. However, the specifics of the experts’ experience were
not investigated: it was not surveyed how many trips each expert had made with novices in
AVs, how long these trips were, and how mature the technology was at the time of the trips as
collection of additional data was not possible since anonymity could not be guaranteed with

such a small number of participants all working for the same company.

Nevertheless, the results of the expert discussion were confirmed in the statements of the
novices in the driving simulator study. They identified the same information needs, and in part,
the needs postulated by the experts were rated as important and useful. Due to the
multimethodological approach used for this study, it can be assumed that, despite the
importance of interpreting these results with caution, the information needs gathered in this
study are an important contribution to research related to the question of how future users can

be supported in understanding the ADS.
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5 Evaluation of Information Needs

The following subchapters present an evaluation of the information needs gathered in the
previous exploratory study. Provided it was methodologically possible, several information
needs were tested simultaneously in one study, while other information needs had to be
evaluated separately. The evaluation of the information needs was carried out since their
relevance for future users of an ADS could not be assessed solely based on the results of the
previously described study due to the qualitative nature of their collection. Prior to each
experiment, literature research was conducted to gather theoretical background knowledge on
the respective requirements, if available, to incorporate it into the conceptualization of the

studies and design solutions.

The information needs evaluated in this chapter can be found in Table 5.1. The order of

presentation corresponds to the order of the subchapters of the corresponding studies.

Information needs Subchapter
Estimated availability duration of the ADS before activation 51
Certainty of the estimation of the availability duration 5.2
Reasons for non-availability 5 3

Duration until ADS becomes available

Overview of all availability periods on one’s route 54

Table 5.1: Information needs evaluated and corresponding subchapters.
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5.1 Displaying the Estimated Availability Duration of the ADS Before

Activation

This study focuses on displaying the estimated availability duration of an SAE Level 3 ADS
(SAE, 2021), since that is expected to launch earlier than Level 4 systems and the problem
statement from the theoretical background applies equally to both levels. In addition, it is easier
for participants to only be required to understand the functionality of one ADS and not two
different ones. The following gives a brief theoretical overview of the information need of the
availability period before activation of the ADS, as well as explaining the methodology and
study design, and presenting and discussing the results. This study has been previously
published in Danner, Pfromm, and Bengler (2020), and for a more detailed depiction of the

theoretical background and statistical analyses, the reader is referred to the publication.

5.1.1 Research Questions and Hypotheses

It can be assumed that transitions from automated to manual driving will, for the most part, not
be triggered by critical and unforeseen situations but rather by predictable system limitations
(Holléander & Pfleging, 2018). In many cases, these system limits will be determined by route
characteristics and therefore giving an estimate of the duration of availability as in Holldnder
and Pfleging (2018) and Wandtner et al. (2018) will be possible. Since the possibility of
conducting NDRAs is among the most important benefits of AVs (Danner, Pfromm,
Limbacher, & Bengler, 2020), it can be assumed that information regarding the available
amount of time to perform an NDRA will influence the choice of the activity and the behaviour
during automated driving. For example, users might only perform short NDRAs on routes with
short availability periods because they might not want to be interrupted. Or they might choose
an NDRA that takes more time, accepting the possibility of an interruption. Laypersons in
particular seem to expect periods of availability that are not considered realistic by experts, and
thus might assume that they can perform an NDRA for any length of time (Danner, Pfromm,
Limbacher, & Bengler, 2020). This leads to the question of what happens when users activate
the ADS for executing a specific NDRA of a duration that can be estimated in advance, but

they are interrupted in the middle of the activity and must resume driving themselves.

Since unmet expectations of a system can lead to frustration (Ochs et al., 2008), adjusting the
users’ expectations is one way to prevent this negative emotion. Therefore, this study postulated

that displaying information on how long the ADS will be available before it is activated — and
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with this influencing the expectation — might help participants use the ADS more purposefully.
The definition of purposefulness in this work follows the Theory of Purposeful Work
Behavior [sic] (Barrick et al., 2013) in which it is stated that purposeful behaviour is directed
towards achieving a goal. In the case of using an ADS, a behaviour would be purposeful if the
activation of the ADS were connected to a specific goal that can be realistically achieved.
Hence, purposefulness served as dependent variable in this study. See for the

operationalisation of the same.

NDRAs are among the main reasons to use an ADS, and therefore it is assumed in this study
that the successful completion of planned activities might positively influence the perceived
usefulness and user satisfaction positively, both of which are components of acceptance (Adell,
2009), which is one further dependent variable tested in this study. As outlined in the general
methods section ( ), usability and workload are important constructs to be considered
when developing an HMI concept, which is why they served as dependent variables as well. It
was assumed that the additional information and thus increased transparency might improve
usability and that the knowledge about the possibility of which NDRA can be performed in the
upcoming availability period without being interrupted might influence the workload. Since it
must be considered that workload could also be impaired by providing additional information

visually, the hypothesis regarding this dependent variable was non-directed.

The evaluation of the system and the purposefulness of the activation behaviour could be
influenced by the length of the availability periods and the possibility to complete NDRAs. This
consideration is taken into account by adding an independent variable regarding different
availability durations. Two conditions were defined for this study: a positive condition in which
more than half of the availability periods were sufficient for the successful completion of an

NDRA and a negative condition in which less than half were sufficient.

As unsuccessful interactions can lead to negative feelings, which in turn can negatively
influence future interactions (Brave & Nass, 2007), it is not only relevant to find out what
information users need, but also how this information should be conveyed. As part of the
preparation for this study, a Design Thinking Workshop was conducted to obtain concepts for
the manner of communicating information on availability. The results of this workshop showed
that it might be helpful to have the system refer to itself in the first-person singular (“I”),
inducing anthropomorphism when interacting with the user. This is supported by the insight
that emotions are not only formed by expectations but also by the way a system communicates

(Brave & Nass, 2007). Greetings and farewells also seem to have a positive influence on the
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users’ satisfaction with the interaction (Higashinaka et al., 2008). Hence, purely factual
communication was compared to a more personal one. The differences in communicating

information can be found in
Based on the above considerations, the following hypotheses were formulated:

Hypothesis 1a (H1a). Acceptance is higher when the availability duration before activation is

displayed.

Hypothesis 1b (H1b). Acceptance differs depending on how information on the automation is

displayed.

Hypothesis 2a (H2a). Usability is higher when the availability duration before activation is
displayed.

Hypothesis 2b (H2b). Usability differs depending on how information on the automation is
displayed.

Hypothesis 3a (H3a). Workload differs depending on whether the availability duration before

activation is displayed or not.

Hypothesis 3b (H3b). Workload differs depending on how information on the automation is
displayed.

Hypothesis 4 (H4). Purposefulness of the activation behaviour differs depending on whether

the availability duration before activation is displayed or not.

5.1.2 Methods

5.1.2.1 Study Design and Procedure

A mixed-model study design was chosen to test the hypotheses. Two independent variables
were manipulated, one as a between-subject factor and the other as within-subject factor. The
display of information regarding the availability of the ADS served as the three-level within-
subject factor. A baseline concept (BL) was compared with two different advanced concepts.
In one of them, the availability before activation was factually displayed (time before activation:
TB) and in the other one the same information was presented in the form of a personal approach
(time before activation plus personal approach: TBP). The between-subject factor consisted of
the positive and negative condition, which differed in the durations of the availability periods.

Figure 5.1 shows the study design.
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Figure 5.1: Study design with between and within-subject factors (Danner, Pfromm, & Bengler, 2020).

After participants were welcomed and informed about the study and possible side effects of
riding in the simulator and their right to discontinue, they gave written consent to participate.
Subsequently, they completed a demographic questionnaire and experienced a drive in the
driving simulator, during which they learned about manual driving and became familiar with
operating the ADS, which was activated and deactivated by pressing a button on the steering
wheel. They experienced transitions from manual to automated driving and vice versa. They
also familiarised themselves with how to operate the tablet computer, which was mounted in
the centre console, simulating the CID. During the experiment, the NDRAs in the form of
videos of various lengths were executed on this device. After the familiarisation, participants
conducted the experimental drives in which they experienced all three concepts in randomised
order. After each drive, they completed the acceptance, usability, and workload questionnaires.
Each of these three drives lasted approximately 15 minutes, and, regardless of the condition the
participants were assigned to, they experienced six availability periods on each drive. In the
positive condition, four of these periods were sufficiently long to successfully complete an
NDRA, whereas in the negative condition only two were sufficient. The videos were divided
into long and short videos. Long videos lasted about 90 seconds and short videos about 50
seconds. Videos were ordered on the screen of the tablet according to the category to which
they were assigned (short vs. long). Short videos were thus fixed on the left side of the screen
and long videos on the right side. A sign above the tablet indicated which page corresponded

to which video category.

The availability periods were defined to be either long enough for a long or a short video or not
long enough for any NDRA. Participants were instructed to finish watching as many videos as
possible without interruption during the automated drive. However, they were not instructed to

activate the ADS whenever possible, making it the participants’ decision whether to activate it
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or not. To ensure that the participants adhered to the study design, they were told that an

intentional interruption of videos was against the rules.

Positive condition

Manual drive
Start ¢ End

. Short availability period (short video possible)J
. Long availability period (long video possible)
. NO NDRA possible

Getting used to
Welcome and Demographic simulation / Experimental Subjective .
. . . . . ; . Interview
written consent questionnaire explanation of drive questionnaires
procedure

3x

Figure 5.2: Procedure of the study with an exemplary test drive. Periods without available automation are grey;
periods with available automation are blue (Danner, Pfromm, & Bengler, 2020).

To avoid sequential effects, the order of the different availability durations was randomised.

Figure 5.2 shows the study procedure and an exemplary experimental drive along with the

availability durations. After finishing all drives and filling out the last questionnaires, a

qualitative semi-structured interview was conducted. The study took place in the same driving

simulator as the exploratory study with novices. For further information on the driving

simulator please refer to or to Danner, Pfromm, and Bengler (2020).

5.1.2.2 Human-Machine Interface

In the BL concept, the usual information was displayed as in conventional vehicles, including
velocity and RPM. When the ADS became available, a pop-up with the text “Automation
available” appeared for six seconds, paired with an acoustic signal and a permanent icon
symbolising availability. In the TB concept, the same displays were used but the text in the pop-
up was extended to include the availability duration: “Automation available for x minutes and
y seconds”. In the TBP concept, the text changed to: “Hey! I can drive you now for x minutes
and y seconds.”. As explained above, this concept was included because it was shown that a
more personal approach of addressing users can have a positive influence on the satisfaction
with an interaction. In both the TB and TBP concepts, a horizontal time bar along with a
countdown indicating the availability duration was displayed next to the availability icon. All

information was displayed in the IC.
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The Rtl was the same in both the BL and the TB concepts. Twenty seconds before a system
limit was reached, another acoustic signal was presented together with a pop-up including the
text: “Please take over now”. For the participants to know how much time they had left before
the system limit was reached, the Rtl was paired with a countdown. In the TBP concept, the RtI
text was changed to: “Please take control again. I hope you had a nice ride with me, see you

soon!”.

During the automated drive, all concepts were the same, showing surrounding vehicles,
velocity, RPM, and the availability duration in form of a time bar and a countdown. Table 5.2
summarises the differences. The difference between TB and TPB was deliberately kept as small
as possible and consisted only of differing formulations. Additional factors that would have
increased the anthropomorphism of the system, such as an avatar or speech output, were not
included, since possible effects could no longer be clearly traced back to their predictors. Also,

research shows that text alone can reduce frustration (Hone, 2006).

Baseline Time before activation concept  Time before activation plus
Concept (BL) (TB) personal approach concept
(TBP)

ADS available Pop-up + icon Pop-up + icon displaying Pop-up + icon displaying
displaying availability + time bar and availability + time bar and
availability countdown displaying availability countdown displaying availability

duration (factual approach) duration (personal approach)

Rtl Request to Request to intervene + countdown  Request to intervene with different
intervene + wording (personal approach) +
countdown countdown

Table 5.2: Different information displayed in the different HMI concepts.

5.1.2.3 Dependent Variables

This study made use of the questionnaires described in the general methods (see ).
The Acceptance Scale by van der Laan et al. (1997) was used for measuring acceptance, the
SUS (Brooke, 1996) for measuring usability, and for investigating workload, the NASA-rTLX
(Hart, 2006) was used.

To be able to assess the participants’ activation behaviour when the ADS became available, it
was operationalised as either purposeful or non-purposeful following the definition given
above. Since participants were told that their only aim was to watch and finish as many videos
as possible without interruptions, activations were defined as purposeful when an NDRA could

be finished within the availability period. Furthermore, the decision to not activate when no
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NDRA was feasible was also defined as purposeful. To quantify the purposefulness of the

activation behaviour a percentage value was calculated as follows:

p l Quantity of purposeful decisions 100
= *
urposefulness Quantitiy of availability periods

If a participant experiencing a drive in the positive condition purposefully activated the ADS
three times and decided one time to purposefully not activate, the participant made four
purposeful decisions. This is then divided by six (total number of availability periods) and

multiplied by 100, leading to a purposefulness rating of 66.7%.

5.1.2.4 Participants

The study sample consisted of N = 33 participants, 19 of whom were men and 14 of whom were
women. The average age was M =45.03 (SD = 14.50) years and the average annual mileage
was M =17,891 (SD = 18,371). To be able to test the within-subject factor, the participants
were divided into two groups. The positive condition consisted of 16 and the negative condition

of 17 participants.

5.1.2.5 Statistical Analysis

The statistical analysis was conducted using R Studio. Since more than two groups were
compared including between and within-subject factors, mixed ANOVA was chosen as
statistical instrument. All dependent variables were considered suitable for parametric testing,
since Likert scales are deemed to be interval-scaled, whereas single-item responses are
considered to be ordinal (Carifio & Perla, 2008). If the assumption for an ANOVA of normal
distribution was violated, the analysis was still conducted and interpreted, since ANOVA was
shown robust against this violation (Blanca et al., 2017). For the subjective measures, a
correction of the alpha level was conducted using the Bonferroni method, resulting in an alpha

level of 0.=0.017.

5.1.3 Results

The ANOVA conducted to test the acceptance ratings became significant with a strong effect
(Greenhouse—Geisser F(1.23,37.91) = 9.41, p <0.01, partial n2 = 0.24), but only with respect
to the HMI concept factor and not for the condition (F(1, 31) = 0.03, p = 0.86). There was no
significant interaction (Greenhouse—Geisser F(1.23,37.91) = 1.69, p = 0.20). The post-hoc tests
revealed significant differences between the BL and the TB concepts (#(32) =3.61, pbont < 0.01)

as well as between the BL and the TBP concepts (#(32) = 2.79, pvont = 0.03), in both cases the
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advanced concepts scored higher. No differences were found between TB and TBP

(#(32) = 1.12, pvront = 0.82). Table 5.3 shows the descriptive statistics for all dependent variables.

The same pattern was found when testing usability: significant main effect for the concept
(Greenhouse—Geisser F(1.33, 41.19) = 15.06, p < 0.01, partial 2 = 0.33), no effect for the
condition  (F(1, 31) = 0002, p = 0.90), and no interaction
(Greenhouse-Geisser F(1.33,41.19) =0.40, p = 0.58). Post-hoc comparisons also showed
significant differences between the BL concept and TB (#32) = 4.21, pvonf < 0.01) and between
BL and TBP (#(32) =4.07, pvont< 0.001), but no effect for the comparison between TB and TBP
(#(32) = 0.61, pvont= 1.00).

For workload, a significant main effect was also found for the HMI concept
(F(2,62)=4.52, p=0.015, partial n2 = 0.13) with no interaction (F(2, 62) = 0.96, p = 0.39) or
effect for the condition (F(1, 31) = 4.62, p = 0.04). However, only one significant post-hoc
comparison was found between BL and TPB (#(32) = 2.84, pbonf = 0.02), indicating higher
workload for the BL concept. The comparison between BL and TB was not significant
(1(32) =2.12, pont=0.13), and neither was the comparison between TB and TBP
(#(32) = 0.82, pvont = 1.00).

Due to a violation of prerequisites for an ANOVA, a Friedman-test was conducted to investigate
the differences in purposefulness. This was significant for the comparison of HMI concepts
(Chi-Square(2) =41.85, p <0.01), with post-hoc tests revealing significant differences between
BL and TB (#(32) = 6.69, pvont < 0.01) and between BL and TBP (#(32) = 8.58, pbont< 0.01). In
both cases, the scores of the advanced concepts were superior to those of the BL. No significant

difference was found between TB and TBP (#32) = 1.87, pbont= 0.21).

5.1.4 Discussion

Hypotheses 1A, 2A, 3A, and 4 could be confirmed while Hypotheses 1B, 2B, and 3B had to be
rejected. The results of this study show that presenting information on the estimated availability
duration before activating the ADS can improve acceptance, usability, and workload. For the
aspect workload, the main effect was only significant for one comparison: BL vs. TBP.
However, since there was no difference between TB and TBP and on a descriptive level, the
workload was also lower for the TB concept than for BL, no direct conclusions can be drawn
about the superiority of the TBP over TB. No significant differences depending on the way the

information was presented could be found regarding the subjective measures.
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The same pattern emerged for purposefulness. However, the comparison of the descriptive
statistics between the positive and negative condition is interesting. In the positive condition,
purposefulness would have been 66.67% when participants had activated the ADS every time
possible (see calculation logic above), whereas in the negative condition, it would have only
been 33.33% when activated at every opportunity. Table 5.3 shows that the average
purposefulness for the BL concept was in both conditions below the respective values. Here,
the difference between positive and negative was the largest. However, the values in the positive
and negative conditions converged for TB and TBP concepts, suggesting that providing
information about availability duration prior to activation influenced activation behaviour and
participants not only activated more frequently, when an activity was feasible but also activated

less frequently when availability duration was insufficient for any NDRA.

Time before

Baseline Concept T::t?vgfif:r:e activation + personal
approach
P03|t.|\'/e 0.69 1.05 0.92
Condition (0.94) (0.50) 1.11 (0.52) 1.04
Acceptance ) 0.57 (1.04 : y
P Negative ¢ 45 (104 ., 046 448 (0.46)
Condition (1.14) (0.43) (0.39)
Posit.i\./e 67.66 78.75 79.38
Condition 55’37 66.59 (11.97)  goo3  (15.69) 79.32
Usabilit . ' ' '
Condition (20.26) (11.66) (13.91)
Posit.i\./e 35.23 29.56 27.99
Condition (20.27) 38.07 (15.41) 3125 (17.17) 28.87
Workload . ’ . .
Condition (19.74) (15.41) (16.48)
POSit.i\./e 58.34% 76.04% 84.38%
Purposefulness ~ Condition (12.17) 44.44% (19.21) 74049, (14.23) 81.82%
of activation . ; : :
behavior Negative 31379, (1700 75550, (2169) 79419,  (20.98)
Condition (8.08) (24.25) (26.04)

Table 5.3: M(SD) of the dependent variables.

5.2 Certainty of the Estimation of the Availability Duration

The study! described in this subchapter has previously been published (Hecht, Danner, et al.,
2020) and is summarised below in abbreviated form, focusing on background, results, and

discussion. For further details, please refer to the publication.

!'The study was designed and conducted with the help of Jana Mihlhausen (2020) as part of her master’s thesis.
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5.2.1 Research Questions and Hypotheses

The requirement of a certainty indication of the estimation of the availability duration was
gathered in the explorative study described in . It emerges from the idea that the
availability duration that might be presented to users will always be an estimation such as the

estimated time of arrival when using navigation systems.

The visualisation of uncertainty has already been studied in aviation (McGuirl & Sarter, 2006),
recommender systems (Shani et al., 2013), and also with reference to automated driving. For
example, in Stockert et al. (2015), the status of an ACC system was described by such an
uncertainty indication, which led to an improvement in the response to critical events as well
as in usability ratings, but without influencing acceptance. In another study, the reliability of
the ADS was presented using certainty visualisations. Some of the participants indicated that
this had an impact on their engagement in NDRAs while others stated that they did not notice
any changes in the display and thus did not draw any conclusions from it (Large et al., 2017).
In further studies with HMIs presenting information in a different way visually but with
corresponding content, it was shown that certainty displays improve take-over performance and
the ability of study participants to dedicate themselves to NDRAs (Helldin et al., 2013). Beller
et al. (2013) found that certainty displays can increase acceptance and trust while Kunze et al.
(2019) also found positive effects on trust and situation awareness but negative effects on

workload as well as an impaired ability to execute a visual search task among participants.

It seems certainty displays can improve acceptance and usability and impair workload. Since
their influence on these dependent variables has not yet been tested with reference to the
estimated availability duration of an ADS, the study presented in this subchapter aims to close
this gap. As future users might have difficulties accepting limited availability periods on
highways, the influence of the driving context on frustration as a dimension of the workload
index (Hart, 2006) was tested as additional factor. Therefore, driving context was used as two-
factorial independent variable: highway vs. city. It was investigated if a certainty symbol was
able to lead to an interaction with the driving context, since it was assumed that participants
would be more likely to accept wrong estimations in the city compared to the highway because
more unanticipated events can occur in urban areas. This way it could be explored, if the
potential difference of the context can be reduced by providing additional information on the
reliability of the availability estimation. The following non-directed hypotheses were

formulated:
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Hypothesis 1a (H1a). Acceptance differs depending on whether the certainty symbol regarding

the estimated automated driving time is displayed or not.
Hypothesis 1b (H1b). Acceptance differs depending on the driving scenario (city vs. highway).

Hypothesis 2 (H2). Usability differs depending on whether the certainty symbol regarding the

estimated automated driving time is displayed or not.

Hypothesis 3a (H3a). Participants’ frustration differs depending on whether the certainty

symbol regarding the estimated automated driving time is displayed or not.

Hypothesis 3b (H3b). Participants’ frustration is higher in the highway context compared to

the city context.

5.2.2 Methods

5.2.2.1 Study Design and Procedure
The same procedure regarding welcoming participants, familiarisation and experimental drives,
and questionnaires after the drives was conducted as described in with

differences in how many drives participants experienced and their respective durations.

The study took place in a mock-up at the Chair of Ergonomics at the Technical University of
Munich (see Figure 5.3) and involved the comparison of two HMI concepts, which differed
only with respect to whether a certainty symbol was displayed or not. A mixed design was
chosen, and thus, there was a within-subject factor and a between-subject factor. The former

was the HMI concept, and the latter was the contextual condition comparing city vs. highway.

Even though the routes on the highway and in the city were different, the conditions regarding
the availability of the ADS were the same. There were four availability periods of different
lengths. In both conditions, leaps in the estimated availability durations occurred in three of
them. For example, the availability estimation jumped from five minutes to two minutes. Most
time leaps were defined as negative, which means that the availability duration was shortened,

but also positive time leaps occurred after which the availability duration was increased.
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Hence, participants experienced two drives, one with the baseline and one with the advanced
concept and faced non-continuous availability of the ADS. The availability durations varied
(three, four, and six minutes) and were only interrupted by short manual driving periods.
Participants were instructed to conduct NDRAs on their phone or a tablet computer provided
while driving automatically. One group experienced the city scenario in both drives and the

other group the highway scenario.

After the test drives and questionnaires were completed, a semi-structured qualitative interview
was conducted. Participants were asked whether they noticed the time leaps and if they found

the additional information helpful.

Figure 5.3: Mock-up used for this study.

5.2.2.2 Human-Machine Interface

An HMI concept was created for this study through a preliminary survey to represent the
certainty of the estimation. The visualisation was adapted from the reception bars of a cell phone
and accompanied by an explanatory text (“‘confidence in time budget estimation”). In the
advanced concept (see Figure 5.4), the uncertainty of the estimate was indicated, but not in the
baseline concept. Besides that, there was no difference between the concepts. All information
was displayed in the IC. After a leap in the estimation occurred, the new availability duration
estimation was presented along with a yellow rectangle containing the text “time budget

adjustment”.

5.2.2.3 Dependent Variables
This study used the dependent variables described in the general methods section ( ).
From the NASA-rTLX (Hart, 2006), however, only the dimension of frustration was evaluated,
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since it was assumed that incorrect estimations of the availability duration would have a

particular influence on this factor.

5.2.2.4 Participants

The study sample consisted of N = 32 participants, 16 per between-subject factor. The average
age was M =31.56 (SD=7.16) years, with 25 men and seven women. Thirteen of the
participants (40.63%) had taken part in a driving simulator study before.
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Figure 5.4: Advanced concept including an estimation of the availability duration and an indication of how
reliable this estimation is. When a time leap occurred, this was further indicated with a yellow rectangle
containing the text “time budget adjustment”.

5.2.2.5 Statistical Analysis
IBM SPSS 24 was used for the statistical analysis. As in the previous subchapter, ANOVAs
were calculated. For an explanation regarding the prerequisites of an analysis of variances and

how these are handled in this thesis, please refer to

5.2.3 Results

No significant effects regarding acceptance were found using ANOVA for either the within-
subject factor HMI concept (F(1, 30) = 0.00, p > 0.99) nor the between-subject factor city vs.
highway (F(1, 30) = 1.23,p= 0.53). No significant interaction could be found either
(F(1,30)=2.97, p=0.10).

Furthermore, no significant effect regarding usability could be found for the within-subject
factor (F(1,30)=0.35, p >0.99), nor for the between-subject factor (F(1, 30) = 1.29, p = 0.55),
nor for the interaction (F(1, 30) =1.12, p = 0.29).
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Frustration was investigated using non-parametric tests revealing a significant effect showing
that frustration was higher in the city condition (z=-3.17, p = 0.01, n =32, » = 0.56), which is
not in accordance with the assumption that frustration would be lower in the city condition. No
effect regarding the HMI concepts (z = — 0.22, p > 0.99, n = 32) could be found. Hence, no

hypothesis formulated in could be confirmed.

In the post-study interview, 65.63% of the participants stated to have preferred the baseline
concept. Only half of them noticed the time leaps and extensions were mostly rated positively
while reductions in the availability duration were mostly rated neutral. More than half of the
participants — independent of whether they have noticed the time leaps or not — did not feel
supported in their NDRA planning by the additional displays in the advanced concept. When
taking the subset of participants into account who noticed the time leaps, only 18.75% preferred

the advanced concept. Table 5.4 shows the descriptive values for each condition and dependent

variable.
Baseline Concept Advanced Concept

Highway 0.69 (0.94) 1.05 (0.50)

Acceptance 0.57 (1.04) 1.11 (0.46)
City 0.45 (1.14) 1.17 (0.43)
Highway 67.66 (22.37) 78.75 (11.97)

Usability 66.59 (21.00) 80.23 (11.72)
City 65.59 (20.26) 81.62 (11.66)
Highway 5.56 (3.51) 5.18 (2.67)

Frustration 6.97 (4.16) 5.91 (3.23)
City 8.09 (4.44) 6.64 (3.44)

Table 5.4: M(SD) for dependent variables.

5.2.4 Discussion

The only significant result was the effect of the city vs. highway condition on frustration. As
stated above, it was assumed that frustration would be lower in the city when time leaps occur
since city traffic is more unforeseeable and therefore changes in availability durations were
assumed to be more understandable for participants. Since the results show that frustration was

higher in the city condition, the considerations above must be rejected. In addition, the absence
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of further effects, the fact that a large part of the study population did not even notice the time
leaps, and of those who noticed, only a small proportion preferred the advanced concept, it can
be concluded that the additional information tested in this study would not lead to any

advantages for future users.

One further reason for absent effects could be the design of the certainty icon, but in the post-
study interview, only two participants stated that they had problems understanding the display.
Another limitation of this study was the short availability durations. The biggest time leap was
from five to two minutes, which might not be enough for evoking frustration or a decrease in
acceptance. There might be different reactions to time leaps in real usage situations when users

conduct NDRAs that are subjectively considered important.

The limited benefit for participants might also result from the fact that the display did not give
fully reliable information. If the icon did not indicate 100% certainty, participants could not be
sure that no leaps were going to occur, and low certainty did not necessarily mean that the

estimation of the availability duration was wrong.

5.3 Reasons for Non-Availability and Duration Until ADS Becomes
Available

This study? was carried out to investigate whether a display of the reasons for non-availability
of the ADS and of when it becomes available is beneficial for users. The study was published
in Danner et al. (2021). For further details not described in this subchapter, please refer to the

publication.

5.3.1 Research Questions and Hypotheses

Since the success of a layperson’s interactions with an ADS is dependent on the correctness of
the mental model of the system and these mental models are likely to be at least partly incorrect
regarding the availability of an ADS (Carsten & Martens, 2018; Danner, Pfromm, Limbacher,
& Bengler, 2020), the quality of the human-machine interaction might be impeded (Beggiato

& Krems, 2013). This corresponds to the findings that drivers over-rely on their systems

2 The study was designed and conducted with the help of Steidl (2020) as part of his master’s thesis.
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(Naujoks et al., 2016) because they do not fully understand how they work and what their
limitations are (Walker et al., 2016). Existing mental models can change over time, either
because newly received information update them or aspects of them be erased due to being not
relevant for the user — for example, system limitations previously learnt can be erased after not
being experienced for several rides (Beggiato & Krems, 2013; Stanton & Young, 2000). This
might result in a discrepancy between the users’ mental models and actual situations, which can

lead to automation surprise (Carsten & Martens, 2018).

As outlined in the previous chapters, mental models can be influenced by giving information
using HMI displays. Analogously to giving information on how long the ADS will be available
even before the system is activated — which led to positive effects regarding acceptance
(Danner, Pfromm, & Bengler, 2020) — information on when the ADS will be available can be
displayed to give users the possibility to adapt their mental models. Furthermore, reasons for
non-availability — like reasons for Rtls — might not be intuitively understandable and hence, it
might be beneficial to display these since it could be shown that giving reasons for Rtls can

improve the perceived system understanding (Korber et al., 2018).

Based on the outcome of the exploratory study investigating potential information needs
regarding the availability of an ADS (see ), this study aimed at exploring how
displaying the duration until an ADS becomes available when it is not available as well as the
reasons for non-availability affects the dependent variables described below. Potential

interaction effects are exploratively tested along with the following non-directed hypotheses:

Hypothesis 1a (H1a). Perceived system understanding differs depending on whether

information on when the ADS will be available is displayed.

Hypothesis 1b (H1b). Perceived system understanding differs depending on whether

information on reasons for non-availability of the ADS is displayed.

Hypothesis 2a (H2a). Acceptance differs depending on whether information on when the

ADS will be available is displayed.

Hypothesis 2b (H2b). Acceptance differs depending on whether information on reasons for

non-availability of the ADS is displayed.

Hypothesis 3a (H3a). Usability differs depending on whether information on when the ADS
will be available is displayed.

Hypothesis 3b (H3b). Usability differs depending on whether information on reasons for
non-availability of the ADS is displayed.
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Hypothesis 4a (H4a). Workload differs depending on whether information on when the ADS
will be available is displayed.

Hypothesis 4b (H4b). Workload differs depending on whether information on reasons for
non-availability of the ADS is displayed.

5.3.2 Methods

5.3.2.1 Study Design and Procedure

The same procedure regarding welcoming participants, familiarisation and experimental drives,
and questionnaires after the drives was conducted as described in . The fix-based
driving simulator of the Chair of Ergonomics at the Technical University of Munich was used

for this study (see Figure 5.5)

A 2x3 mixed design was chosen for this study. The different HMI concepts served as the within-
subject factor while the obviousness of the reasons for non-availability served as the between-
factor. In one of the between-subject factor conditions, the reasons for non-availability were
obvious for the participants and in the other one, the reasons were not directly observable on
the road (obvious reasons OR vs non-obvious reasons NOR). Obvious reasons were for example
construction sites along the route and missing lane markings. Non-obvious reasons were sensor
errors and missing map data. Apart from these changes, the programmed routes did not differ

between the two conditions.

Figure 5.5: Fix-base driving simulator of the Chair of Ergonomics at Technical University of Munich used in this
study.
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Every participant experienced three rides — one per HMI concept — with a duration of about 8
minutes each. For the first five minutes, the ADS was not available — giving participants the
chance to explore the displays regarding the non-available ADS. While driving manually, one
half of the participants experienced obvious reasons for non-availability while the other half
experienced non-obvious reasons. After five minutes, the ADS became available. Participants
were instructed to perform an NDRA when driving automatically, which was a game on a tablet
(the name of the game was “2048”). This game was chosen because it was easy to interrupt.
After three minutes of driving automatically, a RtI occurred, and the participants had to leave
the highway and stop the car at a parking lot. The questionnaires were filled in after each ride
rating the experience with the respective HMI concept. The order in which the participants

experienced the HMI concepts was randomised.

5.3.2.2 Human-Machine Interface

Three different HMI concepts were created to test the hypotheses. The concepts were presented
in the IC. One baseline concept with no display regarding the two additional information (BC),
one advanced concept giving information on when the ADS will be available (AC1), and
another advanced concept giving information on when the ADS will be available as well as the
reasons for non-availability (AC2) were compared. Only one reason for non-availability was
permanently displayed in the two advanced concepts. If another reason existed, “+1 further”
was displayed. When the user pressed the ADS activation button, a pop-up appeared giving all

reasons for non-availability. Figure 5.6 shows AC2 with and without pop-up.

5.3.2.3 Dependent Variables

The dependent variables used in this study were acceptance, measured using the van der Laan
Acceptance Scale (van der Laan et al., 1997); usability, measured using the SUS (Brooke,
1996); and workload investigated via the NASA-rTLX (Hart, 2006). For further descriptions of

these questionnaires, please refer to the general methods section of this thesis (see ).

Furthermore, the perceived system understanding was investigated via two statements, which
the participants were asked to rate on a five-point Likert scale ranging from 1 to 5 (“T asked
myself when the automation will be available again.”; “It was clear at any point of time why

the automation was not available.”).

5.3.2.4 Participants

The study was carried out with N =34 participants with an average age of M = 30.59
(8D = 6.96) years. 21 participants were male, and 13 participants were female (38%). Ten of
the participants (29%) had already taken part in a driving simulator study and eight (24%) had
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already taken part in a driving simulator study concerning automated driving.

Ql Hindernis durch Baustelle

1/min x 1000

17895.7 «m

Automation verfugbar in
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Keine Automation verfligbar!
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0 160
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Figure 5.6: The picture above shows the HMI display for AC2 with the ADS being non-available. The duration
until the ADS became available is in the top left corner with the following text: “Automation available in S5min”.
In the top right corner is an icon indicating the reason for non-availability along with the following text:
“Impediment due to roadworks”. AC1 was the same only without the reason for non-availability. BL was the
same as ACI1 but without the time until availability. The bottom picture shows the pop-up in AC2 when the
activation button was pressed.

5.3.2.5 Statistical Analysis

To answer the research questions, mixed ANOVAs were conducted, provided that the
assumptions for parametric testing were not violated. If the prerequisite of normal distribution
was not fulfilled, the ANOVA was still performed, since this method
is considered robust against this violation (Blanca et al., 2017). The alternative for ANOVA
was the Friedman-Test. The statistical analysis was conducted using R.
Two questions regarding the perceived transparency or system understanding were
asked. To test the participants’ answers, medians were calculated, and a Friedman-Test was

conducted for each question, since single item Likert scales cannot be considered interval

scaled. As the statements were not part of a standardised questionnaire, no overall transparency
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score could be built, and statistical analyses were carried out for the two answer scores

separately.

5.3.3 Results

The perceived system understanding was measured using two statements. The first statement
referred to whether participants understood when the ADS would be available, the second to
whether the participants understood why the ADS was not available. The Friedman-Test for the
first statement was significant (Chi-Square(2) = 12.13; p < 0.01; Kendall’s W= 0.29) and post-
hoc tests revealed significant differences between BC and AC1 (proim = 0.01; = 0.50) as well
as between BC and AC2 (proim < 0.01; » = 0.63), but no difference between AC1 and AC2
(proim = 0.25). This is in accordance with the hypothesis that giving information on the
remaining time in the system status of unavailability helps participants understand when they
can use the ADS. The Friedman-Test for the second statement was also significant
(Chi-Square(2) = 19.61; p < 0.01; Kendall’s W = 0.54), with significant post-hoc tests for the
comparison of BC and AC2 (proim < 0.01; » = 0.70) and for the comparison of AC1 and AC2
(Proim = 0.02; r = 0.47). These results show that giving information on why the ADS is not
available can lead to an improved perceived transparency. The significant difference between
ACI1 and AC2, indicating more understanding when participants experienced AC2, shows that
it is not only the fact of additional information leading to better ratings, but that the content of

the display addressed the issue of participants not knowing why they cannot use the ADS.

A mixed ANOVA was conducted to test the hypotheses on acceptance. No significant results
could be found regarding the HMI concepts (F(1, 31) = 0.60, p = 0.44), the conditions
(Greenhouse—Geisser F(1.50, 46.63) = 2.57, p = 0.10) or the interaction effect
(Greenhouse-Geisser F(1.50, 46.63) = 0.94, p = 0.38). Nonetheless, independent of the
condition, there was a tendency on a descriptive level indicating better ratings for AC1than for

AC2, and better ratings for AC2 than for BC. Descriptive data can be found in Table 5.5.

For testing the usability hypotheses, a mixed ANOV A was calculated leading to no significant
results regarding the HMI concepts (Greenhouse—Geisser F(1.4, 43.8) = 0.392; p = 0.65), the
conditions  (F(1, 31) = 3.06; p = 0.09) or the interaction effect
(Greenhouse-Geisser F(1.4, 43.8) = 0.446; p = 0.56). The descriptive data show a different
pattern than it does for acceptance. The mean ratings for usability independent of the condition

were highest for BC, followed by AC1.
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The mixed ANOVA for testing the dependent variable workload did also lead to no significant
0.27; p = 0.76), the conditions

effect regarding the HMI concepts (F(2, 62)
(F(1,31)=0.01; p =0.94) or the interaction (F(2, 62) = 1.44; p = 0.25). On a descriptive level,

the mean ratings show only small differences (see Table 5.5).

Besides filling in the questionnaires, the participants were also asked to comment on the
different concepts to gather not only quantitative but also qualitative information. Eight
participants stated they would have wished to know when the ADS will be available after
experiencing BC and four would have wanted to know the reasons for non-availability after the
ride with AC1. Four participants said that everything was clear after experiencing BC while
five stated the same after using AC1. Also, five participants said that everything was clear after
the usage of AC2. After the three rides, participants were asked to rank the concepts. For getting
ranked first, a concept was given three points, for getting ranked second two points, and for
getting ranked third one point. On average, AC1 was ranked highest, closely followed by AC2
(78 vs. 75 points) while BC received the worst ranking (45 points).

Baseline Concept Advanced Concept 1 Advanced Concept 2

Perceived system

understanding 1 _ _ )
(when will the ADS Min =4 Mdn = 2 Man = 2
become available)

Perceived system

understanding 2 _ _ _

(why is the ADS not Mdn =3 Mdn = 4 Mdn =5

available)

Accetance M=1.07, M =1.30, M=1.17,
P SD =0.63 SD = 0.50 SD =0.65
Usabilit M=82.35 M =81.82, M=79.62,
y SD =9.86 SD = 18.31 SD = 17.40
Workload M = 26.59 M = 26.86, M = 26.30,
SD = 13.03 SD =11.67 SD = 14.73

Table 5.5: Medians, means and standard deviations for the dependent variables. Higher values for
perceived system understanding 1 indicate less understanding while higher values for perceived system
understanding 2 indicate more understanding.
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5.3.4 Discussion

Only the hypotheses regarding perceived system understanding were significant, indicating that
additional information — when displayed understandably — can increase system transparency,
which is associated with trust in automation (Kraus et al., 2020). Since no safety-critical HMI
displays were tested in this study and the definition of trust includes a vulnerability aspect (Lee
& See, 2004), no data on trust were analysed. Future studies should investigate how this kind
of information can influence trust ratings and how perceived system understanding and trust

are connected.

Although the additional displays aimed to increase the perceived usefulness of the ADS, no
significant effects on acceptance and usability were found — there was only a descriptive
tendency towards better acceptance when using AC1 and AC2. Acceptance, and especially
usefulness, are influenced by the aims users have and by the belief that a system can help the
users to achieve those aims. In this study, participants played a game on a tablet computer which
might have been not enough motivation to use the ADS purposefully. Future research should
investigate the effects of these information displays in a study setting where participants can
choose NDRAs that are important or interesting to them. In this study, a standardised approach
was chosen to find initial answers to the question of whether the displays enhance the system
understanding, which was the case. The usability was not improved which might be due to the
similar visual appearance of the different concepts except for the additional information. The
permanent presentation of reasons for non-availability might have negatively affected usability
since it is not necessary to see this information during the whole manual drive. Also, there was
no effect on workload, which means that displaying more information did not increase the

necessary mental effort when interacting with the concepts.

5.4 Overview of All Availability Periods on the Route

In addition to displaying the time until an ADS will be available — as discussed in the previous
subchapter — it might be beneficial for users to know all availability sections on their route as
well as their durations. This information need is based on the findings presented in

The following study was previously published in Danner et al. (2023).
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5.4.1 Research Questions and Hypotheses

The possibility of conducting NDRAs is one of the biggest advantages of ADS (Danner,
Pfromm, Limbacher, & Bengler, 2020; Konig & Neumayr, 2017) and therefore it is important
to enable users to perform these activities as satisfactorily as possible. According to Hecht,
Darlagiannis, and Bengler (2020), different activities can take up different amounts of time and
therefore it is not possible make general statements on how long an availability period needs to
be to allow users to conduct NDRAs. Displaying all route sections on which the ADS is
available aims at increasing system transparency and decreasing automation surprise (Carsten
& Martens, 2018), as this would enable users to choose NDRAs matching the availability

duration or start activities that can easily be interrupted.

Displaying information on all availability sections might help participants plan and perform
their NDRAs throughout the whole route, which could improve the usefulness and ease of use
of the system, both being dimensions of acceptance (Davis, 1989). Usability might also be
positively influenced by this additional information, since displaying the estimated availability
duration of the current section before and after activation was shown to improve the same
(Danner, Pfromm, & Bengler, 2020; Holldnder & Pfleging, 2018). As it was shown that any
discrepancy between users’ expectations and reality can increase mental workload — since
incorrect mental models have to be adapted to information perceived from the system and the
environment (Beggiato & Krems, 2013) — workload might also be improved by providing users
with information on availability to adjust their expectations. Incorrect assumptions about the
system might even prevent usage entirely (Josten et al., 2018), which makes it relevant to help
users form correct assumptions by the means of an HMI that increases system transparency.
Since it was assumed that providing information on all availability sections can increase users’
ability to plan and conduct NDRAs, task performance in NDRAs was chosen to be one
dependent variable in this study. Moreover, the dependent variables described in

were tested and hence, the following hypotheses were formulated for this study:

Hypothesis 1 (H1). Acceptance of the ADS is higher when the availability sections of the ADS
are displayed.

Hypothesis 2 (H2). Usability of the HMI of the ADS is higher when the availability sections
of the ADS are displayed.

Hypothesis 3 (H3). Workload is lower when the availability sections of the ADS are displayed.
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Hypothesis 4 (H4). Participants achieve higher scores in NDRA performance when the
availability sections of the ADS are displayed.

Further explorative investigation pertained to whether the way of presenting the information

influences the results.

5.4.2 Methods

5.4.2.1 Study Design and Procedure

The study consisted of filling in a demographic questionnaire, experiencing a test drive in the
driving simulator at AUDI AG (see description of the simulator in ), experiencing the
experimental drive, and filling in questionnaires after using the concepts. Participants were
asked to drive according to the traffic rules when the ADS was not available and to activate the
system when possible. Furthermore, the participants were instructed to conduct NDRAs on the
tablet computer to gain points (see Figure 5.7) but that it was against the rules to conduct
NDRAs while driving manually. The logic of how points were counted was explained to them.
Participants were told to conduct the tasks they wanted to do in an order of their choice. They
were also made aware that unfinished activities would lead to no points. Therefore, their main
aim regarding the NDRAs was to collect as many points as possible without breaking the rules.
A between-subject design was chosen with the HMI concepts serving as a factor, three concepts
were compared. Hence, every participant only experienced one HMI concept. This way, it was
possible to test whether the different HMI concepts led to different outcomes regarding the

dependent variables.

Hence, every participant experienced one experimental drive that took about 52 minutes with
34 minutes of available automation and only short interruptions of about three minutes between

the sections where automated driving was possible.

5.4.2.2 Human-Machine Interface

Three different concepts were created for this study: one baseline concept (BC) without any
information on the distribution of the availability sections; one concept where this information
was displayed using an abstract time bar (AC); and one concept where this information was
integrated into the navigation map (MC). All concepts contained a map in the CID as well as
information on the duration of the current (non-)availability section in the IC. Hence, the
additional information on the distribution of the availability sections in the CID served as a

preview of upcoming possibilities to conduct NDRAs while participants knew the duration of
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the current (non-)availability section in all conditions. Figure 5.7 shows the different HMI

concepts.

W verfiigbar
W nicht verfiighar

3 Min 9 Min 3 Min 5Min 3 Min 6 Min 3 Min 7 Min 3 Min 7Min KLLE W verfiigbar
M nicht verfiigbar

Figure 5.7: From top to bottom: BC, AC and MC. AC and MC providing information on where and how long the
ADS will be available. White indicated availability and grey indicates non-availability.

5.4.2.3 Dependent Variables

The dependent variables used in this study were again acceptance, measured using the van der
Laan Acceptance Scale (van der Laan et al., 1997), usability, measured using the SUS (Brooke,
1996), and workload, measured using the NASA-rTLX (Hart, 2006). For further descriptions
of these questionnaires, please refer to the general methods section of this thesis ( ).

Furthermore, task performance in NDRAs was investigated to find out whether the presentation
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of the availability sections helped participants plan and engage in activities while driving
automatically. For this purpose, an app was programmed using Python to simulate a variance
of different NDRAs. Participants could choose different NDRAs of different durations from a
start screen. The longer an NDRA would take, the more points could be earned by finishing it.
Participants had the chance to watch videos, do a quiz, save a phone contact from a card, read
emails and news, or check the weather. Participants had to answer questions after most of these
tasks to test if they have read the presented text. Therefore, it was assured that the tasks were
completed and not skipped. After one task was completed, a green tick appeared next to it.

Figure 5.8 shows the start screen of this app.

B | Aufgaben ? X

Video Kontakt
Quizblock Eol

ansehen Wetter einspeichern lesen News

8 min 1 min 2 min 2 min 1-3 min

Wetter, 1 min Einspeichern, 2 min Email, 3 min Wissenschaft, 6 min

Quiz, 9 min Doku, 1 min

Comedy, 6 min Wirtschaft, 2 min

Nachrichten, 16 min Kultur, 3 min

Panorama, 3 min

Sport, 1 min

Figure 5.8: Overview screen of the NDRA.

5.4.2.4 Participants

A total of N = 54 participants (30 of them male; 24 of them female) took part in the study, but
one participant had to be excluded for technical reasons. The mean age was M = 37.6 years
(SD = 14.4 years). The mean annual mileage was M = 18.365 km (SD = 13.318.2 km); forty-

five (83%) of the participants had already taken part in one or more driving simulator studies.

5.4.2.5 Statistical Analysis

For testing directed hypotheses, a priori contrast analyses were calculated using R. This tool
allows combined and straightforward comparisons between groups, while more statistical
power is achieved than with an ANOVA (Field et al., 2013). The contrast weights were defined
as orthogonal, as shown in Table 5.6. The first contrast is a combined comparison between BC

and the concepts providing information on the availability sections and the second contrast
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compares group two and group three (i.e., AC versus MC). The critical alpha value tested

against was set at 0.05.

Baseline concept (BC) Abstract time bar (AC) Availability in the map (MC)
Contrast 1 -2 1 1
Contrast 2 0 -1 1

Table 5.6: Orthogonal contrast weights used for contrast analysis.

5.4.3 Results

The first contrast was significant for acceptance values, showing higher ratings for AC and MC
(»p =0.02; d=0.58). The second contrast was not significant (p = 0.78). For usability, no
significant effects were found for the first contrast (p =0.33), nor for the second contrast
(p = 0.09). Also, neither the first contrast (p = 0.49) nor the second contrast (p = 0.30) was

significant for the measures of workload. The descriptive values can be found in Table 5.7.

The first contrast was significant for task performance (p <0.01; 4 =0.55), indicating
significantly more achieved points in AC and MC compared to BC. The second contrast for
task performance was not significant (p = 0.78). Therefore, the way of presenting the
availability sections did not influence the task performance. Hence, Hypotheses 1 and 4 could

be confirmed.

Concept BC AC MC AC + MC
Acceptance 1.16 (0.41) 1.33 (0.40) 1.44 (0.32) 1.38 (0.36)
Usability 87.08 (8.84) 82.22 (14.55) 88.97 (10.94) 85.50 (13.18)
Workload 27.44 (14.52) 27.84 (14.43) 27.38 (14.69) 27.84 (14.43)
Task performance 225.72 (86.85) 262.78 (73.12) 275.82 (78.62) 269.11 (75.00)

Table 5.7: M(SD) for the different concepts and dependent variables.

5.4.4 Discussion

These results indicate that presenting the availability sections can lead to increased acceptance
towards the ADS when it is not continuously available, independent of how the sections are

displayed. As no significant differences in usability were found, it can be concluded that this
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additional information did not lead to any improvements in how well and easily participants
were able to use the HMI displays. Further, this also shows that the two HMI concepts
containing more information than the BL did not decrease the ease of use of the HMI. On a
descriptive level, the AC received the worst ratings, but is still in the range of good usability,
close to excellent according to Bangor et al. (2008). The same observations apply to the
workload ratings. Additional displays could have led to more cognitive workload since
participants had to process more information, but no significant differences were found. The
task performance was significantly higher in AC and MC indicating that presenting the
availability sections helped participants to plan and conduct their activities purposefully. No
significant differences were found between AC and MC showing that the information itself and

not the changed design led to increased ratings.

The NDRAs were chosen to resemble activities users of an ADS might conduct in a natural
driving context. Still, the emails, for example, were dummy emails with no personal relevance
for the study participants. None of these activities was tailored to the participants’ needs and
therefore the commitment to conducting them might have been different than had they been

able to choose their own activities.

A further limitation of this study was the between-subject design. While it allowed longer
driving sessions and enabled the participants to get used to the respective HMI concepts,
choosing a within-subject design would have allowed the participants to directly compare the
different concepts. Nevertheless, significant effects were found despite this limitation showing

the impact of the different concepts.
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6 Development and Evaluation of the Final HMI concept

After all information needs collected in the explorative study were transformed into information
displays, their effects on participants’ perception of the ADS and its HMI were evaluated (see

). These singular information elements were then combined into one final HMI
concept. A state-of-the-art HMI for manual and automated driving was used and enhanced with
the additional information displays on availability that were generated in this thesis. In this
chapter, the development of the final HMI concept is described, as well as the study in which it

was evaluated.

6.1 The Final HMI concept

Only those information elements that were shown to be beneficial for participants were
considered for the final concept. According to the results of the studies described in ,

these include the following:

- Estimated availability duration of the ADS before activation
- Reasons for non-availability
- Duration until ADS becomes available

- Overview of all availability periods on the route

The estimated availability duration of the ADS before activation was used for the final concept
as it was used for the evaluation study described in , since no negative aspects were
revealed. The only adjustment made on the content level was removing the time bar from the
concept, since it conveyed the same information as the time display itself and required extra
space and both pieces of information were displayed in the IC. Design-wise, the duration

display was bigger and in the centre of the display (see Figure 6.1).
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Figure 6.1: IC when ADS is available but not activated showing the availability duration: “Automation is
available for 2 min”. The right icon at the top of the display indicates the available automation.

The reasons for non-availability were integrated into the final concept in a similar visual way
as in but without being permanently visible in the IC. According to the results
discussed, a permanent reminder of a system that is currently not working might not be
beneficial for usability and acceptance. Furthermore, this extra display would make the IC
appear too crowded. Therefore, the reasons for non-availability were only displayed in a pop-
up window in the IC when participants tried to activate the ADS when it was not available (see
Figure 6.2). Moreover, the reasons were also permanently presented in the CID along with the

display of the availability sections (see Figure 6.3).

The duration until the ADS becomes available was displayed analogously to the information of
how long the ADS will be available. The wording changed from “Automation available in x
minutes” to “Automation not available for x minutes” since the first two words of the former
formulation were “Automation available” which could irritate the users. The latter formulation
contained a “not” which aimed at clarifying the system state. Furthermore, the icon symbolising

automated driving was greyed out, indicating non-availability (see Figure 6.2).
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Figure 6.2: IC when ADS is not available showing the reason for non-availability after participant tries to
activate the ADS: “Missing connection — Automation not available”. The second figure shows duration when
ADS will become available: “Automation is not available for 2 min”. The right icon in the top of the display is
grey, indicating non-availability.

The display of the availability sections of the ADS in the CID was built analogously to the
abstract time bar concept in , since the map concept was not superior in the study.
Furthermore, the navigation map display is already crowded with traffic and route information
in current vehicles, which might make additionally displaying the availability sections lead to
high complexity. Hence, it was decided to choose a design that focused solely on the ADS. As
can be seen in Figure 6.3, the time bar was stylistically changed and an icon symbolising the
car’s position within the bar was added to make it easier for participants to see how much time

was left in the current system state. Reasons for non-availability were also added to the single
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sections using icons. Only the icons of the current section were displayed in white, the other
ones (of previous and upcoming sections) were in grey to minimise confusion. When driving
in a section where the ADS was available, an icon standing for a mobile phone and one standing
for videos were shown in blue to symbolise the possibility to drive automatically and conduct
NDRAs. The permanent icons explaining the non-availability were moved from the IC to the
CID since these reasons are non-driving related information and hence might be too distracting

in the IC.

00

4 min 7 min 5 min 6 min 3 min 3 min 2 min
#1103 km/h @ 120 km/h @ 120 km/h @ 120 km/h @ 120 km/h EuERIEQYM @ S50
km/h

Figure 6.3: CID showing all availability and non-availability sections and the current reasons for non-
availability.

70



6 Development and Evaluation of the Final HMI concept

6.2 Dependent Variables and Research Questions

Just like in the studies described in the previous sections, acceptance, usability, and workload
were used as dependent variables. For further information regarding these aspects, please refer
to . Since the Acceptance Scale (van der Laan et al., 1997) is not based on the TAM
theoretically (Davis, 1989), but the TAM was used to explain acceptance in this thesis (see

), another acceptance measurement — based on the TAM and the UTAUT
(Venkatesh et al., 2003) — was used to validate the results of the Acceptance Scale. This
additional measure was the Technology Usage Inventory (TUI) (Kothgassner et al., 2012),
which was created in Austria and consists of eight dimensions: curiosity, anxiety, interest,
usability, immersion, usefulness, scepticism, and accessibility. Moreover, it includes the scale
intention to use (ITU). The dimensions immersion and accessibility were not investigated in
this study as they are described as optional. Immersion is not a measure that can be used to
describe an HMI concept but rather the driving simulation whose immersive quality was not
subject of this work. Accessibility cannot be measured regarding ADSs of higher levels, since

these systems are not available for purchase yet.

In addition to the standardised questionnaires, the subjective ability to plan the ride and the
NDRAs was investigated using items that were created for this study: “I had all the information
I would need to plan my non-driving related activities”. Perceived system understanding was
investigated using the following items: “I always knew why the automation was not available”
and “I was wondering when the automation will be available”. The items were answered on a

Likert scale ranging from -2 (I do not agree at all) to 2 (I totally agree).

Furthermore, since the information displayed in this study was not considered safety critical
and was therefore not crucial for the safe usage of an ADS but rather served the users as a
comfort feature and should help improve the rating and understanding of the system, the
subjective importance of the single information displays was evaluated using the Kano Model
(Fundin & Nilsson, 2003; Holzing, 2008; Lofgren & Witell, 2005; Ma et al., 2019). According

to this model, the features of a system can be divided into different categories:

- Attractive quality: users do not expect this feature; its existence leads to positive
reactions

- Must-be quality: users expect this feature; its non-existence leads to negative reactions

- Reverse quality: users are not interested in this feature; its non-existence leads to

satisfaction
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- One-dimensional quality: this feature can diminish unsatisfaction and increase
satisfaction depending on the degree of manifestation

- Indifferent quality: its existence or non-existence has no influence

Participants rated every single HMI feature and assigned them to the categories described
above. They answered two questions per feature: the functional question “How would you feel
if this feature xy would exist?” and the dysfunctional question “How would you feel if this
feature xy would not exist?”. Pictures of the respective HMI features were presented along with
the questions to ensure every participant understood which element was referred to in the

question. The answer options were:

I like it.

I expect it.

1

2

3. Tam neutral.
4. I can tolerate it.
5

I dislike it.

Based on the combination of the answers to the functional and dysfunctional questions, the

features were assigned to categories (see Table 6.1). Contradictory answers are not counted.

Functional Dysfunctional Quality
I like it | dislike it One-dimensional

I like it | am neutral Attractive

I like it | can tolerate it Attractive

| expect it | dislike it Must-be

| am neutral | dislike it Must-be
| am neutral | am neutral Indifferent

| dislike it | expect it Reverse

| can tolerate it I like it Reverse
| dislike it | can tolerate it Reverse

Table 6.1: Categorisation of the different product qualities according to Kano (1984).

Since the information needs that were used for creating the HMI were all shown to be superior
to baseline concepts in previous studies, no HMI comparison was conducted in this study. The
usefulness of the single information elements was already tested, and therefore, this aspect was
not central to this study; instead, the focus was on whether the combination of the information
pieces to one final concept still leads to ratings that are as satisfactory as in the previous studies.
Therefore, the outcomes of the dependent variables were compared to threshold values. The

threshold for the Acceptance Scale, which ranges from -2 to 2, was zero, and analysis involved
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testing whether the average rating in this study was superior to this neutral acceptance score.
An average rating that is significantly above zero can be considered to be in a positive range of
acceptance. Furthermore, confidence intervals were calculated to investigate the distance
between the lower bound and the threshold. The same approach was chosen for perceived
system understanding and the ability to plan NDRAs, since these items were also tested using
a scale ranging from -2 to 2. The threshold for usability was chosen to be 72, since according
to Bangor et al. (2008), good usability starts with this score. The threshold for workload was
taken from the previously mentioned studies, intended to test whether the workload of the final
concept was not significantly higher than the lowest workload in studies testing the single
information needs. The threshold was an overall workload value of 26 (see ) with

scores ranging from 0 to 100. Hence, the hypotheses tested in this study were:

Hypothesis 1 (H1). The single acceptance scores for usefulness and satisfaction that can range

from -2 to 2 are significantly higher than 0 as well as the overall score for acceptance.

Hypothesis 2 (H2). The usability score that can range from 0 to 100 is significantly higher than
72.

Hypothesis 3 (H3). The workload score that can range from 0 to 100 is not significantly higher
than 26.

Hypothesis 4 (H4). The single scores for perceived system understanding items that can range

from -2 to 2 are significantly higher than 0.

The categorisation of the HMI components into Kano categories was conducted to attain further
insight into the importance of the single information displays. Moreover, the results of the
investigated TUI dimensions were analysed on a descriptive level. Tests were done to determine
whether the single TUI dimensions were correlated with the ITU score from the same
questionnaire, as ITU is reported to be a crucial indicator for overall acceptance according to
the TAM (Davis, 1989). Correlation tests were also conducted for the two factors of the van der
Laan Acceptance Scale (van der Laan et al., 1997) and ITU of the TUI questionnaire to explore

whether these two different acceptance measures show sufficient construct validity.

Besides these hypotheses, qualitative research questions were formulated. Especially the
understandability of the HMI concept and how it might help with using ADSs and planning

NDRAs was investigated by means of a short interview.
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6.3 Methods

6.3.1 Study Procedure

To investigate the hypotheses, a driving simulator study was conducted, using the same
simulator at the Chair of Ergonomics at the Technical University of Munich as in

Since the HMI concept was not compared to another one and no hypothesis regarding sample
differences was formulated, the experiment consisted of only one group. Therefore, all study

participants experienced the final HMI concept.

After giving written consent to take part in this study, the participants filled out a demographic
questionnaire. Subsequently, the participants experienced an initial drive of about ten minutes
to get used to the driving simulator and the operation of the automation. They were instructed
to activate and deactivate the ADS using a button on the steering wheel. During this
familiarisation drive, they saw a basic HMI concept in the CID. It looked the same as the final
concept but without all the information regarding the availability of the ADS, except for the

icon indicating whether the ADS was available or not.

Thereafter, the experimental drive began. Participants were instructed to drive according to the
navigation in the CID and to use the ADS when possible. When the ADS was active, they were
allowed to conduct NDRAs of their own choice. They could use their phones or a tablet
computer that was available in the vehicle with various games and videos on it. No explanation
regarding the HMI displays and the principle of CAD was given, in order to explore their ease
to understand. Shortly after the first automated driving section, the participants were asked to
stop at a highway service area. This short break was used for conducting a semi-structured
qualitative interview to investigate whether the participants understood the different displays

and the functionalities and limitations of the ADS. The following questions were asked:

- Which different bits of information were presented to you in the in-vehicle displays?

- How would you explain this system to a person you know who is not interested in
technical details but would like to use it?

- Is there anything in the HMI concept that was not clear?

- Have you understood all the displays?
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This conversation was followed by an explanation of the HMI concept, making sure that all
participants had the same understanding of the concept before the second half of the study. Only
the HMI display was explained, not the principles of CAD.

After the interview, the participants continued the experimental drive with the same instructions
as before the first half of the drive. Subsequently, they answered questions in another qualitative
interview to gather information on how well they understood the ADS and what they thought

about the HMI concept. The following open questions were asked:

- How would you explain this system to a person you know who is not interested in
technical details but would like to use it?

- Is there anything you would change about the concept?

- Is there anything you considered unnecessary about this concept?

- Is there anything you missed in this concept?

Moreover, the participants were asked to answer with ratings from one to five the following

questions:

- How much would this HMI concept help you understand the automated driving system
(one: not at all — five: very much)?
- How important do you rate the individual pieces of information (one: not important at

all — five: very important)?

The last question was accompanied by a list of the presented information. The interview was

followed by the standardised questionnaires described above.

6.3.2 Study Population

The study was conducted with N = 30 participants taking part. The mean age was M = 28.03
(SD = 4.48). 20 of the participants were men and ten were women. The average time that the
participants had held a driving licence was M =10.45 years (SD =4.31) and the average
distance travelled per year was M = 6846.97 km (SD = 8523.12). More than half of the

participants (n = 17) have already participated in driving simulator studies in the past.
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6.3.3 Statistical Analysis

One-sample t-Tests were conducted to test the hypotheses. In case the prerequisites were not
met, the non-parametric alternative, the one-sample Wilcoxon-test, was used. The analysis was

conducted using R-Studio.

6.4 Results

6.4.1 Quantitative Hypotheses Testing

The first hypothesis referred to the acceptance ratings and whether these were significantly
higher than 0 and therefore in a positive range. This analysis was conducted for the two different
dimensions acceptance consists of according to van der Laan et al. (1997) and for the total

acceptance score.

The mean value was M =1.23 (SD = 0.34) for the dimension of usefulness and M =1.22
(8D = 0.44) for the dimension of satisfaction. The mean of the total acceptance based on all

items of the questionnaire was M = 1.22 (SD = 0.33). Boxplots are depicted in Figure 6.4.
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Figure 6.4: Boxplots of total acceptance and the two dimensions satisfaction and usefulness.

The assumption of normal distribution was tested for usefulness, satisfaction, and the total
acceptance score using the Shapiro-Wilk-Test, which was not significant for all three dependent

variables (p > 0.05). Hence, normal distribution could be assumed and one-sample t-Tests were
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calculated. All three one-tailed t-Tests were conducted with the hypothesis that the mean value
of the respective dependent variable was significantly greater than 0 (while the range of the
acceptance score is -2 to 2). The t-Test for usefulness was significant with a large effect
(#(29)=19.80, p<0.01, d=3.62), as were the t-Test for satisfaction
(1(29)=15.18,p<0.01,d=2.77) and the test for the total acceptance score
(#(29) =20.44, p < 0.01, d = 3.73). The 95% confidence intervals were calculated for the three
acceptance scores to explore their distance from the neutral value of 0. The confidence interval
for usefulness was 1.09 — 1.34, for satisfaction 1.03 — 1.36 and for the total acceptance score

1.08 — 1.33. Therefore, Hypothesis 1 could be confirmed.

Usability was tested analogously to acceptance. The mean value was M = 89.00 (SD =8.11)
and the Shapiro-Wilk-Test was significant (» < 0.05) and therefore normal distribution could
not be assumed. Hence, the non-parametric alternative to a one-sample t-Test, the one-sample
Wilcoxon-Signed-Rank-Test, was conducted with a reference value of 72 to test against. Figure
6.5 shows the boxplot depicting descriptive statistics of the usability ratings. The Wilcoxon-
Signed-Rank-Test was significant (p < 0.01; » = 0.87) with a large effect and hence, Hypothesis

2 could be confirmed.
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Figure 6.5: Boxplot of usability ratings.

The research question regarding workload was tested analogously against the reference value
of 26 (see Figure 6.6 for boxplot). The mean value was M =13.39 (SD =10.36) with a
significant Shapiro-Wilk-Test (p <0.05). The Wilcoxon-Signed-Rank-Test was significant
(p <0.01; = 0.78) with a large effect size. Hence, Hypothesis 3 could be confirmed.
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The first item regarding system transparency created for this study was “I had all the
information I would need to plan my non-driving related activities”, which was — like the other
items on system transparency — answered on a 5-point Likert-scale ranging from -2 to 2. The
mean value for this item was M = 1.83 (SD = 0.38). The Shapiro-Wilk-Test was significant
(p <0.01) and therefore a Wilcoxon-Signed-Rank-Test against the reference value of 0 was

conducted. It was significant (p < 0.01; » = 0.94) with a large effect size.
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Figure 6.6: Boxplot of workload ratings.

The second item on transparency was “I always knew why the automation was not available”.
The mean value was M = 1.70 (SD = 0.79). The Shapiro-Wilk-Test was significant (p < 0.01)
and therefore normal distribution was not assumed and a Wilcoxon-Signed-Rank-Test was
conducted against the reference value of 0. It was significant (p <0.01; »=0.92) with a large

effect size.

The last item on transparency was “I was wondering when the automation will be available”,
which was recoded so that bigger values would stand for better understanding. The mean value
was M =1.43 (SD =1.07). No normal distribution could be assumed (Shapiro-Wilk-Test
significant with p <0.01) and therefore a Wilcoxon-Signed-Rank-Test was conducted against

the reference value of 0. It was significant (p < 0.01; » = 0.80) with a large effect size.

6.4.2 TUI Dimensions

This study surveyed the TUI dimensions curiosity, anxiety, interest, usability, usefulness, and
scepticism, and assessed the ITU score regarding this system. The mean values and standard

deviations can be found in Table 6.2. The sums of the single dimensions were transformed to
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stanine scores ranging from one to nine with a mean of five and a standard deviation of two.
This transformation was performed according to the test manual which also provides percentile
ranks for the reference population of the studied sample that was used for validating the
questionnaire (Kothgassner et al., 2012). The mean stanine scores were rounded off to be able
to associate them to percentile ranks, which are not provided for decimal numbers. Note that

the percentile ranks were taken from the questionnaire manual.

Correlation with ITU

M SD Percentile rank r p
Curiosity 7.10 1.16 77- 89 0.40* 0.03
Anxiety 5.07 1.53 40 - 60 -0.38* 0.04
Interest 6.23 1.51 60 -77 0.28 0.13
Usability 717 1.65 77 -89 0.40* 0.03
Usefulness 8.69 0.76 96 - 100 0.60* <0.01
Scepticism 3.79 1.54 23-40 -0.59* <0.01
Intention to use (ITU) 7.76 1.06 89 - 96 - -

Table 6.2: Means and standard deviations for the stanine scores of the TUI dimension along with the according
percentile ranks. The Pearson’s r values indicating the correlation between the TUI dimensions and ITU are
presented along with the respective p-values. Significant correlations are marked with *.

Table 6.2 also shows the correlation between the single dimensions and ITU to investigate if
the factors of the questionnaire were connected to the participants’ intention to use the

technology. All dimensions but interest significantly correlated with ITU.

It was also analysed whether the two dimensions usefulness and satisfaction of the van der Laan
Acceptance Scale were correlated with ITU from the TUI questionnaire. The results showed
that usefulness was not significantly correlated (»p = 0.91, » = 0.02). The test for satisfaction also

showed non-significant results (p = 0.09, » = 0.31).
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6.4.3 Kano Categories

As described above, the respective information pieces were rated by participants according to

Hoélzing (2008) and Ma et al. (2019).

Estimated availability duration of the ADS before activation was categorised as must-be quality
15 times. For eight participants it was a one-dimensional quality, for six participants an

attractive one, and for one participant it was an indifferent quality.

Reasons for non-availability was found to be an attractive quality, as it was put in this category
eleven times. It was categorised as one-dimensional quality nine times and as indifferent eight

times. Two times it was seen as a must-be quality.

Duration until ADS becomes available was categorised as attractive quality as well, since the
answers of 12 participants led to this categorisation. It was further categorised as must-be
quality nine times and as one-dimensional quality eight times, and only once as indifferent

quality.

Overview of all availability periods on the route was an attractive quality for twelve
participants, a one-dimensional quality for nine, and a must-be quality for five participants.

Four participants categorised it as indifferent quality.

Pop-up with reasons for non-availability was categorised as must-be quality by fourteen and as
attractive quality by eight participants. Four times, it was categorised as one-dimensional and

another four times as indifferent quality.

6.4.4 Subjective Rating of Importance of Single Displays

Before answering questions regarding the importance of the single pieces of information,
participants were asked how this HMI concept would help them understand the ADS (How
much would this HMI concept help you understanding the automated driving system; one. not
at all — five: very much?). The mean value was M = 4.55 (SD = 0.50) indicating a high perceived
system understanding. The ratings of the different information displays can be found in
Table 6.3. The question asked was: How important do you rate the individual pieces of

information (1: not important at all — 5: very important)?
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M SD
Duration until ADS becomes available (displayed in the IC) 4.28 0.69
Pop-up with reasons for non-availability (displayed in the IC) 4.17 0.79
Icons indicating reasons for non-availability (displayed in the CID) 3 0.91
Estimated availability duration of the ADS before activation (displayed in the IC) 4.55 0.56
Overview of all availability periods on one’s route (displayed in the CID) 3.55 1.00

Table 6.3: Means and standard deviations of the importance ratings of the single information displays.

6.4.5 Qualitative Interview

After the first automated driving section, the participants were asked how they would explain
the system to a friend or family member who would like to try the ADS without any previous
knowledge. This made it possible to find out how well they understood the principle of CAD
only by using the HMI displays without any further explanation. It was of particular interest if
participants understood the fact that the ADS was not available infinitely and not under all

circumstances, without stating negative emotions or attitudes towards this system.

All participants mentioned in their explanation that the ADS was only available on specific
route sections or under specific circumstances and that the HMI displays gave the relevant
information on (non-)availability durations. They stated that switching between availability and
non-availability was a possibility, but that the HMI displays let the users know when this
occurred and that it was also possible to see when the next switch would happen. Therefore, it
can be concluded that all participants understood the information on when the ADS would be

available and the availability duration.

However, not all participants understood the display of the reasons for non-availability. Only
18 participants (60%) noticed and understood the HMI concept in the CID, while the rest of the
participants either saw it without being able to retrieve relevant information or did not notice
this display at all. Three (10%) of the participants stated that it took them some time to
understand the HMI concept in the CID. The participants were asked to rate the importance of
displaying the reasons for non-availability. The median value was calculated for the participants

who have understood the displays and for those who did not. The median was Mdn = 4 for the
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first group and Mdn = 3 for the latter one, indicating that participants who rated the importance
of this display higher were better at understanding the display.

The participants were also asked if there was anything they would want to change about the
HMI concept. Four (13%) stated that the icons symbolising the possibility to conduct NDRAs
were unnecessary or misleading, since the icons were a smartphone and a video symbol, which

ignored the fact that participants were also allowed to read a book or just look out the window.

Three participants (10%) said that the HMI concept in the CID was overloaded and therefore
too distracting for manual driving. Also, 10% stated that the HMI concept in the CID should
not be displayed permanently even though it was important. Three participants noted that the
pop-up window showing the reason for non-availability when participants tried to activate the
system was not shown long enough. This pop-up was only shown for the duration the button
was pressed and participants stated that it would be better if this window would appear for a
certain amount of time even if the button was only pressed once without being held. 10% of the
participants stated that they wished for better highlighting of the current driving section in the
CID.

One participant wished that the time bar moved instead of the car icon. This would lead to the
effect that past sections, which were considered unnecessary, would not be displayed anymore.
Another participant wished for the possibility to switch between a time and a distance display

when giving the availability durations.

6.5 Discussion

This study aimed to investigate whether the HMI concept consisting of all information displays
tested beforehand fulfilled pre-defined criteria. Therefore, no tests were conducted to explore
the content-related advantages of the concept components. Instead, tests were carried out to
examine how well the individual components were combined into an overall concept and
whether this overall concept fulfilled requirements for acceptance, usability, and workload as

well as other aspects described above.

All hypotheses could be confirmed and hence the final HMI concept received an acceptance
rating that was significantly above zero, i.e., in the positive range (for the single dimensions of

the van der Laan et al. (1997) acceptance scale and for an overall acceptance value).
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Furthermore, the usability rating was significantly higher than the threshold of good usability
and was in fact in the range of excellent usability (Bangor et al., 2008). The workload was not
significantly higher than the lowest workload score achieved in previous studies in which the
single information components were tested, which leads to the conclusion that the final HMI
concept did not increase workload, even though more information was displayed
simultaneously in comparison to the previous studies. Furthermore, the transparency ratings

were also significantly above zero and therefore in the hypothesised range.

As acceptance is a construct with widely varying definitions and measurement methods, two
different scales, the TUI (Kothgassner et al., 2012) and the Acceptance Scale (van der Laan et
al., 1997), were used in this study to investigate potential correlations or differences. The TUI
results showed high values — especially for usefulness and ITU — indicating good acceptance.
All but one TUI dimensions correlated significantly with the ITU dimension, which shows that
these dimensions really are associated with ITU, which is an important indicator of technology
acceptance (Davis, 1989; Venkatesh et al., 2003). On the other hand, the two dimensions
usefulness and satisfaction of the Acceptance Scale (van der Laan et al., 1997) did not correlate
with the ITU measure of the TUI The Acceptance Scale is not theoretically based on the TAM
or the UTAUT and therefore the behavioural intention to use the technology is not explicitly
mentioned as a mediating factor. Nonetheless, this may simply mean that the Acceptance Scale
is not a suitable instrument for measuring acceptance according to the TAM or following the
definition of Adell (2009), who postulated that acceptance is the willingness to use technology
when it is available. As stated by van der Laan et al. (1997), their questionnaire aims at
investigating acceptance as an attitudinal factor. However, the attitudinal factor at least partly
mediates the influence of PEoU and PU on ITU in the original TAM and therefore an
association of attitudinal acceptance and behavioural acceptance should be present, which was
not the case in this study. A more detailed discussion on acceptance and measurement methods

can be found in

Two out of the five information components, Estimated availability duration of the ADS before
activation and Pop-up with reasons for non-availability, were categorised as a must-be quality
according to the classification described by C. C. Yang (2005), which means that the absence
of this information in the display would decrease customers’ satisfaction while its presence
would not increase satisfaction. The other components were categorised as attractive qualities.

This means that the presence of these components could lead to an increase in satisfaction (also
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dependent on how they are achieved), but their absence would not lead to an increase in

dissatisfaction.

The participants were also asked to rate the importance of the HMI components directly. It
appeared that, on a descriptive level, the information displayed in the IC was rated as more
important than the information bits displayed in the CID. This might result from participants
thinking that the most important information is displayed in the IC. Nonetheless, this could
also indicate that the information on when the ADS will be available, how long it will be
available as well as information on why it does not work when an activation attempt failed are
considered more critical. The overview of the availability sections was somehow redundant
since the duration of the current section was always displayed in the IC. The same applies to
the icons indicating the reasons for non-availability in the CID. The reasons were also available
in the IC when participants tried to activate the ADS in a section of non-availability. Hence, all
information in the CID aimed to enable participants to foresee how long automated driving was
possible during the entire ride, helping with planning NDRAs and understanding the limitations
of the system, while the information in the IC aimed to help participants understand the current

situation and system status.

About half of the participants did not initially understand or notice the information in the CID
in the first half of the experimental test drive which became apparent due to the mid-drive
interview. Nevertheless, all participants appeared to have understood how the ADS worked and
that limitations were part of the system. None of them expressed dissatisfaction or lack of
understanding even though the way an SAE Level 3 ADS (SAE, 2021) worked was not
explained to them before using it in this experiment. This stands in contrast to results from
Danner, Pfromm, Limbacher, and Bengler (2020), where some participants thought the ADS
should work without limitations — at least on a highway — even after experiencing Rtls on a
highway drive. Considering the adequate answers when asked how they would explain the
system, it can be concluded that knowing that the ADS is currently not available, when it will
be available, and for how long, is sufficient information to form a mental model that allows
participants to use the ADS without irritation — which is in accordance with Moser (2003), who
stated that even incomplete mental models can lead to correct decisions when solving problems

using a system.

The CID was too full and overloaded for some participants which might have influenced their
answers in the questionnaires. Future studies should investigate, how to display all availability

sections on one’s route together with reasons for non-availability since crowded displays might
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lead to distraction. Furthermore, the icons indicating the possibility to conduct NDRAs should
be changed to something more general, since the way they were designed in this study might
implicate that only using the phone or watching videos were feasible activities. Another
limitation was that the pop-up window was only displayed for the duration that the participants
kept the activation button pressed down. This should be changed to a default minimum duration

in future studies.

85



7 General Discussion

7 General Discussion

This chapter contains a summary of the results as well as a discussion of this work’s limitations

and an outlook for future research. For a summary of recommendations, please refer to

7.1 Summary of the Results

Before testing whether presenting information on the availability of an ADS is advantageous
for users, information needs had to be collected. In the first exploratory study presented in this
thesis, these information needs were gathered through two different qualitative approaches. The
first was a focus group discussion with automated driving experts and the second was a driving
simulator study with laypersons as participants. The most important information needs

regarding the ADS that emerged in this study were:

- Estimated availability duration of the ADS before activation when currently available
- Certainty of estimated availability duration when currently available

- Duration until ADS is available when currently not available

- Reasons for non-availability when currently not available

- Overview of all availability sections on the whole route

The aim of the second study was to investigate whether presenting the estimated availability
duration before activation helps participants activate the ADS more purposefully and whether
this additional information might positively influence the rating of the system and the HMI. It
was shown that the presentation of this information can lead to more purposeful activation

behaviour as well as to better acceptance and usability ratings.

The third study investigated whether the presentation of an indication of how certain the
estimation of the availability duration could positively influence subjective ratings of the
system. No significant effects were found and on a descriptive level, the baseline concept
without the certainty symbol was preferred by participants. These results led to the decision to

exclude this information from the concepts further on.

The fourth study aimed to test whether presenting information on when the ADS will be
available when currently not available, as well as reasons for non-availability, might improve
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perceived system understanding as well as subjective ratings of the system and the HMI, like
acceptance, usability, and workload. It was shown that perceived system understanding was
significantly better in conditions where additional information was given but no significant

effects regarding the standardised measures were found in this study.

The fifth study conducted within the scope of this work aimed to investigate how presenting a
distribution of all availability sections of the ADS might influence the perceived system
understanding, participants’ performance in NDRAs, as well as subjective ratings of the system
and the HMI, like acceptance, usability, and workload. Results showed that the presence of this
additional information significantly influenced the performance in NDRAs positively, which
might be a consequence of an improved ability to plan the activities. Acceptance ratings were
also significantly higher in conditions where the additional information was displayed. The way
of presenting the distribution of the availability did not have any effects (displaying the
distribution on a map was compared to a more abstract but simpler approach). Furthermore, no

effects were found on usability and workload.

For the sixth study, the HMI elements from previous studies were combined to create a final
HMI concept. All information pieces that emerged from the first exploratory study were
included except for the symbol indicating the certainty of the estimation of the availability
duration since this information did not lead to any positive effects in the evaluation study. For
this final study, no baseline concept was created since the single information pieces were
already shown to be superior to not presenting the respective information. Instead, threshold
values for the dependent variables were defined beforehand and tested against. The results
indicate that the final HMI concept leads to acceptance ratings that are in a significantly positive
range, excellent usability ratings, a lower workload score than in the previous studies, as well
as positive ratings of perceived system understanding. Performance expectancy is seen as the
strongest predictor of ITU (Adell et al., 2011) which is contently related to usefulness,
describing how well a system helps users achieve their goals. Usefulness was the TUI
dimension with the highest rating in this study, indicating that the HMI concept created in this
work might have a strong positive impact on acceptance and usage of this technology. All

hypotheses could be confirmed, and the goal of this concept can be considered achieved.

With regard to the research questions from asking for which information regarding
the availability of an ADS should be displayed in which system state and where, it can be
summarised that the information letting the user know when the ADS will become available

should be presented when the ADS is not available along with the reasons for the non-
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availability. The reasons should not be presented permanently without an option for users to
hide this information. The time until the ADS becomes available can be displayed in the IC as
this does not increase workload and indicates a potential transition of control, which is driving-
relevant information. The reasons for non-availability should not be displayed in the IC but
rather in the CID as it was shown to tendentially decrease usability in the IC and was considered
less important by study participants. Furthermore, the system should present the reason for any
unsuccessful activation attempts. The information of how long the ADS is available should be
displayed when the ADS is available but not activated as well when it is activated. It can be
displayed in the IC analogously to the information of when it will become available. An
overview of all availability sections should be available to users in all system states, but they
should also have the possibility to hide this information. As this display might contain more
complex information, and therefore needs more space, and is also considered less important
than the availability information regarding the current section, it should be displayed in the

CID.

7.2 Conceptual Implications

Several information needs have been identified in the literature on automated driving (see

), but there has been little to no understanding of how to present the availability
of an ADS in different system states. In studies where availability times or reasons for non-
availability were displayed (without the occurrence of an Rtl), they were presented while
driving automatically (Hecht, Kratzert, & Bengler, 2020; Hollinder & Pfleging, 2018;
Richardson et al., 2018). If this piece of information was part of a research question, it was
mostly tested with regard to Rtls and take over performance (Hollinder & Pfleging, 2018;
Korber et al., 2018; Richardson et al., 2018; Wandtner et al., 2018). While these insights are
very important, especially when considering the safety of automated driving, further questions
must be answered to investigate the purposefulness of an automated driving function. Reasons
why drivers might want to use such a system have to be explored to find out if an ADS is able
to fulfil their needs. If the system is not able to meet their expectations but activation would be
still considered beneficial — for example due to increased traffic safety — drivers’ intention to
use an ADSs must be considered. The present work makes a valuable contribution to the task

of closing this gap in the literature.

Users’ information needs regarding the availability of an ADS were collected, as were reasons

why they would activate this system (Danner, Pfromm, Limbacher, & Bengler, 2020). One of
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the main reasons to activate was shown to be the possibility to engage in NDRAs. It was also
shown that availability periods that are too short for conducting a planned NDRA can decrease
subjective ratings of the system such as acceptance, which is considered a predictor of actual
usage, and that by displaying the availability period before activation, this effect can be buffered
by preventing users from activating when they cannot expect any advantage from it (Danner,

Pfromm, & Bengler, 2020).

Furthermore, task performance in NDRAs was shown to be increased when providing
information on all availability periods, which also led to increased acceptance ratings (Danner
et al., 2023). Providing information on the reasons why the ADS is not available and when it
will become available can positively influence system transparency (Danner et al., 2021) which
on the other hand can increase trust in the ADS (Butakov & loannou, 2015). Initial incorrect
mental models can converge over time with correct mental models through usage of a system
(Beggiato & Krems, 2013). Nonetheless, for this to be the case users need input information to
update their mental models. As shown in , users might have incorrect assumptions
about the reasons for non-availability. Since assumptions that are not falsified will be
considered valid (Stanton & Young, 2000), it is important to provide information on actual

reasons for non-availability to prevent the consolidation of incorrect mental models.

Moreover, presenting the reasons for non-availability when users try to activate the ADS
received high importance ratings by participants, which is in accordance with the finding that

every user input should lead to an action of the system (Shneiderman et al., 2018).

Hence, this research adds important information needs to the list of requirements that must be

considered when developing HMIs for ADS. Recommendations can be found in

7.3 Methodological Implications

In the second chapter of this thesis, acceptance was defined mainly through the TAM (Davis,
1989), which was not created for explaining acceptance in the driving context. The
corresponding questionnaire is therefore seldom used in studies investigating automated
driving. The van der Laan et al. (1997) Acceptance Scale on the other hand is the most used
one with regard to surveying whether needs and requirements are satisfied by ADSs (Adell,
Nilsson, & Vérhelyi, 2018) and was therefore used in this work. In general, the measurement
of acceptance is dependent on how acceptance is defined. Regan et al. (2018) summarise

different acceptance definitions as well as different ways of investigating this construct in the
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driving context. It becomes apparent that acceptance is surveyed very differently in different
studies. A number of studies try to measure it directly using words like “acceptability”. Others
use the participants’ willingness to use a system or pay for it to explain acceptance (Regan et al.,
2018). The car TAM (Osswald et al., 2012) is an extension of the TAM and the UTAUT and
aims to adapt the models to the driving context using similar predictors for acceptance. Other
researchers see the importance of a system as an indicator of acceptance even though this is not
based on any particular definition of acceptance (Regan et al., 2018). Nonetheless, the
subjectively perceived importance somehow reflects an attitude towards the system and could

be an indicator of general acceptance (Adell, Nilsson, & Varhelyi, 2018).

The results of the final study in this work showed that different acceptance questionnaires can
lead to different results. The Acceptance Scale dimensions were not correlated with the ITU
dimension of the TUI, even though the former aims to measure the attitudinal component of
acceptance (van der Laan et al., 1997), which is actually considered a predictor of the
behavioural component ITU in the original TAM (Davis, 1989). Hence, it can be concluded
that the definition and measurement of acceptance are not consistent in research on ADS and
that a broader approach of using different measures associated with it may be necessary to
capture it, while not obtaining a singular value of acceptance itself. Furthermore, the results of
this work indicate that the Acceptance Scale by van der Laan et al. (1997) might have to be
newly validated and that it should be tested if it is an appropriate tool for investigating
acceptance as a behavioural or attitudinal construct. As the acceptance definition in this thesis
is based on the TAM, which identifies ITU as one of the main predictors and the Acceptance
Scale was not associated with the ITU, it must be deduced that the Acceptance Scale was not
the right tool to measure acceptance — at least in the studies conducted for this thesis.
Nonetheless, since different instruments were used besides the Acceptance Scale — measuring
transparency, usability, workload, and the importance of the HMI concept — the need for a broad

approach of testing new systems is satisfied in this work.

The TAM2 and the UTAUT include predictors that would not have been applicable in the
studies presented in this thesis, as factors like social influence cannot be taken into account
when investigating systems that are not available on the market yet. Moreover, a simplistic
approach to this measure was preferred. Nevertheless, considering the fact that all but one of
the dimensions of the TUI questionnaire significantly correlated with the ITU, it can be
concluded that the simplistic approach of using only two factors — as in the TAM as well as in

the Acceptance Scale — might not be sufficient to investigate such a complex construct.
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7.4 Limitations

This work aimed to investigate which information on the availability of an ADS users might
need to be able to understand and accept the same. In the literature review presented in

, no papers were found focusing on this topic and therefore all information needs had
to be collected firstly as part of this thesis. The process described in DIN EN ISO 9241-210
(International Organization for Standardization, 2019) served as a guide for the methodological
approach as well as the approach in Beggiato, Hartwich, et al. (2015) where a focus group
discussion was combined with a driving simulator study. The ISO norm does not provide
guidelines for a research project including several studies with inference statistical analyses but
is more focused on a quick and iterative user research and prototyping process. According to
this standard, the overall HMI concept would have been prototyped very roughly after
investigating the users’ information needs, iteratively testing, and improving the same
prototype, while simultaneously developing it with constantly increasing fidelity. In this thesis,
this process was adjusted to an approach more suitable for thoroughly investigating the potential
effects of the singular information needs instead of continuously testing an HMI concept
containing all the information, which would prevent finding out which information piece causes
which effect. Nonetheless, the general process chosen for this thesis deviated from a

standardised procedure, which might have led to biases.

The samples in most of the studies conducted for this thesis consisted mainly of younger male
participants. This demographic group is likely to be more enthusiastic about automated driving
than other groups (Nielsen & Haustein, 2018), which could have biased the results. The ADSs
might have been rated better than they would have been with more heterogenic samples.
However, all but the last studies tested different HMI concepts and therefore comparisons
between ratings were used to describe effects. This approach counteracts the impact of positive

bias, as this would have occurred in every experimental group.

One assumption made for some of the studies was that users or participants respectively have
specific activities on their minds that they want to finish while driving automatically. In reality,
this will not always be true, since study participants stated that they would also like to talk to
other passengers or watch out of the window while driving automatically (Danner, Pfromm,
Limbacher, & Bengler, 2020). Therefore, the results achieved in this thesis cannot be
generalised to every situation of driving automatically but rather to specific situations where
the user of an ADS plans on conducting NDRAs of certain, at least partly predictable durations.
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Moreover, in some cases, the NDRAs in the studies were chosen to resemble naturalistic
activities to increase the participants’ commitment to the tasks. Nevertheless, it must be
considered that participants would have conducted completely different NDRAs for themselves
if they would not have been observed in a study context. Hence, the effects achieved in this

work might have been different with NDRAs participants really would have wanted to conduct.

Furthermore, perceived system understanding, and system transparency were treated like the
same construct in this work. In studies where this construct was investigated, no standardised
questionnaire was used to collect information on the same but items that were created for the
purpose of this work. They have not been validated beforehand and hence it cannot be ruled out

that these items were not the right ones to survey system transparency.

The HMI concepts described in this work mainly addressed the visual channel, which is the
most important one while driving (Meixner & Miiller, 2017). Since most information relevant
to driving is usually conveyed visually and drivers also perceive the driving environment using
their optic senses, adding additional information to this sensory channel should be avoided
(Bruder & Didier, 2015). Nonetheless, while the tactile channel is not suitable for conveying
detailed information like presented in this work, using speech output conveying at least some
of the information, for example, would have been possible. While investigating how this would
affect the ratings of the system and how well this would support users is important, the focus
of the present work was primarily on investigating the information needs and their impact on

the content level.

Due to the limitations stated in this chapter, it is necessary to carefully interpret the results of
the studies and refrain from over-generalising the gained insights. Still, the implications and
statements made in the discussion and summary of this work were formulated taking these

limitations into account and are therefore still considered valid.

7.5 Outlook and Further Research Questions

Future studies should systematically investigate how different types of NDRAs might lead to
different results in subjective ratings of the ADS and the HMI concept. In the final study of this
thesis, the participants were free to choose their NDRAs for periods of automated driving in the
driving simulator but the study context — including being monitored — might prevent
participants from behaving as they would in a more naturalistic driving context. Therefore,
studies should focus on exploring how to create a study environment in which participants
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conduct NDRAs that are important for themselves to test how helpful the displayed information
is. Moreover, it should be investigated how participants rate the HMI concept and its importance

in situations in which they do not want to conduct any NDRAs at all.

Another aspect that could not be covered in this work, but seems crucial for understanding
usage behaviour regarding limited automated driving functions like SAE Level 3 and 4 (SAE,
2021), is to study how much availability users will face on real routes. By knowing this, it
would be possible to estimate how often changes of the system state will occur, which might
have an impact on the relevance of some segments of the HMI concept developed in this work.
Future work could explore how different lengths of availability sections and different
distributions of the same influence usage behaviour and deduct which of the presented

information displays are necessary in which situation.

Furthermore, future research should investigate how to measure system transparency in a
standardised but still flexible way. This construct is measured in this work using self-created
items and is referred to as perceived system understanding, but no data were collected on actual
or objective system understanding. It would be possible to study this by testing participants’
knowledge of the system which would be similar to the measurement of transparency.
Moreover, it should be investigated how transparency affects acceptance and its factor
perceived usefulness, since the mere presentation of additional information affected acceptance
in the studies presented in this work even though transparency is mainly reported to influence
trust (Oliveira et al., 2020). As described above, measuring acceptance is complicated and
sometimes handled ambiguously, and therefore future research should test existing acceptance
questionnaires on their validity and systematically create a catalogue of the different

instruments and when to use them.

As described in the previous chapter, this work focuses on conveying information using the
visual channel. Future studies should explore how participants would rate speech outputs giving
information on the availability of the ADS. Especially in periods of manual driving, the
overview of all availability sections along with the reasons for non-availability might be too

distracting if displayed like in
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8 Recommendations for the Design of the HMI Concept

In the following, recommendations are made on the requirements to be considered when
designing HMI concepts for ADSs. These requirements are only valid under the following

circumstances:

1. The concept is for an in-vehicle HMI display accompanying an ADS of SAE Level 3 or
Level 4.

2. The concept was mainly tested on highway drives and is therefore only applicable to
these.

3. The usefulness of some of the displayed information is based on the assumption that

users want to conduct specific NDRAs.

Furthermore, the requirements only refer to the availability of an ADS and do not include an
exhaustive list of all necessary HMI components for automated driving. It is also presumed that
an indication of whether an ADS is generally available or active exists (which was the case in

all cited studies in this work that included automated driving).

It must be noted that the following requirements are based on study results presented in this
work and therefore reflect the average opinions and attitudes of study populations. This does
not mean that these requirements cover the needs of every single individual but rather that
interindividual differences exist and should be accounted for. In addition, the designs of the
concepts, as shown in the images in the respective studies, were not a direct subject of this
research. Thus, the recommendations are detached from detailed design decisions and only

concern the content, duration, and location of the concept components.

Following the requirements outlined below while designing HMI concepts can help increase
users’ system understanding in relation to ADSs. Furthermore, acceptance — which is a
predictor of usage (Adell, Vérhelyi, & Nilsson, 2018a) and could be negatively affected by non-
permanent availability of an ADS — can be positively influenced by displaying the
recommended information. Interindividual differences that might emerge from different
expectations towards an ADS can be decreased by increasing transparency by means of the

additional HMI displays shaping the users’ mental models:

e When the ADS is not available — hence, the vehicle is not within an ODD - the duration

of how long it will take until an ODD is reached should be displayed.
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e When the ADS is not available and users try to activate the same, information should
be presented on why it is not available.

e When the ADS is available but not activated, the duration of how long it will be
available should be displayed.

e When the ADS is available and activated, the duration of how long it will be available
should be displayed.

e Users should be able to inform themselves about the distribution of all availability
sections on their route.

e Users should be able to inform themselves about the reasons for non-availability for

each section.

The first four points are considered more important than the latter two (see )
and should be displayed as part of the automation HMI in the IC, since the IC is considered
suitable to convey system relevant information and serves as display for the automation
HMI in several studies (Bengler et al., 2020). The last two points can be displayed in the
CID, as it was done in the final study of this work and should be presented as optional. That
means that users should have the possibility to either retrieve or hide this display. Since the
information on the distribution of the availability sections and the accumulated reasons for
non-availability have no direct influence on the immediate driving situation, the IC would

not be suitable.

The outcomes summarised in this chapter have not been discussed in research before.
Considering the positive impact of the concept on users’ acceptance and perceived system
understanding, it is advisable that the recommendations resulting from this research are

taken into account by developers of HMIs for automated driving.
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Appendix

Demographic questionnaire

Personliche Angaben

Probanden-ID:

Datum:

Alter:

Geschlecht:

Hochster Bildungsabschluss:

Wie lange sind Sie in Besitz lhres
Fiihrerscheins:

Haben Sie bereits an einer oder Oja  Onein
mehreren Studien in einem
Fahrsimulator teilgenommen?

- Falls ja, wie oft?
- Wie viele standen mit
automatisiertem Fahren in

Verbindung?
Fahrgewohnheiten
Wie viele Kilometer fahren Sie in etwa jihrlich? Kilometer pro Jahr
Taglich Mehrmals Einmal pro Einmal im Seltener
pro Woche Monat
Woche

Wie regelmiiffig fahren Sie O O O | O
Autobahn?

Wie gern oder ungern fahren Sie auf der Autobahn? Aus welchem Grund
sehr gern O O O O O sehr ungern

Grund:

Ihre Durchschnittgeschwindigkeit, wenn unbegrenzt km/h




Questions created for assessing Kano (Fundin & Nilsson, 2003) categories

Wie wiirden Sie sich fiihlen, wenn das Feature "Zeit bis die Automation verfiigbar ist"

vorhanden wiare?

Das wiirde mich
sehr freuen

Das setze ich
voraus

Das ist mir egal

Das konnte ich
akzeptieren

Das wiirde mich
sehr storen

Wie wiirden Sie sich fiihlen, wenn das Feature "Zeit bis die Automation verfiigbar ist"
NICHT vorhanden wire?

Das wiirde mich
sehr freuen

Das setze ich
voraus

Das ist mir egal

Das konnte ich
akzeptieren

Das wiirde mich
sehr storen

Wie wiirden Sie sich fithlen, wenn das Feature ,,PopUp mit Grund fiir Nichtaktivierbarkeit*

vorhanden wiére?

Das wiirde mich
sehr freuen

Das setze ich
voraus

Das ist mir egal

Das konnte ich
akzeptieren

Das wiirde mich
sehr storen

Wie wiirden Sie sich fiihlen, wenn das Feature "PopUp mit Grund fiir Nichtaktivierbarkeit"
NICHT vorhanden wire?

Das wiirde mich
sehr freuen

Das setze ich
voraus

Das ist mir egal

Das konnte ich
akzeptieren

Das wiirde mich
sehr storen

Wie wiirden Sie sich fiihlen, wenn das Feature "Verfiigbarkeitsdauer" vorhanden wére?

Das wiirde mich
sehr freuen

Das setze ich
voraus

Das ist mir egal

Das konnte ich
akzeptieren

Das wiirde mich
sehr storen

Wie wiirden Sie sich fiihlen, wenn das Feature "Verfligbarkeitsdauer" NICHT vorhanden

ware?

Das wiirde mich
sehr freuen

Das setze ich
voraus

Das ist mir egal

Das konnte ich
akzeptieren

Das wiirde mich
sehr storen




Wie wiirden Sie sich fiihlen, wenn das Feature "Anzeige aller Verfligbarkeitsabschnitte im
Mitteldisplay" vorhanden wére?

Das wiirde mich
sehr freuen

Das setze ich
voraus

Das ist mir egal

Das konnte ich
akzeptieren

Das wiirde mich
sehr storen

Wie wiirden Sie sich fiihlen, wenn das Feature "Anzeige aller Verfiigbarkeitsabschnitte im
Mitteldisplay" NICHT vorhanden wire?

Das wiirde mich
sehr freuen

Das setze ich
voraus

Das ist mir egal

Das konnte ich
akzeptieren

Das wiirde mich
sehr storen

Wie wiirden Sie sich fiihlen, wenn das Feature "Griinde fiir Nichtverfligbarkeit im
Mitteldisplay" (Icons und Text) vorhanden wére?

Das wiirde mich
sehr freuen

Das setze ich
voraus

Das ist mir egal

Das konnte ich
akzeptieren

Das wiirde mich
sehr storen

Wie wiirden Sie sich fiihlen, wenn das Feature "Griinde fiir Nichtverfiigbarkeit im

Mitteldisplay" (Icons und Text) NICHT vorhanden wére?

Das wiirde mich
sehr freuen

Das setze ich
voraus

Das ist mir egal

Das konnte ich
akzeptieren

Das wiirde mich
sehr storen




Acceptance Score (van der Laan et al., 1997)

Bitte beurteilen Sie jetzt das System. Lesen Sie hierfiir aufmerksam jedes Wortpaar und
machen Sie jeweils ein Kreuz pro Zeile.

Niitzlich Nutzlos
Angenehm Unangenehm
Schlecht Gut

Nett Nervig

Effektiv Unnotig
Argerlich Erfreulich
Hilfreich Wertlos

Nicht wiinschenswert Wiinschenswert
Aktivierend Einschlédfernd




Nasa rTLX (Hart, 2006)

Geben Sie jetzt fiir jede der unten stehenden Dimensionen an, wie hoch die Beanspruchung
war. Markieren Sie dazu bitte auf den folgenden Skalen, in welchem Malf3e Sie sich in den
sechs genannten Dimensionen von der Aufgabe beansprucht oder gefordert gesehen haben.

Geistige Anforderungen: Wie viel geistige Anstrengung war bei der Informationsauthahme und -
verarbeitung erforderlich (z.B. Denken, Entscheiden, Rechnen, Erinnern, Hinsehen, Suchen...)? War
die Aufgabe leicht oder anspruchsvoll, einfach oder komplex, erforderte sie hohe Genauigkeit oder
war sie fehlertolerant?

gering hoch

Korperliche Anforderungen: Wie viel korperliche Aktivitit war erforderlich (z.B. Ziehen, Driicken,
Drehen, Steuern, Aktivieren,...)? War die Aufgabe leicht oder schwer, einfach oder anstrengend,
erholsam oder miihselig?

gerning hoch

Zeitliche Anforderungen: Wie viel Zeitdruck empfanden Sie hinsichtlich der Hiufigkeit oder dem
Takt, mit dem Aufgaben oder Aufgabenelemente auftraten? War die Abfolge langsam und geruhsam
oder schnell und hektisch?

gering hoch

Leistung: Wie erfolgreich haben Sie Threr Meinung nach die vom Versuchsleiter (oder Ihnen selbst)
gesetzten Ziele erreicht? Wie zufrieden waren Sie mit Ihrer Leistung bei der Verfolgung dieser Ziele?

gerning hoch

Anstrengung: Wie hart mussten sie arbeiten, um Ihren Grad an Aufgabenerfiillung zu erreichen?

gering hoch

Frustration: Wie unsicher, entmutigt, irritiert, gestresst und verdrgert (versus sicher, bestétigt,
7ufrieden. entsnannt und zufrieden mit sich selbst) fiihlten Sie sich wiahrend der Aufgabe?

gering hoch




System Usability Scale (Brooke, 1996)

10.

Ich denke, dass ich das System gerne hiufig benutzen wiirde.

Stimme Stimme
iiberhaupt nicht zu voll zu
1 2 3 4 5

Ich fand das System unnétig komplex.

Stimme Stimme
iiberhaupt nicht zu voll zu
1 2 3 4 5

Ich fand das System einfach zu benutzen.

Stimme Stimme
iiberhaupt nicht zu voll zu
1 2 3 4 5

Ich glaube, ich wiirde die Hilfe einer technisch versierten Person bendtigen, um das System benutzen
zu kénnen.

Stimme Stimme
iiberhaupt nicht zu voll zu
1 2 3 4 5

Ich fand, die verschiedenen Funktionen in diesem System waren gut integtiert.

Stimme Stimme
iiberhaupt nicht zu voll zu
1 2 3 4 5

Ich denke, das System enthielt zu viele Inkonsistenzen.

Stimme Stimme
uiberhaupt nicht zu voll zu
1 2 3 4 5

Ich kann mir vorstellen, dass die meisten Menschen den Umgang mit diesem System sehr schnell
lernen.

Stimme Stimme
iiberhaupt nicht zu voll zu
1 2 3 4 5

Ich fand das System sehr umstindlich zu nutzen.

Stimme Stimme
iiberhaupt nicht zu voll zu
1 2 3 4 5

Ich fihlte mich bei der Benutzung des Systems schr sicher.

Stimme Stimme
iiberhaupt nicht zu voll zu
1 2 3 4 5

Ich musste eine Menge lernen, bevor ich anfangen konnte das System zu verwenden.

Stimme Stimme
iiberhaupt nicht zu voll zu
1 2 3 4 5
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