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Abstract: Current research in human factors and automated driving is increasingly focusing on
predictable transitions instead of urgent and critical take-overs. Predictive human–machine interface
(HMI) elements displaying the remaining time until the next request to intervene were identified
as a user need, especially when the user is engaging in non-driving related activities (NDRA).
However, these estimations are prone to errors due to changing traffic conditions and updated
map-based information. Thus, we investigated a confidence display for Level 3 automated driving
time estimations. Based on a preliminary study, a confidence display resembling a mobile phone
connectivity symbol was developed. In a mixed-design driving simulator study with 32 participants,
we assessed the impact of the confidence display concept (within factor) on usability, frustration,
trust and acceptance during city and highway automated driving (between factor). During automated
driving sections, participants engaged in a naturalistic visual NDRA to create a realistic scenario.
Significant effects were found for the scenario: participants in the city experienced higher levels of
frustration. However, the confidence display has no significant impact on the subjective evaluation
and most participants preferred the baseline HMI without a confidence symbol.
Keywords: automated driving; human–machine interface; confidence display; usability

1. Introduction
The ongoing development of automated driving functions in the automotive industry and the
presence of SAE International Level 2 systems such as the Tesla Autopilot on the market give rise
to new challenges for the internal human–machine interface (HMI) design. Recent human factors
research on Level 3 automation has shifted from urgent and time-critical transitions to predictable and
non-critical situations, as these are likely to occur more often than emergency requests to intervene
(RtIs) [1]. System limits causing planned RtIs may for example include highway exits, sections with
missing lane markings and complex city infrastructure such as crossings. Level 3 automated driving
systems will consequently be restricted to certain parts of a drive. Furthermore, users do not need
to monitor the system [2] and thus engaging in non-driving related activities (NDRA) becomes legal.
With limited availability comes the possibility of interrupting an NDRA, thus potentially causing
negative effects such as annoyance and higher workload (see Janssen et al. [3] for an overview). In line
with this, Danner et al. [4] and Hecht et al. [5] identified information about the remaining automated
driving time as a main user need, as different activities were found to require different time budgets
and time budget information may help users to develop a correct mental model.
To fulfill user needs regarding time budget information, studies have investigated effects of
predictive HMI solutions featuring the remaining time until an upcoming RtI or an overview of
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the complete trip and its automated driving sections to improve plannability and interruption
management [1,6–8]. Depending on the implementation of such predictive HMI elements, workload,
usability and acceptance can be improved [1,6,8]. However, due to traffic jams, accidents or updated
infrastructure information, predicted time budgets are prone to changes and time leaps may diminish
positive effects of the predictive HMI. Based on an exploratory driving simulator study, Danner et al. [9]
consequently proposed a confidence display for time budget estimations. With the presented study,
we thus want to assess the effects of adding a confidence information to a predictive HMI (i.e.,
time budget estimation) when engaging in a common naturalistic NDRA.
1.1. Confidence Displays
The visualization of uncertainty information has already been an important topic in aviation [10]
and for recommender systems [11]. Moreover, confidence displays gain importance in the automotive
industry due to the ongoing development of advanced driving assistance functions.
Shani et al. [11] researched confidence displays for recommender systems for news stories,
video clips, shopping items, etc. In a user study, they found some displays to be more understandable
and better liked by the users: Concepts inspired by well-known displays in other areas (e.g., the bar
chart from phone connectivity or fuel gauge) are favored. Furthermore, discrete confidence displays
with a relatively low number of scores are best understood and require the least (or even no) training.
Moreover, trust in confidence displays was found to be built up over time (users require a few
interactions before they are willing to trust the displays). However, in a subsequent second user
study, no evidence was found for the support of users in the identification process of relevant items.
Users even required more time and gained no significant accuracy improvement.
In the automotive industry, confidence information was used by Stockert et al. [12] to enrich
information on the status of an advanced cruise control (ACC) system. The researchers found
advantages of the confidence display concept in shorter reaction times to critical events and positive
effects on secondary task engagement. Moreover, usability was increased. No effects, however,
were proven for workload and acceptance. According to Feierle et al. [13], the degree of certainty with
which the automation can cope with a situation is not relevant when no RtIs occur. However, with the
ongoing research into automated driving with limited availability, concepts displaying the ability of
the car to drive automated were assessed. Large et al. [14] used a horizontal multi-step (traffic light)
color-coded bar to display the reliability of the Level 3 automated driving function. Some participants
reported having adapted their NDRA engagement to the system status, while some did not notice
changes in the bar and thus did not adapt. However, the concept was not evaluated further. A similar
concept was implemented by Helldin et al. [15]. Their vertical seven-step autonomous scale led
to better performance in take-over situations; participants with the concepts looked away from the
road more often and were more comfortable while performing NDRAs. Similarly, Beller et al. [16]
evaluated a concept presenting uncertainty information of the automated driving functions using a
face with an expression of uncertainty and hand gestures. They found the concept to increase the
time to collision in the event of automation failure and hints for improved situation awareness and
better knowledge of fallibility. In addition, higher trust ratings and increased acceptance were reported.
Another visualization was chosen by Kunze et al. [17]. They used a heartbeat concept that also included
a numerical display to communicate system uncertainties during Level 3 automated driving and also
found positive effects on trust and situation awareness. However, operator workload was increased
and users were impeded in the execution of the visual search task.
In summary, studies on confidence information show positive effects of such displays. However,
results are to some extent contradictory when used to display the reliability of automated driving
functions. Confidence displays are also an issue in other disciplines and studies have already
investigated the advantages and disadvantages of several ways of displaying the uncertainty
information: Concepts based on well-known interfaces and discrete displays with a relatively low
number of scores are most understandable. However, the authors are not aware of any study that
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help prevent frustration that can result from unfulfilled expectations regarding automated driving
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Figure 2. Visualization of the advanced HMI including: time budget (1); confidence level (2);
and message time budget adjustment (3).
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2.4. Procedure
2.4. Procedure
Upon participants’ arrival, they were welcomed and their written consent was obtained.
Upon participants’ arrival, they were welcomed and their written consent was obtained. An
An overview was given, and participants filled out a demographic questionnaire including questions
overview was given, and participants filled out a demographic questionnaire including questions on
on age, gender, driving experience and participation in previous driving simulator studies. After the
age, gender, driving experience and participation in previous driving simulator studies. After the
parameters of the driver’s seat were set, written instructions were given to the participants.
parameters of the driver’s seat were set, written instructions were given to the participants. These
These included a description of the activation and deactivation process of the automation and
included a description of the activation and deactivation process of the automation and an
an explanation of the time budget information. Furthermore, the possibility of time leaps and the
explanation of the time budget information. Furthermore, the possibility of time leaps and the
respective textbox in the instrument cluster were explained. Participants then drove a test drive of
respective textbox in the instrument cluster were explained. Participants then drove a test drive of 8–
8–10 min to familiarize themselves with the simulator and the activation and deactivation process
10 min to familiarize themselves with the simulator and the activation and deactivation process of
of the automation. The drive was performed on either highway or city roads, depending on the
the automation. The drive was performed on either highway or city roads, depending on the
participant’s allocation to an experimental group. The drive included both manual and automated
participant’s allocation to an experimental group. The drive included both manual and automated
driving periods. Participants experienced the baseline HMI (with time budget information but without
driving periods. Participants experienced the baseline HMI (with time budget information but
confidence symbol) including two RtIs. After the test drive and another short instruction, the first
without confidence symbol) including two RtIs. After the test drive and another short instruction, the
experimental drive started, featuring either the baseline or the advanced HMI concept. Similar to
first experimental drive started, featuring either the baseline or the advanced HMI concept. Similar
the pre-study, no additional instruction was given regarding the confidence display or the research
to the pre-study, no additional instruction was given regarding the confidence display or the research
purpose. We assumed the concept to be easily understandable as it is based on a well-known symbol
purpose. We assumed the concept to be easily understandable as it is based on a well-known symbol
and pre-study results and was described in the instrument cluster using a permanent text.
and pre-study results and was described in the instrument cluster using a permanent text.
Participants were instructed to engage in an NDRA with their phone or the tablet provided
Participants were instructed to engage in an NDRA with their phone or the tablet provided
(featuring videos and games) and activate the automation as soon as possible. These NDRA were chosen
(featuring videos and games) and activate the automation as soon as possible. These NDRA were
because of their popularity causing high motivation to engage [21,22] and their comparable visual
chosen because of their popularity causing high motivation to engage [21,22] and their comparable
distraction. The system was defined as an SAE Level 3 automation that did not need to be supervised
visual distraction. The system was defined as an SAE Level 3 automation that did not need to be
by the user. It did not include a minimal risk maneuver. Following the first experimental drive,
supervised by the user. It did not include a minimal risk maneuver. Following the first experimental
questionnaires (see Section 2.6) were administered. Participants then drove the second experimental
drive, questionnaires (see Section 2.6) were administered. Participants then drove the second
drive and answered the same set of questions. Each drive lasted about 20 min. Finally, a post-study
experimental drive and answered the same set of questions. Each drive lasted about 20 min. Finally,
questionnaire was given with questions on participants’ favorite HMI concept, their perception
a post-study questionnaire was given with questions on participants’ favorite HMI concept, their
of time leaps and whether they wanted additional HMI modalities to inform them about time
perception of time leaps and whether they wanted additional HMI modalities to inform them about
leaps. Furthermore, participants had the chance to comment the study, the HMI and the simulator.
time leaps. Furthermore, participants had the chance to comment the study, the HMI and the
All participants had the chance to win a €20 Amazon voucher. The whole experiment lasted about
simulator. All participants had the chance to win a €20 Amazon voucher. The whole experiment
75 min.
lasted about 75 min.
2.5. Apparatus
2.5. Apparatus
The experiment was conducted in a mock-up located at the Chair of Ergonomics at the Technical
The experiment was conducted in a mock-up located at the Chair of Ergonomics at the Technical
University of Munich (see Figure 4). The mock-up consisted of three ultra HD (4096 × 2160 px) 55”
University of Munich (see Figure 4). The mock-up consisted of three ultra HD (4096 × 2160 px) 55”
monitors, displaying a 120° field of view including the rear mirror. Two additional displays
represented the side mirrors. The instrument cluster featuring the developed HMI was displayed on

a 13” monitor located behind the steering wheel. Steering wheel and pedals (by SensoDrive) and a
motion platform from D-BOX (to induce pitch and roll motions) were installed. The simulator was
run with the driving simulator software SILAB 6 from Würzburg Institute for Traffic Sciences
(WIVW).
The Technol.
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driving
Multimodal
Interact. 2020,
4, 36 automation was capable of taking over longitudinal and lateral
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Figure
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Figure 4.
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study.

The implemented
2.6. Dependent
Variablesdriving automation was capable of taking over longitudinal and lateral guidance.
It was activated and deactivated from a button on the steering wheel. Due to technical limitations,
To test the acceptance of the system, van der Laan’s acceptance scale [23] was implemented.
the city automation had to be activated at a speed of 30 km/h or lower, which was not the case for
Nine items are rated on a 5-point scale from −2 to 2 (semantic differential), separated between the two
the highway automation. Drivers were informed of the time until the next system limit through the
dimensions satisfaction and usefulness. Furthermore, the NASA-RTLX [24] was used to measure
predictive HMI in both HMI conditions. Additionally, cascade auditory warnings 28, 14 and 7 s prior
workload and the subscale frustration on scales from 0 to 20. The system usability scale (SUS) [25]
to the system limits, as well as text boxes (“Please take over in 28/14/7 seconds”), conveyed different
was used to assess usability. Its ten items are rated on a 5-point Likert scale. Moreover, a single-item
levels of urgency. The availability of the system was indicated by an auditory icon and a textbox in the
question on trust (“I trust the system”; 1 = I don’t agree at all, 5 = I completely agree) was used. Based on
instrument cluster.
the literature presented, the following hypotheses were formulated:
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Hypothesis 3 (H3). Displaying the confidence in an automated driving time budget influences the usability of
the system.
Hypothesis 4a (H4a). Displaying the confidence in an automated driving time budget influences participants’
frustration level.
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Hypothesis 4b (H4b). The scenario (city vs. highway) influences participants’ frustration level.

2.7. Participants
The sample consisted of N = 32 participants, 16 per scenario condition. In total, 25 participants
were male and seven female. The average age was M = 31.56 years (SD = 7.16). Thirteen participants
drive less than 5000 km/year, seven between 5001 and 10,000 km/year, four between 10,001 and
15,000 km/year, six between 15,001 and 20,000 km/year and two more than 20,000 km/year. Thirteen
participants (40.63%) had taken part in a driving simulator study before and nine participants (28.13%)
were students. Participants rated their experience with automated driving mainly as “medium”
(34.38%).
2.8. Statistical Analysis
Statistical analysis was performed using IBM SPSS 24. To test hypotheses, mainly analyses
of variance (ANOVA) were conducted or, if the prerequisites had not been fulfilled,
relevant non-parametric tests. Likert scales and semantic differentials that are used for calculating total
scores are considered suitable for parametric testing, whereas single-item responses are considered
to be of ordinal character and thus required non-parametric testing [26]. As ANOVA was found to
be sufficiently robust to withstand any violation of normal distribution, it was calculated even in the
event of normality violation [27]. Levene’s test was used to assess variance homogeneity. As the effects
of the two HMI concepts were tested multiple times for subjective ratings, the alpha level was adjusted
using the Bonferroni-Holm method. The alpha level initially tested was α = 0.05.
2.9. Ethical Approval
The Ethics Board of the Technical University of Munich provided ethical approval for this study.
The corresponding ethical approval code is 539/19 S-SR.
3. Results
3.1. Subjective Rating
Means and standard deviations for all subjective measures, subdivided into advanced and
baseline HMI, as well as highway and city scenario, can be found in Table 1. A principal component
analysis (PCA) was calculated with regard to van der Laan’s acceptance scale. The two dimensions,
usefulness and satisfaction, could not be confirmed in the PCA and therefore an overall score for
acceptance was calculated as a mean of the values from −2 to 2 of all nine items. To test effects on
acceptance, a 2 × 2 ANOVA was calculated. The error variances were homogeneous, as assessed by
Levene’s test (p > 0.05). The ANOVA was not significant for the within factor HMI (F(1, 30) = 0.00,
p > 0.999). Furthermore, there was no interaction effect (F(1, 30) = 2.97, p = 0.10) and no effect of the
between factor scenario (F(1, 30) = 1.23, p = 0.532).
To assess the effects on trust, non-parametric tests were calculated because the single-item question
does not fulfill requirements for ANOVA. To test the within factor, a Wilcoxon test was calculated and
revealed no significant effect of the HMI concept on trust (z = −1.10, p > 0.999, n = 32). In addition,
no significant effect was found for the between factor scenario calculating a Mann–Whitney U test
(z = −1.69, p = 0.273, n = 32).
To test effects on usability, a 2 × 2 ANOVA was calculated. The assumption of homogeneity was
fulfilled for all times of measures. The ANOVA was significant for neither the within factor HMI (F(1,
30) = 0.35, p > 0.999) nor the between factor scenario (F(1, 30) = 1.29, p = 0.552). Furthermore, there was
no interaction effect between the concepts and the scenarios (F(1, 30) = 1.12, p = 0.299). According to
Bangor et al. [28], average SUS scores of the highway drives can be interpreted as good (advanced
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HMI: M = 83.59) and excellent (baseline HMI: M = 86.66). In both city drives, the concepts were rated
as good.
Table 1. Means (and standard deviations) for subjective measures.
Dependent Variable
Acceptance
Trust
Usability
Frustration

HMI Concept
Scenario
Highway
City
Highway
City
Highway
City
Highway
City

Advanced

Baseline

1.13 (0.59)
1.03 (0.45)
4.38 (0.86)
3.94 (1.12)
83.59 (13.87)
79.38 (20.94)
0.63 (0.96)
1.75 (1.91)

1.22 (0.42)
0.93 (0.60)
4.00 (1.32)
3.88 (0.89)
86.88 (10.55)
78.44 (19.51)
0.38 (0.62)
2.63 (3.98)

To assess the effects on frustration, non-parametric tests were calculated. For the within factor, a
Wilcoxon test revealed no significant effect of the HMI concept on trust (z = − 0.22, p > 0.999, n = 32).
However, a significant effect was found for the between factor scenario calculating a Mann–Whitney
U test (z = −3.17, p = 0.008, n = 32, r = 0.56): frustration is higher for the city condition than on the
highway (with a strong effect size).
3.2. Post-Study Questions
In the overall rating, 21 participants (65.63%) preferred the baseline concept; 11 liked the advanced
concept with the confidence display better. Eighteen participants (56.25%) felt not supported in
their activity planning by the confidence display, eight (25%) were undecided and six (18.75%)
agreed. Half of the participants stated that they had recognized that there were both extensions
and reductions of the time budget in each experimental drive. Of those who recognized the time
leaps, extensions in the automated driving time were rated mostly positive (10 positive, 6 neutral
and 0 negative). Reductions in the automated driving time budgets were evaluated as mostly neutral
(0,11 and 5, respectively). Twenty-six participants stated that they were highly involved in their NDRA.
Four participants wanted to be informed about time leaps via voice message, 15 wanted an auditory
icon, 7 an LED conveying the information, and 11 desired no additional notification (multiple answers
possible). In the open comments, two participants mentioned problems interpreting the confidence
symbol. Two participants rated the symbol positive and one as irrelevant.
3.3. Subset of Data: Time Leaps Noticed
To further analyze the effect of the confidence display on subjective measures, the subset of 16
(10 highway and 6 city) participants who stated to have noticed the leaps was assessed separately.
Among them, three participants (18.75%) preferred the advanced concept (compared to 50% of those
who did not note the leaps). Very similar to the complete sample, 56% of the participants did not feel
supported in their NDRA planning and engagement by the confidence symbol, 19% did and 25% were
undecided. Further subjective measures (see Table 2) descriptively show no effects of the HMI concept
on acceptance, slightly improved trust and frustration levels for the advanced concept and a better
usability rating for the baseline concept. Due to the explorative character of this analysis, no statistical
tests were calculated.

Multimodal Technol. Interact. 2020, 4, 36

9 of 12

Table 2. Data subset with means (and standard deviations) for subjective measures.
Dependent Variable
Acceptance
Trust
Usability
Frustration

HMI Concept
Advanced

Baseline

0.98 (0.61)
4.19 (0.83)
80.78 (13.65)
1.94 (1.12)

0.99 (0.52)
3.63 (1.26)
85.47 (10.01)
2.81 (3.73)

4. Discussion
With the HMI concept presented, we aimed to improve the value of time budget estimations for
automated driving time by adding a confidence level as an additional element for a predictive HMI
in cases where time leaps occur due to changing traffic or environmental information. We expected
our concept to improve usability, trust, frustration and acceptance in a common NDRA setting.
Furthermore, we assumed that the scenario (highway vs. city) would have an influence with regard to
frustration and acceptance. However, the HMI concept with the confidence display did not show any
positive or negative impact on the subjective evaluation. The only significant influence was found for
frustration: the city scenario has a negative impact on the level of frustration.
The increased level of frustration in the city scenario might be due to the driving automation
implemented. The city automation occasionally leads to problems with the activation of the system
and should only be activated at speeds lower than 30 km/h. This is, however, not the case with the
highway automation. High standard deviations of city frustration ratings undermine the possible
influence of occasional automation imperfections.
Unexpectedly, no effect was found for the confidence display. A possible explanation is that
participants did not understand or trust the confidence symbol. Despite our effort to design an
intuitive symbol (including a textual description), two participants explicitly mentioned difficulties
understanding the confidence symbol. Instructing the participants on the confidence display or
training them in using it might have an impact on the way the system is evaluated. Short interaction
time and familiarity bias may have favored the familiar baseline concept in this study. However,
extensive training does not reflect a naturalistic scenario and was therefore omitted.
Furthermore, half of the participants indicated that they were not aware of all the time leaps, most
likely because of the visually distracting NDRA and the small leaps (2–3 min). Those who noted the
time leaps were less likely to prefer the confidence display than those who did not, strengthening
the rejection of the concept. According to participants, auditory or ambient information could be
implemented to raise awareness for the leaps. However, the evaluation of such accentuations will
most likely depend on the frequency of time leaps and personal preferences. Depending on the current
NDRA, it may also be perceived as rather annoying and thus decrease acceptance [3]. However,
further evaluation could compare an LED-based notification concept with an auditory icon and no
accentuation to further investigate this issue.
Moreover, the confidence concept might generate limited benefit for the users, because they can
only be sure that there are no time leaps if the confidence display is at 100%. This was the case during
13 out of 17 min of automated driving time (see Figure 3). Nonetheless, only 19% felt supported in their
activity planning by the confidence symbol. In conclusion, this study adds to previous contradictory
results of confidence display studies. In some studies, confidence displays achieved no improvements
or even some disadvantages [11,12,17]. Moreover, in today’s navigation systems, which suffer the
same problem, no confidence is given in the arrival time estimation. Time leaps in the estimated arrival
time seem to be accepted.
Future studies might investigate the usefulness of a confidence information when engaging in
time critical NDRAs. The chosen activity in this study represented a very common activity. A setting
with more time pressure and more motivation to achieve a predefined goal might generate positive
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effects of a confidence display, as in such a scenario the confidence display might help the user to
anticipate whether or not he will be able to finish his NDRA without interruption. This knowledge
might have been of no importance in our study, due to the unimportance of the NDRA. If there are
positive effects in such cases, the confidence display can for example only be displayed if the user
wishes to engage in such activities and desires confidence information to improve NDRA planning.
5. Conclusions
In this study, we followed a new approach to add value to automated driving time budget
estimations. A confidence display resembling a mobile phone connectivity bar was implemented
to visualize confidence in the system’s ability to estimate automated driving time. Neither positive
nor negative effects on the subjective evaluation of the confidence display were found in a driving
simulator study in a common and naturalistic NDRA setting (mobile device use). The majority of
participants preferred a predictive HMI without a confidence level.
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