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Abstract: Context-adaptive functions are not new in the driving context, but even so, investigations
into these functions concerning the automation human—machine interface (aHMI) have yet to be
carried out. This study presents research into context-adaptive availability notifications for an
SAE Level 3 automation in scenarios where participants were surprised by either availability or
non-availability. For this purpose, participants (N = 30) took part in a driving simulator study,
experiencing a baseline HMI concept as a comparison, and a context-adaptive HMI concept that
provided context-adaptive availability notifications with the aim of improving acceptance and
usability, while decreasing frustration (due to unexpected non-availability) and gaze deviation
from the road when driving manually. Furthermore, it was hypothesized that participants, when
experiencing the context-adaptive HMI, would activate the automated driving function more quickly
when facing unexpected availability. None of the hypotheses could be statistically confirmed; indeed,
where gaze behavior was concerned, the opposite effects were found, indicating increased distraction
induced by the context-adaptive HMI. However, the trend in respect to the activation time was
towards shorter times with the context-adaptive notifications. These results led to the conclusion
that context-adaptive availability notifications might not always be beneficial for users, while more
salient availability notifications in the case of an unexpected availability could be advantageous.

Keywords: automated driving; driving-simulator study; availability; HMI; context adaptivity

1. Introduction

The introduction of automated driving functions of SAE Level 3 [1] is associated with
different expectations; for instance, less congestion, improved fuel efficiency, increased
traffic safety, and the possibility of conducting non-driving related activities (NDRAs) [2,3].
While these expectations are all positive, there are also concerns regarding automated
driving, such as liability concerns, safety and privacy concerns, and the fear of system
errors [2]. In an exploratory study, participants were asked what reasons they would have
for activating an automated driving system if available and what reasons they would
have for not activating it. The main reason for activation appeared to be the possibility
of conducting NDRAs, while the main reason for non-activation was reported to be the
possibility of driving faster than an automated driving system (ADS) would [4]. As
SAE Level 3 automated vehicles are not yet on the market, people cannot state which
NDRAs they actually conduct, but research has provided answers regarding what kind of
NDRAs will probably be conducted in the future. Firstly, the activities carried out today
while driving manually will probably still be conducted while driving automatically [5].
Moreover, activities such as reading, watching movies, working, browsing on a smart
phone, and others are thought to be likely [5-7]. If a user is able to conduct an NDRA
for at least as long as was planned before starting it, the activation of the automation
system can be defined as purposeful [4,8]. It was shown that in order to be able to use
an automated driving function purposefully, information on the availability of the ADS,
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displayed when it is not available, is beneficial for the user. In fact, information on how
long an automated driving function will be available increases acceptance and usability
and positively influences the activation behavior because it helps in building the correct
mental model in respect to the ADS for the specific context the driver finds themselves
in [8]. A mental model is the representation a person has regarding how a certain device or
system works [9,10] and also contains assumptions about interdependencies of functions
and reasons for the presence and absence of certain actions [11]. Therefore, assumptions on
periods of availability of the automated vehicle and possible reasons for non-availability
are also part of drivers’ mental models. For example, if a driver takes the same route
to work every day, they might be used to the ADS always being available in a specific
highway segment. While the driver is in this segment, they might usually activate the
automated driving function so that they can carry out some work. The segment where the
ADS is available is part of the driver’s mental model and therefore the question arises as to
what would happen if the ADS were not available one day without obvious reasons? What
if the ADS is available in a different segment than the one the driver is used to? This would
lead to a discrepancy between the reality and the driver’s mental model, which could lead
to an increased mental workload [12,13]. Since mental models change with new experience,
it would be adapted to this situation [13,14], but as reasons for non-availability might not
be static, this could change again. Therefore, it is important to help the user understand
the ADS because feedback is essential in building a mental model and consequently for a
successful human—-machine interaction [15].

1.1. Motivation

The absence of availability might lead to automation surprise, which occurs when the
behavior of the system is not congruent with the driver’s expectations [16]. Unfulfilled
expectations can also lead to emotions such as frustration [17], which should be avoided,
since negative emotions can lead to a decrease in the driving performance [18]. It is
hypothesized that drivers, when expecting availability based on experience, but faced by
non-availability, search the aHMI [19] for an availability indicator. Furthermore, when
drivers expect non-availability based on experience but instead encounter availability, the
indication of availability might be overlooked if it is not designed to be sufficiently salient.

Hence, the aim of this study was to investigate how an HMI concept increasing
transparency in a state of potential surprise due to a changed availability of the ADS
influences the gaze behavior and the subjective rating of the automated driving function.

1.2. Background: Context-Adaptive HMIs

As described above, this paper presents a study investigating the effects an HMI
concept has when a driver is potentially surprised by availability or non-availability of an
automated driving function. In order for it to be possible for the driver to be surprised, they
have to already have experience regarding the availability of the ADS on the road segment
they are driving along and the current situation has to differ from those experiences. Since
the context a person finds himself in is constituted by all the information available to
describe the situation, the current road segment contributes to this context [20]. Therefore,
the information displayed in the HMI dependent of the road segment and the availability
of the ADS are context-adaptive, which is defined as explicit adaption of the behavior of a
system to its context [21]. In more detail, a system that evaluates its behavior dependent
on the historical inputs of the user, and then changes its behavior automatically if the
evaluation results in the assumption that this change in behavior might increase the
performance, is referred to as context-adaptive [22]. According to [23], there are different
ways of adapting to a context: The context adaption of the presentation, which means
the way a certain content is presented, differs depending on the context. One example
is the automatic adaption of the display orientation [24]. Another possibility is adaption
of the interaction based on past interaction patterns, which could cause a reduction of
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the interaction to a minimum [25]. Furthermore, it is possible to adapt the content to the
context by hiding information that is irrelevant for a specific context [23].

With particular reference to driving, context can be defined as all the parameters de-
scribing a current situation with regard to the driver, the environment, and the vehicle [26].
Here, context-adaptive systems can be divided into two categories: Systems that conduct
interactions for the user—for example, the system can automatically switch on the lights
when it gets dark—and systems that support the user by providing information [27]. A
typical example for context-adaptive systems is a recommendation to drive to the next gas
station when the fuel level is low [28]. Context adaption is also used to increase safety while
driving by explicitly not displaying unnecessary information in states of high workload
or complex driving situations [29,30]. Ref. [27] implemented and evaluated an adaptive
system that makes recommendations to the driver dependent on past behavior in specific
driving contexts and found an increase in usability, also postulating improved acceptance.

Where the adaptivity of systems is concerned, it is possible to distinguish between
four different types of behavior [31]. Firstly, there is non-context-adaptive behavior, which
means that the system only exhibits behavior dependent on the user’s input without
any influence of the environment or context. The second type is non-context-transparent
adaptive behavior. This behavior is dependent on the user’s input and the environment
but without exhibiting any interaction between the driver and the environment. The
third behavior type, transparent context-adaptive behavior, is exhibited when the behavior
depends on the user and the environment and the user is able to perceive the influence
of the environment. The last behavior type, controlled context-adaptive behavior means
that the system is dependent on the user and the environment and, furthermore, the user is
able to influence the environment [31]. The case of adaptive availability notifications can
be categorized as the third behavior type, transparent context-adaptive behavior, because
the driver is able to perceive the environment; for example, a specific road segment.

As mentioned before, context-adaptive functions can have a positive influence on
usability and acceptance [27]. Usability is the degree to which a user can perform a certain
task with effectiveness, efficiency and satisfaction [32], while acceptance is defined as the
willingness of a user to use a system when it is available [33]. According to the Technology
Acceptance Model [34], acceptance consists of two dimensions, perceived ease of use
and perceived usefulness, which are predictors for the intentions to use and therefore
the actual usage behavior. This model was extended adding even more factors [35] and
investigated in respect to conceptual relations to the construct of usability, showing unclear
correlations [36]. Both constructs, usability and acceptance, are seen to be important
evaluation criteria for HMIs [37].

2. Research Objectives and Hypotheses

The aim of this research paper was to transfer the method of the context-adaptive
HMI to the case of availability notifications and to investigate it by means of a driving
simulator study. If the user of an SAE Level 3 automation was used to a route and knows
when it is possible to enable the automated driving function, they might be surprised if
the availability changes and they cannot use the ADS the way they are used to. In this
situation, the driver might expect availability, based on experience with this route, but no
availability indicator appears on the HMI. Non-availability without any explanatory note,
especially when availability is expected, can lead to the belief that there is a malfunction
within the automated driving system [4]. While there should always be a reason why an
automated driving function might not be available, considering these reasons currently
always involves a partial assumption about what actual system limitations will look like
when SAE Level 3 automations are launched [38]. Nevertheless, there are reasons consid-
ered realistic from the current point of view that are not necessarily static or immutable
over time, such as lane markings, sensor errors, weather conditions, or moving roadworks.

It was hypothesized that the driver, when entering the road segment where availability
is expected, might simply wait for the availability indicator to appear and consequently
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search the HMI for it, resulting in gaze behavior that is more focused on the instrument
cluster (IC) where the availability indicator is expected to appear. Moreover, expectations
not being met in this situation might lead to frustration [17], while a system not working
as expected might be considered as less useful, with usefulness being a dimension of
acceptance [34]. Additionally, a system not working when it is expected to work might be
perceived as less effective, which influences usability [32].

For this study, an automation HMI [19] concept was designed with the aim of reduc-
ing negative effects due to automation surprise, by transparently informing the driver
about non-availability in a situation where availability is expected, which is referred to as
context adaptivity.

Another case investigated in this study was when a driver enters a road segment
where they have experienced non-availability in the past, and then suddenly experience
availability. In this situation, the context-adaptive HMI could indicate that activation of the
ADS in this segment is possible for this journey. This additional display in the HMI might
lead to earlier recognition of the availability and therefore earlier activation of the ADS,
resulting in increased efficiency and usefulness.

Therefore, the hypotheses for this study were:

Hypothesis 1. The acceptance ratings for the ADS are higher when a context-adaptive HMI is
used rather than the standard HMI.

Hypothesis 2. The usability ratings for the automation HMI are higher when a context-adaptive
HMI is used rather than the standard HMI.

Hypothesis 3. The frustration ratings are lower when availability is expected but does not occur
when a context-adaptive HMI is used rather than the standard HMI.

Hypothesis 4. With the context-adaptive HMI, the participants gaze at the IC less frequently
when compared to the standard HMI upon entering a road segment where availability is expected
but does not occur.

Hypothesis 5. With the context-adaptive HMI, the participants activate the ADS faster when
compared to the standard HMI if non-availability is expected but availability occurs.

3. Materials and Methods
3.1. Study Design

The study presented in this paper was conducted in the static driving simulator of the
Chair of Ergonomics at the Technical University Munich. A within-factor design was used,
which means that every participant experienced each HMI-concept. As described above,
two concepts were compared, a standard HMI vs. a context-adaptive HMI. Thus, the HMI
concepts served as the independent variable. The difference between these concepts was
the context-adaptive availability notification, which occurred in the context-adaptive HMI
but not in the standard HMI concept.

The participants were informed that they would drive the same route in the driving
simulator five times. Every journey represented the route to work for one weekday. Hence,
the first journey represented the journey to work on Monday, while journey five represented
the journey to work on Friday. The route was the same for all journeys. Every journey
consisted of a small segment leading to the highway, three visually distinguishable highway
segments and a short rural road leading to a building declared as the workplace. The ADS
was always available on one highway segment. Participants were instructed to activate
the ADS when available and to conduct NDRAs of their own choice. Smartphone usage
was allowed and additionally a tablet computer was installed in the driving simulator
with videos on it participants could watch. On Monday, Tuesday, and Thursday, the ADS
was available on the first highway segment, while on Wednesday and Friday the ADS
was available on the third highway segment. The highway segments were designed to
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be distinguishable in order for the participants to get used to the availability patterns
dependent of the segment. Consequently, in the Wednesday journey, the participants
should be surprised experiencing non-availability on the first segment and availability on
the third segment. One-half of the participants experienced the context-adaptive HMI on
Wednesday and the standard HMI on Friday, and the other half experienced the standard
HMI on Wednesday and the context-adaptive HMI on Friday, in order to avoid carry-over
effects. The availability patterns are summarized in Table 1.

Table 1. Availability Patterns and Sequence of the Concepts.

Availability of ADS Concept
Day Highway Highway Highway
Segment 1 Segment 2 Segment 3 Group1  Group2
Monday Available Not available Not available
Tuesday Available Not available Not available
Wednesday Not available Not available Available CA Not CA
Thursday Available Not available Not available
Friday Not available Not available Available Not CA CA

CA = context-adaptive.

The Monday journey served as an acclimatization drive to allow the participants
to get used to the driving simulator. The participants filled out the questionnaires after
the Wednesday and Friday journey, which were the experimental drives in this study.
Furthermore, the gaze behavior was only investigated for Wednesday and Friday, since on
these days the difference in the availability was assumed to come into effect.

3.2. Procedure

The participants were welcomed to the driving simulator and informed about the
study and its procedure. Written consent was obtained, after risks that can emerge from
driving in a simulator, such as nausea, and the possibility of withdrawing from the study
without consequences had been outlined. The participants filled in the demographic
questionnaire, asking for age, gender, experience with driving simulator studies, driving
behavior, and attitudes towards automated driving as well as to adaptive systems. They
were instructed about how the driving simulator and the automation work and were
familiarized with the system during a journey of about eight minutes, which counted as
the Monday journey. The ADS was available on the first highway segment, in order for
the test persons to learn how to activate and deactivate the automated driving function
as well as to get to know how requests to intervene (Rtls) work. The participants were
instructed that each journey represented a drive to work, thus making it apparent that the
route was the same for each round. As described in Section 3.1, participants drove a total
of five times and filled in the questionnaires investigating the subjective ratings towards
the system after the third and the fifth journey, rating the last experienced concept. This
was followed by a short structured guideline interview that asked whether the participants
were surprised by the availability pattern at some point during the study. Furthermore,
pictures of the concepts were shown, followed by questions regarding the participants’
preferences and suggestions for improvement. This completed the experiment and the
test persons left the laboratory. The whole procedure took about 90 min per participant
and was completed in one session. Due to the Covid-19 pandemic, all items touched by
the participants were sterilized and the laboratory was ventilated for at least half an hour
before the next participant arrived.

3.3. Driving Simulator and Test Track

The study was conducted in the fixed-base driving simulator at the Chair of Er-
gonomics at the Technical University Munich (see Figure 1). SILAB 6.0 from the Wiirzburg
Institute for Traffic Sciences GmbH running at 240 Hz was used to program the routes and
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implement the HMI-concepts. The driving simulation took place at 60 Hz. The ADS could
be activated by pressing a certain button on the steering wheel while control could be taken
back by either braking or pressing the same button again.

Figure 1. Driving simulator used for the study.

The three different highway segments were distinguishable for the participants due to
the road design and the environment. Figure 2 shows the segments.

The remote eye-tracking system Smart Eye, based on three infrared cameras with a
data collection rate of 60 Hz, was used to investigate gaze behavior.

Figure 2. Cont.
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Figure 2. Distinguishable highway segments—here without traffic. The first picture shows the first
highway segment, the picture in the middle the second, and the picture below shows the third
highway segment.

3.4. Human Machine Interface

The two different HMI-concepts compared in this study differed only in respect to the
context-adaptive availability notifications. Otherwise, both concepts included displays of
the velocity, maximum speed, navigation, rpm, and icons indicating the current system
state and whether ADS was available as well as the availability duration when ADS was
enabled [15,39] (see Figure 2). In the event of non-availability, the ADS icon was dark gray,
while it was white when ADS was available [40]. When ADS was active the display color
was cyan (turquoise) [41]. The HMI design was based on [42] and was further developed
for the purpose of this study.

The context-adaptive availability notifications consisted of a text displayed for 10 s,
stating “automation in this segment currently not available” in the event of unexpected non-
availability or “automation in this segment currently available” in the event of unexpected
availability. After the notification text disappeared, an information icon appeared next to
the automation icon. If participants pressed the information button on the steering wheel,
a pop-up was displayed containing the same notification text. This was implemented in
case participants missed the notification. The different displays are shown in Figure 3.

The HMI did not contain any other information or modalities than here described. An
acoustical signal, for example, was not used for indicating availability since this would
have changed the salience of the notification, which could have drawn more attention to
the IC distorting the eye-tracking data.

3.5. Dependent Variables and Measurement Methods

The subjective measures used in this study were acceptance, usability, and frustration.
Acceptance was measured using the van der Laan acceptance scale [43], consisting of nine
items using semantic differentials to assess the attitude towards the system. Moreover,
usability was measured using the system usability scale (SUS), consisting of 10 Likert-scale
items [44] and frustration, as one dimension of the workload measure investigated with
the NASA Raw Task Load Index (NASA-rTLX) [45].

To investigate whether participants looked at the IC more frequently when expecting
availability but faced by an unexpected non-availability period, the attention ratio, gaze
frequency, and gaze duration were analyzed for the first highway segment on Wednesdays
and Fridays.

Another objective measure was the time until the participants activated the ADS in
the event of unexpected availability, as it was hypothesized that participants might not
recognize the availability when it was not expected. The time was measured from the
appearance of the availability icon until activation of automation.
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Figure 3. Human-machine interface (HMI) concepts: (Top left): Manual driving; (middle left): Automation available;
(bottom left): Automation activated; (top right): Context-adaptive non-availability notification; (middle right): Pop-up
with non-availability notification; (bottom right): Context-adaptive availability notification.

3.6. Study Sample

Thirty-five participants were recruited for this study. Five of the participants left
the study due to simulation sickness. Therefore, 30 (including 10 female) participants
finished the study and were included in the statistical analysis. The mean age was M = 28.5
(5D = 3.9). Twenty-two participants stated that they study or work in a technical-related
field. Eight participants had experience with driving simulator studies with a median of
Mdn = 7.5 participations.

The Ethics Board of the Technical University Munich approved this study.

3.7. Statistical Analysis

The statistical analysis was conducted using RStudio. t-tests were conducted for the
comparisons between the standard and context-adaptive HMI concept. If the presumptions
were not fulfilled, the non-parametric alternative was chosen. Since the hypotheses were
directional, one-tailed significance tests were used.

4. Results
4.1. Subjective Data

To test whether the acceptance rating of the participants differed dependent on the
experienced HMI concept, a t-test for paired samples was conducted, after the Shapiro—
Wilk test found no violation of the normal distribution assumption (p > 0.05). No effect
was found (t = 0.26, p = 0.41) for the comparison of the acceptance mean in the standard
HMI condition (M = 0.86, SD = 0.61) and the context-adaptive HMI condition (M = 0.90;
SD =0.75).

Since the Shapiro-Wilk test revealed a violation of the normal distribution assumption
for the mean differences of the SUS scores (p < 0.01), the non-parametric alternative to the
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t-test, the Wilcoxon test for paired samples was conducted. No significant effects were
found (z = —0.90, p = 0.19) for the comparison of the SUS median for the standard HMI
condition (Mdn = 90) and the context-adaptive HMI condition (Mdn = 88.75).

The Shapiro-Wilk test for the mean differences of the Frustration dimension of the
NASA-rTLX indicated normal distribution (p > 0.05) and therefore a -test for paired
samples was conducted, finding no significant effects (t = 1.04, p = 0.16). The means were
M =4.07 (SD = 4.14) for the standard HMI condition and M = 4.70 (SD = 5.17) for the
context-adaptive condition.

To summarize these results, no effects regarding the subjective measures were found
and therefore Hypotheses 1-3 had to be rejected. Means and standard deviations of the
subjective data are summarized in Table 2.

Table 2. Means and Standard Deviations of the Subjective Ratings of Both HMI Concepts.

Measure Standard HMI Context-Adaptive HMI
M (SD) M (SD)
Acceptance (van der Laan) 0.86 (0.61) 0.90 (0.75)
Usability (SUS) 87.33 (13.37) 84.42 (15.78)
Frustration (NASA-rTLX) 4.07 (4.14) 4.70 (5.17)

4.2. Objective Data

Eye tracking data: For analyzing the eye tracking data, 3 participants had to be
excluded due to data availability under 70% [46].

No violations of the normal distribution assumption were found within the mean
differences for the attention ratio (p > 0.05). The attention ratio, which means the ratio of the
number of gazes at the IC, was higher for the context-adaptive HMI concept (M = 16.86%,
5D = 6.60%) than for the standard HMI concept (M = 14.11%, SD = 6.54%). The t-test for
paired groups showed a significant effect with a small effect size (t =2.39, p = 0.01, d = 0.46).

For the gaze frequency, the Shapiro-Wilk test did not reveal a violation of the normal
distribution assumption (p > 0.05). The t-test showed no significant effect (f = 1.02, p = 0.16)
for the comparison of the context-adaptive HMI concept (M = 0.30, SD = 0.10) and the
standard HMI concept (M = 0.28, SD = 0.10).

The Shapiro-Wilk test for the mean differences of gaze durations directed at the IC
also showed no violation to the normal distribution assumption (p > 0.05). It was higher
for the context-adaptive HMI (M = 0.58, SD = 0.17) than for the standard HMI concept
(M =0.52, SD = 0.19) with a significant medium effect (t =2.74, p < 0.01, d = 0.53).

Duration until activation: For analyzing the duration until activation, five participants
had to be excluded, since they did not activate the automated driving function while driving
on highway segment three. A Wilcoxon test was conducted, since the Shapiro-Wilk test
revealed a violation of the normal distribution assumption (p < 0.01), to test the hypothesis
that participants experiencing the standard HMI concept upon entering a highway segment
where they expect non-availability take longer to recognize the unexpected availability
leading to a longer period of non-activation. The time until activation after entering the
third highway segment, on which the ADS was unexpectedly available, was compared for
the context-adaptive HMI concept (Mdn = 4.33, M = 7.44, SD =7.58) versus the standard
HMI concept (Mdn = 5.10, M = 14.78, SD = 19.94). Since the normal assumption was violated
according to the Shapiro-Wilk test (p > 0.05), a one-sided Wilcoxon test was conducted,
showing no significant effect (z = —0.90, p = 0.18). The means and standard deviations of
the objective measures are summarized in Table 3.
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Table 3. Means and Standard Deviation of the Objective Measures.

Measure Standard HMI Context-Adaptive HMI
M (SD) M (SD)
Attention Ratio 14.11% (6.54%) 16.86% (6.60%)
Gaze Frequency 0.28 (0.10) 0.30 (0.10)
Gaze Duration 0.52 (0.19) 0.58 (0.17)
Duration until Activation 14.78 (19.94) 7.44 (7.58)

4.3. Qualitative Data

After they filled in the last questionnaires, the participants were interviewed using
a semi-structured guideline interview. A total of 97% of the participants stated that they
expected availability of the ADS on a segment where it was not available, while 86% stated
that they expected non-availability on a segment where the ADS was available.

Regarding the standard HMI concept, 53% of the participants found the information
displayed sufficient and 43% wished for notifications when availability changed unexpect-
edly. Thirty-seven percent of the participants wished for more salient icons and 10% for
reasons explaining non-availability.

Regarding the context-adaptive HMI concept, 47% of the participants wondered about
the notifications but 70% stated that they did not want them explained in the HMI. In
addition, 70% stated that they found the information given in the context-adaptive HMI
to be sufficient vs. 23% who did not find that enough information was displayed in the
context-adaptive HMI concept. Thirteen percent of the participants stated that they found
the notifications unnecessary and 47% wished for the reasons of non-availability to be
additionally displayed. Fifty percent rated the notifications helpful in general.

Finally, the participants were asked to rate the two concepts on a 5-point Likert scale.
The ratings of the context-adaptive HMI concept (Mdn = 4.00, M = 3.73, SD = 1.17) were
generally higher than the rating of the standard HMI (Mdn = 3.50, M = 3.37, SD = 0.89).
The last question was which concept the participants preferred. Eighteen participants
(60%) stated that they preferred the context-adaptive HMI concept, 8 participants (27%)
stated that they preferred the standard concept, and 13% could not decide which they
preferred. The most prominent reason for preferring the context-adaptive HMI concept
was the greater information content (37%).

5. Discussion and Limitations

This study tested the hypotheses of whether context-adaptive availability notifica-
tions, which are displayed when the participants face unexpected (non-)availability of an
automated driving function, improve the rating of the automated driving system and lead
to less gazes at the IC in cases of unexpected non-availability and to faster activation in
cases of unexpected availability.

As shown in Section 4, none of the hypotheses could be statistically confirmed. The
results of the questionnaires showed similar ratings for both concepts for acceptance,
usability, and frustration. No tendencies were revealed comparing the means, leading
to the conclusion that the context-adaptive availability notification had no effect on the
tested measures, even though the surprise in case of unexpected (non-)availability could
be evoked, as shown in Section 4.3.

Where the eye tracking data were concerned, the effect found was contrary to the
postulated one. The hypothesis was that participants, when expecting availability but
facing non-availability, would search for an availability notification in the IC, where the
availability was displayed in this study. This searching for the availability icon was
postulated to lead to increased gazes at the IC in the standard HMI condition compared to
the context-adaptive HMI condition, but the data showed that the participants actually took
more gazes at the IC in the context-adaptive HMI condition. This leads to the conclusion
that the reading of the context-adaptive notification text actually leads to more distraction
than the postulated searching for an availability icon. Considering the increased distraction,
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the findings in this study did not indicate any safety benefits evoked by the context-adaptive
HMI, which is not in accordance with the findings in the literature [29,30]. This can be
explained by the different nature of the displays. In this study, the context-adaptivity led
to additional notifications, while in the literature context-adaptivity was used to suppress
information in order to decrease distraction in safety related situations [47].

The activation time in cases of unexpected availability of the ADS tended to agree
with the hypothesis. Thus, participants activated the ADS faster when they did not expect
availability when driving with the context-adaptive HMI concept. Since the information
was the same in both concepts, this tendency can be explained by the higher salience of
the availability in the context-adaptive HMI concept. Based on this explanation, the same
effect could be achieved by giving an auditory signal when availability occurs. Moreover,
it is assumed that this tendency would be diminished if the availability icon had been
accompanied by an audible signal in both concepts in this study. Additionally, the standard
deviation of the time until activation was substantially higher in the standard condition in
comparison to the context-adaptive condition. This led to the assumption that less outliers
occur with the more salient context-adaptive availability notifications, which means that
less participants took longer than expected to recognize the availability.

The qualitative interview showed no clear preferences of participants, even though
the majority stated that they preferred the context-adaptive HMI concept. Moreover, partic-
ipants wished for reasons explaining non-availability which is in accordance with [4] and,
furthermore, the participants stated that they desired more salient availability notifications.
As explained above, this would probably lead to a decreased difference between the two
concepts regarding the activation time.

Another limitation of this study was the rather homogenous sample. Participants
mostly were students or employees of the Technical University Munich. A more heteroge-
neous sample with older participants and those without technical background could have
led to different results or to a broader range of qualitative statements.

In summary, it can be concluded that the context-adaptive availability notifications
can be beneficial for some users, especially when availability notifications are not salient,
and should contain more information, for instance, reasons for non-availability or when
the ADS will be available again [8]. Since some participants stated that they preferred
the standard HMI, it should be possible for future users to disable the context-adaptive
availability notifications. Furthermore, consideration should be given to designing them in
a less distracting way. For instance, it could be annoying for the user if each availability were
accompanied by an audible signal; however, instead the audible signal could replace the
visual context-adaptive notification and therefore only occur when the (non-)availability is
unexpected. When the ADS is unexpectedly not available, the context-adaptive notification
could be complemented with the reason for non-availability, in order to increase the
system transparency.

The similarity of the subjective ratings could be explained by the visual similarity of
the two different HMI concepts. Their only difference was in respect to the context-adaptive
notifications and, therefore, the questionnaires might not be sensitive enough to detect
these differences, especially with regard to usability. Otherwise, it is also possible that the
notifications simply do not affect the constructs acceptance and frustration.

The study design, which was simulating weekdays, might not have had the desired
outcome—Ileading to a habituation effect regarding the availability pattern, which would
explain the absent effects. Nonetheless, this is not likely because the participants stated in
the qualitative interview that they had been surprised by the changed (non-)availability.
Therefore, it can be concluded that the number of rides in this study was enough to allow
the participants to build a mental model regarding the availability patterns. It could be
shown that mental models were sufficiently built after five rides in a longitudinal study [48].
Since in this study participants drove five times in a row on one day, the mental model
might have been formed faster, which would explain why the habituation to the availability
patterns was successful.
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The most prominent reason for preferring the context-adaptive HMI concept was the
greater information content. This reason is based on an objectively wrong assumption, since
the information content was the same in both concepts. The context-adaptive notifications
only said in words what the icons in the standard HMI concept conveyed. This could lead to
the conclusion that the participants might not have understood the principle of adaptivity
in this study. Using a study design in which the context adaptivity occurs more often,
while habituation is established as in this study, could help the participants to understand
this principle. Therefore, future studies should investigate whether a difference in the
information content—existent or imagined—influences the ratings of context-adaptive
HMIs. Furthermore, research should analyze if availability notifications should be designed
more salient in general or if context-adaptivity can help in situations in which users might
oversee specific information because they do not expect them. Moreover, it should be
investigated if more realistic travel durations in combination with a longitudinal study
design could have an impact on the results of this kind of research. Another important
aspect with respect to context-adaptivity are potential consequences of false assumptions of
the system. Future studies should investigate how users react if the system adapts wrongly
or fails to adapt when this is expected.
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