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ABSTRACT

In the future, automated driving systems may combine several levels of automa-
tion. Thus, the driver’s tasks and responsibilities vary in a multi-level automated
driving vehicle. To support drivers in their tasks, the automated vehicle should pro-
vide comprehensible and perceptible feedback. Prior research has mainly focused on
information that is presented visually. However, previous studies found that vestibu-
lar feedback also has a positive effect on mode awareness. Thus, a real driving study
(N = 36) was conducted on a German highway. Participants were randomly assigned
to one of two feedback strategies and experienced manual, partially and highly auto-
mated driving. Both strategies consisted of visual-auditory feedback, with one concept
including vestibular feedback in partially automated driving. Statistical analysis reve-
aled that the strategy with additional vestibular feedback generated significantly more
trust and system comprehension. Concerning task awareness, no group differences
were found. In summary, these results indicate that the feedback strategy with dif-
ferent designs for partially and highly automated driving can increase the perceived
reliability of the automated vehicle.
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INTRODUCTION

In recent years, there has been an increasing interest in developing adva-
nced driver assistance systems (ADAS). The Society of Automated Engineers’
taxonomy for driving automation (SAE international, 2021) defined dif-
ferent levels of automation (LoA) differing in terms of assignment of the
vehicle guidance and driver’s responsibilities. During partially automated dri-
ving (Level 2), the automated vehicle can perform lateral and longitudinal
guidance, but the driver has to supervise the vehicle and environment per-
manently. In higher LoA, the driver is allowed to deflect from supervision
and perform a non-driving related task (NDRT). Future vehicles may com-
bine several LoA to a multi-level system with different responsibilities of the
driver. The co-existence of multiple assisted and automated modes might
lead to a lack of awareness of the currently active mode (Feldhütter et al.,
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2018; Lassmann et al., 2020; Sarter and Woods, 1995). A potential risk may
be that the driver behaves inappropriately (deflecting from the supervising
task although Level 2 is active) or does not respond to take-over requests
(Gold et al., 2013). Incomplete communication about functionalities, limita-
tions of the system and capabilities can reinforce the lack of mode awareness
(Sarter and Woods, 1995; Wickens et al., 2013). As a result, feedback pro-
vided by the automated vehicle should be comprehensible and support the
driver in perceiving the automated system state, intentions, and abilities
(Beggiato et al., 2015; Wickens et al., 2013).

Since the driving task or supervising the system is mainly visual and
thus stresses the visual channel, feedback should be designed multimo-
dally (Burke et al., 2016; Lee and Spence, 2008). Research in this domain
(Bengler et al., 2020) focused particularly on visual (Albert et al., 2015;
Beggiato et al., 2015), auditory (Beattie et al., 2015; Forster et al., 2017) or
haptic (Petermeijer et al., 2017) feedback. Another modality for communi-
cating system intentions is the vestibular one (Cramer, 2019; Lange et al.,
2015). The existing body of research on vestibular feedback suggests that
vehicle pitch motions should announce detecting a slower preceding vehicle
(Cramer et al., 2017a; Cramer et al., 2017b) and roll motions should notify
lane changes in the direction of its movement (Cramer and Klohr, 2019).

Although research has been carried out on feedback, Özkan et al. (2021)
highlight the need for further investigations of different feedback modalities
for communicating automation modes. Based on this, there is still uncer-
tainty about the use of various modalities at different LoA. Furthermore,
to date little attention has been paid to the role of vestibular feedback in
a multimodal concept for multi-level automated vehicles. Thus, this study set
out to examine the effect of two feedback strategies, of which one included
active vehicle motions in a multi-level system on mode awareness. In addi-
tion, the impact on trust in and acceptance of the automated vehicle was
assessed.

METHOD

Sample

The initial sample consisted of 38 participants, two of whom had to be
excluded from data analysis due to bad weather conditions and traffic jam.
Consequently, N = 36 drivers, comprising 14 females and 22 males, with a
mean age of 27.92 years (SD = 8.24, min = 20, max = 55) were available
for this study. The median mileage per year was 14,243 km (SD = 8,139)
before and 10,343 km (SD = 5,083) during the COVID-19 situation with on
average 45% highway driving. All participants had to have experience using
adaptive cruise control. This restriction was made to exclude effects on the
evaluation of higher automated systems due to first impressions with ADAS.
Moreover, 86% of the participants had experience with lane keeping assi-
stance and 69% with partially automated driving systems (e.g., traffic jam
assistance) before.
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Feedback Strategies

Both feedback strategies included the same visual information in the instru-
ment cluster and auditory signals. However, one feedback strategy comprised
additional active vehicle motions during the partially automated driving
parts. This vestibular feedback consisted of pitch and roll motions. Pitch
motions indicated a detected slower preceding vehicle, whereas roll moti-
ons announced lane changes. Visual information consisted of system’s status,
future and current maneuvers, current velocity, and a preceding vehicle,
according to literature recommendations (Beggiato et al., 2015). The detailed
design of visual elements, auditory signals and the active vehicle motions is
described in Wald et al. (2021). For this study, adjustments of the feedback
were implemented: In highly automated driving the color of the visual infor-
mation was changed from blue to green. Furthermore, a visual hint and a
sound for the transitions from one LoA to another were added.

Study Design and Procedure

The study took place on the three-lane German highway A9 between the
exits Greding and Manching, covering approximately 130 km per partici-
pant. An Audi A5 (year of construction: 2012) was used, which performed
lateral and longitudinal vehicle guidance. The driver sat in the driver’s seat.
Moreover, two experimenters accompanied the participants. The experimen-
ter in the passenger seat acted as a safety driver and used a gaming controller
to trigger lane changes, transitions, HMI elements as well as pitch and roll
motions (Cramer et al., 2018; Wald et al., 2021). The second experimenter,
seating in the back row, was responsible for questionnaires and introduced
the participants. Due to the increasing severity of the COVID-19 pande-
mic, eight participants were only accompanied by the safety driver during
data collection period. Further hygiene provisions are similar to Wald et al.
(2021).

The procedure is presented in Fig. 1. Participants were randomly assigned
to one of two feedback strategies (VA: visual-auditory, VAV: visual-auditory-
vestibular). After receiving the verbal instruction on the research topic and
their responsibilities during different LoA, participants filled out questionnai-
res on acceptance of the automated vehicle as baseline measure. Subsequently,
a vehicle instruction and the settling-in drive followed. Thereupon, the test
drive consisting of two consecutive rides with transitions (cf. Fig. 1) between
partially automated driving (L2) and highly automated driving (L4) ensued.
Participants had to monitor the environment and the system permanently in
L2 and could play a game on a tablet in L4. After each transition, partici-
pants rated their awareness of the automated vehicle functions verbally. At
the end of the test drive, questionnaires on acceptance, trust and mode awa-
reness were filled out. Subsequently, the return run including a system failure
took place. The system failure consisted of a slow deceleration on the right
lane when it was free. Due to various traffic conditions, only 25 participants
experienced the failure and again filled out the questionnaires on acceptance
and trust.
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Figure 1: Experimental procedure including transitions and the system failure.

Dependent Variables and Data Evaluation

To measure mode awareness, the questionnaire by Othersen (2016) was
applied after the test drive. It consists of seven statements such as ‘Even in
complex situations, I was aware of what the systemwas doing andwas able to
follow the system’s actions well’. The statements were rated on a fifteen-point
scale consisting of five categories from “very little” to “very strong”. More-
over, participants were asked to validate their task awareness for the three
LoA (L0, L2 and L4) with the statement “I was always aware which tasks
I had and which ones the system had” (Othersen, 2016). Trust was asses-
sed after the test drive and the system failure with the German translation
of the questionnaire of Körber (2019) using the subscales Reliability/Com-
petence, Understanding/Predictability, and Trust in Automation. Participants
rated the subscales on a five-point Likert scale ranging from 1 (“strongly disa-
gree”) to 5 (“strongly agree”). Acceptance was evaluated with the German
version of the acceptance scale by van der Laan et al. (1997) consisting of the
subscales usefulness and satisfying. Participants rated nine pairs of adjectives
on a five-point rating scale. Both scales were assessed after the instruction,
after the test drive and after the system failure.

Data was analyzed and visualized with R. To investigate the effect of
the feedback strategy after the test drive, a t-test for independent samples
was used. If the normal distribution was violated (indicated by Shapiro-
Wilk test), the nonparametric Mann-Whitney U test was used. Concerning
the system failure, a mixed analysis of variance (ANOVA) with time of
measurement as the within-subject factor and feedback strategy as the
between-subject factor was conducted. Analysis was performed and inter-
preted despite normal distribution violation, as ANOVA is robust against a
violation (Blanca et al., 2017). Greenhouse–Geisser corrected degrees of fre-
edom are reported when Mauchly’s test for sphericity showed significance.
False discovery rate for posthoc comparisons was controlled with Benjamini-
Hochberg corrected p-values (Benjamini andHochberg, 1995). A significance
level of α = 0.05 was applied.

RESULTS

Mode Awareness

Statistical analysis of the statements after the test drive revealed no signifi-
cant differences of the feedback strategies for system awareness (U = 173,
p = .701, r = 0.09), monitoring behavior (U = 153.5, p = .785, r = 0.13),
task awareness (U = 168, p = .837, r = 0.16), awareness to intervene



Different Feedback Strategies: Evaluation of Active Vehicle Motions 371

Figure 2: Ratings of the task awareness at different LoA depending on the feedback
strategy with VA = visual-auditory, VAV =visual-auditory-vestibular.

(U = 127.5, p = .265, r = 0.1), surrender control (U = 139, p = .444,
r= 0.02) and temporal monitoring (t(34)=−0.46, p= .648, r= 0.06). How-
ever, the strategy with additional vestibular feedback in partially automated
driving generated significantly more system comprehension (VA: M = 9.83,
SD = 3.7, VAV: M = 12.67, SD = 2.11, U = 81, p = .009, r = 0.39).

Concerning the task awareness for each LoA, results are depicted in Fig. 2.
Analysis of variance yielded a significant main effect for level of automation
(F(1.4,47.71) = 12.68, p < .001, η2p = 0.27).

Post-hoc Benjamini-Hochberg comparisons revealed that manual driving
(M = 14.81, SD = 0.71) generated significantly more task awareness than
partially automated driving (M = 12.64, SD = 3.08, p < .001) and highly
automated driving (M = 14.19, SD = 1.6, p = .027). Furthermore, the post-
hoc tests showed significant differences between highly automated driving
and partially automated driving (p = .009). However, ANOVA did neither
yield a significant main effect for feedback (F(1,34) < 1) nor an interaction
effect (F(1.4, 47.71) = 2.05, p = .153, η2p = 0.05).

Trust

Overall, both strategies were perceived as reliable, predictable, and generated
high trust in automation. The results are presented in Fig. 3. The feedback
strategy with vestibular feedback in partially automated driving was percei-
ved as significantly more reliable (VA:M = 3.56, SE = 0.12, VAV:M = 3.95,
SE = 0.14, t(34) = -2.23, p = .033, r = 0.31) and generated more trust in
automation (VA: M = 3.92, SE = 0.19, VAV: M = 4.5, SE = 0.17, U = 86,
p = .013, r = 0.37). Predictability indicated no significant difference betw-
een both strategies (VA: M = 4.21, SE = 0.14, VAV: M = 4.28, SE = 0.11,
t(34) = -0.39, p = .07, r = 0.13).

Concerning the system failure (N = 25), ANOVAs for each subscale
indicated neither significant differences between the feedback strategies nor
significant interaction effects for either subscale (p > .05). The perceived
reliability of the system, independent of the feedback strategy, decreased
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Figure 3: Results of the trust questionnaire for the feedback strategies with VA= visual-
auditory and VAV = visual-auditory-vestibular.

significantly after the system failure (after test drive: M = 3.85, SE = 0.11,
after system failure: M = 3.64, SE = 0.14, F(1,23) = 9.41, p = .005,
η2p = 0.3). However, the analysis yielded no significant main effect for time
of measurement for predictability and trust in automation.

Acceptance

The ANOVAs for usefulness and satisfying yielded neither a main effect
nor an interaction effect (p > .05). Regarding the system failure (N = 25),
analysis of variance for usefulness did not reveal an effect of feed-
back (F(1,23) = 2.32, p = .141, η2p = 0.09) nor an interaction effect
(F(2,46) < 1). However, it yielded a significant effect for time of measure-
ment (F(2,46)= 8.03, p < .001, η2p = 0.26). Following post-hoc analysis using
Benjamini-Hochberg correction revealed that the usefulness increased from
baseline (M = 0.42, SE = 0.06) to after the test drive (M = 0.57, SE = 0.06,
p = .028), and after the system failure (M = 0.66, SE = 0.07, p = .008). The
ANOVA for satisfying also yielded a significant effect for time of measure-
ment (F(2,46)= 4.03, p= .025, η2p = 0.15) but post-hoc Benjamini-Hochberg
tests represented no significant differences. Moreover, inferential statistics
did neither yield a significant main effect for feedback (F(1,23) < 1) nor an
interaction effect (F(2,46) < 1).

CONCLUSION

This study set out with the aim of assessing the effect of different feedback
strategies on driver’s mode awareness in a multi-level system with partially
and highly automated highway driving. Furthermore, the influence on trust
in and acceptance of the automated vehicle was investigated. For that pur-
pose, two different feedback strategies, one involving additional active vehicle
motions in partially automated driving were evaluated.



Different Feedback Strategies: Evaluation of Active Vehicle Motions 373

Findings of the study indicated that the strategy with vestibular feedback
resulted in better system comprehension than the visual-auditory strategy.
However, neither significant differences between the strategies for the other
subscales of mode awareness nor for task awareness for each LoA were
found. Indeed, results revealed that partially automated driving generates
less task awareness than manual and highly automated driving. These results
reflect those of recent studies (Feldhütter et al., 2018; Petermann-Stock,
2015) indicating that either the driver or the vehicle should be fully responsi-
ble for driving since shared vehicle guidance makes task comprehension more
difficult.

As suggested by previous studies (Cramer, 2019; Wald et al., 2021), both
strategies were rated as trustworthy, useful and satisfying. On closer consi-
deration of trust, the visual-auditory-vestibular feedback strategy was rated
as more reliable and generated more trust in automation. These results dif-
fer from data obtained in Wald et al. (2021), but they are consistent with
findings of Cramer (2019). Concerning the system failure, no group differe-
nces for trust and acceptance were found. This result may be explained by
the fact that only 25 participants experienced the failure. The smaller group
size could have affected the result in a negative way. However, the reliability
decreased and the usefulness of the automated vehicle increased over time,
regardless of the feedback strategy. Thus, it can be assumed that increasing
experience with an automated vehicle improves its assessment. These results
need to be interpreted with caution due to the small group size.

The generalizability of these results is subject to certain limitations. Due
to the real-world scenario, standardization is difficult since the surrounding
traffic and the weather cannot be manipulated. However, to ensure similar
conditions, the study took place at the same times of the day for all parti-
cipants. Moreover, due to a self-selection bias, mainly persons interested in
automated driving might have taken part in this study, which could have
affected subjective ratings. Thus, future studies also could include partici-
pants with less interest in automated driving. In addition, further research
should be undertaken to investigate long-term effects of different feedback
strategies with vestibular feedback.

Overall, the present study contributes to the existing knowledge of feed-
back concepts in automated driving. The findings of this investigation com-
plement those of earlier studies and suggest that a feedback strategy with
different designs for partially and highly automated including vestibular feed-
back seem to have the possibility to enhance task awareness and trust in
automated vehicles.
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