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Figure 1: Ghost driver wearing car seat costume and sitting behind the wheel of Wizard of Oz Automated Vehicle
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ABSTRACT
Automated vehicles (AVs) are expected to encounter various am-
biguous space-sharing con�icts in urban tra�c. Bottleneck sce-
narios, where one of the parts needs to resolve the con�ict by
yielding priority to the other, could be utilized as a representative
ambiguous scenario to understand human behavior in experimental
settings. We conducted a controlled �eld experiment with a Wizard
of Oz automated car in a bottleneck scenario. 24 participants at-
tended the study by driving their own cars. They made yielding, or
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priority-taking decisions based on implicit and explicit locomotion
cues on AV realized with an external display. Results indicate that
acceleration and deceleration cues a�ected participants’ driving
choices and their perception regarding the social behavior of AV,
which further serve as ecological validation of related simulation
studies.

CCS CONCEPTS
•Human-centered computing! Displays and imagers; Field
studies; User studies; Interface design prototyping.
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1 INTRODUCTION
Imagine yourself driving your regular car and approaching a narrow
passage where two cars are parked on both sides of the road. On the
opposite side, a passengerless self-driving vehicle is approaching
the narrowing almost at the same time as you are. Who is going to
take priority, and why? Even when fully automated vehicles will
become available, there will be a longer phase of “mixed tra�c”,
where both automated and manually driven vehicles are present.
Game of chicken scenarios with automated vehicles (AVs) as in
this example pose a crucial consideration for the usability of the
services of AVs, such as, how their intention will be understood by
humans, and if humans change their social behavior around them.
In ambiguous scenarios, humans rely on informal communication
originating from vehicle locomotion cues such as acceleration, and
from humans, such as gestures and eye contact. While previous
simulation studies suggest that vehicle locomotion cues may su�ce
to resolve the con�icts in bottleneck scenarios [46], an explicit
indication of locomotion intention helps to resolve the con�icts
more e�ciently [57].

We validated these insights on a controlled test track study by
using the Wizard of Oz (ghost driver) method [62]. In our study, we
tested explicit locomotion intention cues conveyed with an external
display in a realistic bottleneck scenario. Thereby, we hypothesized
that in this ambiguous driving scenario, indicating locomotion
intention cues with an external interface will alter (1) the driving
choices of participants, (2) social perception of AV, and (3) trust in
AV compared to non-indication of locomotion intention cues.

2 BACKGROUND
This section presents general AV-human interaction dynamics and
con�icts, assistive role of external communication interfaces with
an emphasis on bottleneck scenarios. It also reviews social interac-
tion dynamics and the role of trust in AV-human interaction.

2.1 AV-Human interaction
Markkula et al. [41] de�ne interactions as a space-sharing con�ict
in tra�c or an “event with a collision course where interactive
behavior is a precondition to avoid an accident”. Some interactions
can be resolved seamlessly by following predetermined tra�c rules,
while others, where the rules or the intentions of other road user(s)
are unclear, require special communication between road users
[18]. In such ambiguous situations, communication between both
road users is particularly important. For example, Risto et al. [60]
showed that pedestrians rely particularly on communication with
drivers when crossing roads. If communication is missing or mis-
understood, it can lead to the participants feeling uncomfortable
in the crossing situation, or in the worst case, con�icts. This raises
the question: how do road users decide who goes �rst and how is
this communicated?

Communication between di�erent tra�c participants can be
classi�ed as explicit and implicit: explicit communication, such as
simple gestures of waving, nodding, smiling, or blinking with car
lights, can be helpful to signal the intention to other road users
[16, 50, 70]. For example, in the study by Myers et al. [51], more
drivers yielded when pedestrians showed hand signals compared to
no signals. Moreover, early research in the �eld of AV-pedestrian in-
teraction centered around the assumption of the critical importance
of eye contact. Indeed, eye contact was shown to help establish
communication and situation awareness between driver and pedes-
trian [26, 40, 54]. However, as the research matured, the critical
importance of explicit communication and eye contact in normal,
unambiguous situations was largely disproved. Numerous subse-
quent (more recent) studies highlight that explicit communication
and eye contact are not as important a factor in crossing decisions,
and that vehicle kinematics (movement patterns) play a much more
important role in vehicle-pedestrian interaction [3, 16, 36, 49]. Šucha
et al. [65] also corroborated the importance of vehicle kinematics
by showing that the speed of the vehicle is a particularly important
determinant of crossing willingness in pedestrians, along with the
distance of the car, tra�c density, and direction of approach. How-
ever, there is evidence that when the situation is ambiguous and
the intention of the vehicle is not clear, pedestrians resort to ex-
plicit communication to seek con�rmation [16]. In the case of road
users interacting with Automated Vehicles (AVs) in such ambiguous
situations where the intention of the vehicle is not clear from its
kinematics alone, the lack of explicit, driver-centric communication
poses a problem.

To solve the communication problem of missing driver-centric
communication in AVs, eHMIs (External Human-Machine Inter-
faces) have been proposed. eHMIs are visual or auditory inter-
ventions geared towards communicating with other road users to
disambiguate the intention of an AV. Various eHMI concepts have
been proposed to date, and the design space for eHMIs is �lled
with di�erent implementations which vary in terms of modality,
placement, message, and many other dimensions [13]. Although
there is no consensus with regard to the nature of eHMIs, numerous
studies that have evaluated eHMIs in various forms have shown
them to be e�ective solutions [1, 11, 12, 20, 27, 30]. Furthermore, in
their real-world AV-pedestrian interaction experiment, Dey et al.
[15] showed that when the intention of the vehicle is clear from its
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movement/kinematics alone, pedestrians do not need an eHMI, but
it can disambiguate situations where the intention of the vehicle is
unclear from vehicle kinematics.

2.2 Bottleneck/Game of Chicken Scenarios and
eHMI

One of the classic scenarios of ambiguity, when AVs interact with
Manually-Driven Vehicles (MDVs – non-automated, ordinary cars),
arises when there is a deadlock or bottleneck situation without
any clear rules that dictate the right of way, and there is a clear
need for initiating a communication within a comfortable window
of time for a seamless interaction [56]. Previous work has shown
that vehicle kinematics still have a signi�cant role to play here in
communicating intent – lateral movement within the road (driving
close to the edge of the road vs. occupying more road space by driv-
ing in the center) o�ers a very clear indication of intent as opposed
to longitudinal movements (speed) [46, 58]. Furthermore, drivers of
MDVs expect AVs to yield, and complying AVs were perceived as
more trustworthy [45], although novel behaviors from AVs can con-
fuse drivers [11]. That said, eHMIs are shown to increase perceived
safety and reduce mental workload [11], while also facilitating
shorter passing time and reducing crashes [55, 59]. A recent simula-
tion study also corroborated these insights and found that an ideal
way for AVs to communicate intent in bottleneck situations is by a
combination of eHMI and employing lateral movements [57]. Prior
research has also shown that eHMIs are not universally bene�cial,
and that they can have adverse e�ects in terms of overtrust [30] and
violation of safety arising from confusion or ambiguity [22]. How-
ever, the substantial corpus of research showcasing the potential
advantages of eHMIs outweigh the drawbacks, and we argue that
this warrants a real-world investigation to evaluate its ecological
validity, especially in this context of bottleneck negotiation.

From the social interaction perspective, these bottleneck or the
game of chicken [53] scenarios in which one of the road users
makes the decisive move to insist on the right of way or to "chicken
out", humans may adapt their behavior in favor of themselves if AVs
are strictly defensive and con�ict-avoidant [7, 21, 44]. This supposi-
tion is supported by insights from recent studies: in a large survey
conducted across China and South Korea, Liu et al. [38] found that
individuals had an increased intention to bully AVs compared to
human drivers, and they drew attention to potential hindrances
of the deployment of AVs due to the aggressive or antagonistic
behavior of humans, a phenomenon also corroborated in a study
conducted in the United States [48]. While past research has in-
vestigated the function of eHMIs in terms of courteous behavior
and polite strategies [34] and prosocial behavior by means of per-
ceived tra�c climate [64], the potential of eHMIs for improving
cooperative and positive behavior in tra�c remains unexplored.

While keeping these social dynamics in mind, previous research
has established that trust in automation is the key factor for in-
teracting with them and resolving con�icts. Trust in automation
can be de�ned as “the attitude that an agent will help achieve an
individual’s goals in a situation characterized by uncertainty and
vulnerability” [35]. Due to a series of trust-related accidents with
Tesla Autopilot, the psychological construct of trust has become
one of the key issues that need to be resolved to allow a successful

implementation of AVs on a large scale [23]. Drivers and other traf-
�c participants can either appropriately trust, distrust or overtrust
an automation system. Distrust occurs when humans’ trust falls
below a system’s actual capabilities, whereas overtrust means that
one excessively trusts automation even in situations the automation
cannot handle. The goal of trust research is to “calibrate” users’
subjective trust to a level where it matches a system’s objective
capabilities. Trust was widely addressed in studies on driver-vehicle
interaction in the last years and remains an essential requirement
in AV-human interaction [24, 29, 31, 68].

3 METHOD
The following section presents details regarding study planning
and execution, as well as analysis methods.

3.1 Study Design
The study tested one independent variable, which was the type of
communication cue on the AV in three di�erent levels. The �rst con-
dition was acceleration intention. This condition was demonstrated
similarly to Mirnig et al. [47], with a white bar extending sideways
repetitively on a LEDmatrix attached to the radiator grill of AV. The
second condition, -deceleration intention- was demonstrated with
two white bars moving and merging in the center of the matrix (Fig-
ure 2). Both of these designs were based on literature [47], expert
opinions, and a short round of interviews with individuals, as well
as �eld testing for visibility (Appendix A). Since peripheral vision
is more specialized in detecting movement, we opted for animation
patterns [25]. As closer objects are perceived as bigger and distant
objects are smaller, we extended the light animation to imitate a
growing and approaching object in acceleration intention while
using a shrinking animation pattern in deceleration intention [6].
Lastly, in the baseline condition, the display did not show anything.
Each condition was presented to each participant three times in a
pseudo-randomized order.

Dependent variables were (1) binomial driving choices of par-
ticipants as waited or passed �rst, (2) Situational Prosocial and
Aggressive Behavior in Tra�c Scale (SPAT) (in preparation), and
Situational Trust Scale for Automated Driving (STS-AD) [32]. SPAT
has 22 7-point semantic di�erential items made of adjectives in op-
posite poles. The middle point indicates neutral evaluation. Higher
composite average scores indicate that the road user is evaluated as
more prosocial by participants. STS-AD composes 6 items measur-
ing situational trust score on a 7-point Likert scale form (1 = fully
disagree, 7 = fully agree).

Furthermore, to be informed about the general sample pro�le,
Prosocial and Aggressive driving Inventory (PADI) [28] and Proso-
cial Tendencies Measure Revised PTM-R [8, 61] were used. PADI
has 29 statements which are constructed as 6-point Likert scale
items, 1 indicating never acting as described in the statement, and
6 indicating always acting as described in the statement. PTM-R
has 15 items with �ve points, 1 indicating stated behavior "does not
describe me at all" and 5 indicating "describes me greatly".
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Figure 2: From left to right: Acceleration intention eHMI
with a white bar extending sideways repetitively; deceler-
ation intention eHMI with two white bars extending and
merging in the center repetitively; frontal view of AV and
eHMI attachment on radiator grill. In no eHMI condition the
display was o�.

3.2 Apparatus
A 64 x 32 �exible RGB LED matrix1 with an Adafruit RGB matrix
HAT [2] was used for eHMI. The matrix was programmed on a
Raspberry Pi 4 Computer (Model B 2GB RAM) with Python Version
3.9. The connection to the Raspberry Pi was built with PuTTy [10],
and Thonny [67] was used for programming with Python. The
matrix was programmed with the rpi-rgb-led-matrix library [69].
To make the matrix work without an internet connection, a Python
autostart script was written, which starts the LED-image-viewer
directly after the Raspberry Pi is booted. To remotely switch be-
tween di�erent displays, i.e. acceleration or deceleration, a simple
PowerPoint Presenter with a USB receiver was used. The AV used
in the study was a manually driven Volkswagen e-UP. The driver
was hidden under a car seat costume similar to Rothenbücher et al.
[62]. Stickers indicating automated driving were placed on the sides
and the hood of the car (Figure 5). A dysfunctional Microsoft Xbox
360 Kinect was placed on the roof to simulate a sensor attachment.
A custom-made LED matrix with a plexiglass casing was attached
with a thin rope and cable binders to the radiator grills (Figure 2).
Lastly, branding and license plate were covered.

3.3 Participants
24 participants (8 female, 16 male, age range 20 - 67," = 30.21, (⇡ =
13.44 years) took part in the study. Selection criteria were being
over 18 years old, holding a driver’s license (" = 15.96 years, (⇡ =
13.22), owning a car, and having a normal or corrected-to-normal
vision. Their average prosocial (" = 4.9 (⇡ = 0.45) and aggressive
driving scores (" = 2.32 (⇡ = 0.41) indicated an overall positive
and non-aggressive driving style. Their average composite PTM-R
results (" = 2.79 (⇡ = 0.48) signify neutral to a small prosocial
tendency in the overall sample. Participation was compensated
with 12 euros per hour and 30 cents travel costs per kilometer. They
were reached online and with printed �yers. The ethics committee
approved the study according to the Declaration of Helsinki.

3.4 Procedure
All participants were sent an online pre-questionnaire form that
could be �lled up voluntarily. On the experiment day, participants
were invited to the test area with their own cars. AV was parked
away from the reception area with the ghost driver inside. Upon ar-
rival, the experimenter provided a consent form, study information

1https://www.adafruit.com/product/3826,[Online; accessed 15-March-2023]

and demographics document in the reception area. Afterward, the
experimenter drove with the participant through the driving path
and explained the tasks. (Figure 3). Locomotion intention eHMIs
and their meanings were also introduced. In the meantime, the
ghost driver drove to the starting position of AV. Then, the experi-
menter positioned herself near the narrow passage and started trials
by counting until 3 over walkie-talkies, where both the participant
and ghost driver could hear simultaneously (Figure 4). The ghost
driver adapted her driving speed according to the participants’ driv-
ing speed, in order to approach the narrow passage at the same
time. Yet, the ghost driver left enough distance and time to enable
the participant to make the decisive move to resolve the con�ict.
In line with Rettenmaier et al. [58], implicit locomotion cues of AV
were matched with locomotion intention eHMI conditions. In other
words, in acceleration eHMI condition, the ghost driver approached
the narrow area more assertively with constant speed, while in
deceleration eHMI condition she drove with a more defensive style.
Lastly, in the neutral condition, a neutral driving style was adopted.
The baseline speed was 10-12 km/h unless the participant was a
very slow or fast driver. Consequently, the participant either slowed
down and stopped, or continued driving and took priority to pass
the narrow area. Both parts followed their paths and reached their
starting points. Then, the experimenter asked how the driving or
waiting decision was formed and to which aspects the participant
paid attention. Afterwards, the participant �lled out the intermedi-
ate questionnaires. After 9 repetitions, the participant drove back to
the reception area and �lled out post-questionnaires and answered
to post-interview questions. On average, each trial including in-
termediate questionnaires took 3.5 minutes, while the entire study
took 90 minutes per participant.

3.5 Analytical Approach
The interviews were analyzed employing an inductive category
development [43, 66] to identify the frequency and distribution of
speci�c words or phrases in the transcripts. We adopted this ap-
proach in exchange for Thematic Analysis, as our interviews did not
include many statements with underlying feelings and emotions,
but rather rich with recurrent words and phrases. Since each ques-
tion had a speci�c theme such as usefulness or attention, they were
treated as primary codes. Then, the answers were inspected, and
similar themes were coded and summarized with code categories,
which enabled statements with similar meanings to be grouped
into joint code categories. For instance, attention was a prede�ned
code since the question "What did you pay attention to?" would be
giving attention-related answers. "AV reached the gap �rst" or "AV
was too far" would be two di�erent codes under attention-related
answers, which eventually be merged under "distance". For the an-
swers given after each trial, the number of occurrences of the same
code over 72 trials was reported. Pre-questionnaire (N = 28) and
post-questionnaire (N=24) answers were reported per participant.
Participants could contribute to multiple codes if they answered
with multiple themes. The codes were created by the second author
and were discussed with the �rst author. All qualitative analysis
steps were performed in the software MAXQDA Version 2022 [42].

Quantitative analysis steps were performed in RStudio (version
2023.03.0+386) [63]. To analyze the driving choices of participants, a
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Figure 3: Driving paths of AV (blue) and participants (red). Flags indicate trial starting positions. White cars pinpoint the narrow
passage where implicit negotiation happens.

generalized linear mixed-e�ects model (GLMM) [52] was calculated,
by using the glmer function of the Lme4 package (version 1.1-27.1)
[4]. Since the decisions of the participants were binomial, binomial
family with logit link option to the regression model was added.
The analyses of STS-AD and SPAT were done with two separate
linear mixed-e�ects models (LMM), by using lmer function. In all
models, eHMI conditionswere added as �xed e�ects.Within-subject
variance, sex, and age-related variability were added as random
e�ects factors.

4 RESULTS
This section presents quantitative and qualitative results regarding
experimental conditions only (acceleration and deceleration inten-
tion, and baseline eHMI). In the discussion section, further insights
gained from qualitative results are shared.

4.1 E�ects of Locomotion Intention on Driving
Choices, SPAT, and STS-AD

Cumulative driving choices and average SPAT and STS-AD scores
are given in Table 2. Indicating deceleration intention signi�cantly
increased waiting probabilities of participants (V = 2.34, I(216) =
5.22, %A (> |I |) < .001). Indicating acceleration intention signi�-
cantly decreased waiting probabilities compared to the baseline
level of no indication of locomotion intention (V = -0.81, I(216) =
-2.26, %A (> |I |) < .05). Furthermore, the indication of deceleration
intention signi�cantly increased the probability of AV being per-
ceived as prosocial (V = 9.87, C (199.76) = 3.47, %A (> |C |) < .001).
Indication of acceleration intention did not predict an increase in
prosocial perception (V = 5.23, C (199.76) = 1.84, %A (> |C |) = .06).
Finally, the indication of deceleration (V = 2.05, C (190.03) = 1.81,
%A (> |C |) = .07) or acceleration did not predict any changes in situ-
ational trust scores compared to the baseline condition (V = 1.61,
C (190.03) = 1.42, %A (> |C |) = .15).

Table 1: GLMM and LMM results of eHMI conditions on Driv-
ing Choices, Situational Social Perception (SPAT), and Situa-
tional Trust (STS-AD)

Predictors M1 Odds Ratios M2 Estimates M3 Estimates
(Intercept) 0.72 37.29 *** 20.22 ***
Acceleration Intention 0.44 * 5.24 1.61
Deceleration Intention 10.41 *** 9.88 *** 2.06

Random E�ects
f2 3.29 290.68 46.29
g0 ID 0.02 0.00 0.01
g0 Age 0.03 31.15 3.13
g0 Sex 0.14 0.00 1.58
ICC 0.05 0.09
# ID 24 24 24
# Age 17 17 17
# Sex 2 2 2
Observations 216 216 216
Marginal A2 / Conditional A2 0.342 / 0.376 0.053 / NA 0.015 / 0.106

*** p < .001, ** p < .01, * p < .05
Note: GLMM Odds ratios and Random E�ects are reported for model 1. LMM
Estimates and Random E�ects are reported for model 2. M1: eHMI on driving
choices, M2: eHMI on situational prosocial perception (SPAT), M3: eHMI on
situational trust (STS-AD)

Table 2: Driving choices and descriptive statistics of SPAT
and STS-AD evaluations

Acceleration Deceleration Baseline
Number of times Passed/Waited 19/53 64/8 32/40

Aver. Social Perception (SD) 5.21 (0.69) 5.43 (0.74) 4.9 (0.91)

Aver. Trust (SD) 5.39 (0.82) 5.44 (0.82) 5.14 (0.90)

4.2 Qualitative Feedback: The E�ects of
Locomotion Intention on Driving Choices

In 53 out of 72 trials (74%), participants decided to wait when faced
with an acceleration intention eHMI. Of all the reasons given, half
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Figure 4: Participant POV, driving towards narrow pas-
sage.

Figure 5: AV used in the study

of the answers (26/48) indicated that acceleration intention eHMI
a�ected their decision to wait. Some others (7/24) stated that they
did not pay attention to the display in every trial, with four of them
only not paying attention to the display at the beginning and three
others sometimes not paying attention to the display. Overall, some
(7/48) of the answers included feelings, meaning that participants
perceived the car was driving more assertively than usual. Other
answers included lateral position (2/48), speed (2/48) of the car, and
its distance (4/48) from parked cars.

Answers explaining the reason participants chose to drive �rst
in the acceleration intention condition were diverse. In some cases
(8/23), participants wanted to test the capabilities of the AV. In doing
so, participants were pleased that the AV prioritized safety and
waited until the participant safely passed the narrowing. However,
not all of them wanted to test the AV, but they paid attention to
the speed (9/23), and distance (2/23) of the AV and decided to take
priority accordingly. They either felt reaching the narrow area faster
or the AV hesitated to take priority. There were other reasons, such
as S15, misinterpreting the display or two other participants already

planning to take priority before the trial, regardless of the AV’s
intention.

With the deceleration intention display, 89% of the time (64/72)
participants chose to pass �rst. In half of the reasons given (35/70),
the deceleration intention display was the reason for deciding to
take priority. In 5 trials the participants were insecure because the
display did not harmonize with the intention, i.e. the AV drove too
fast, although indicated to decelerate. Yet, despite the uncertainty,
participants still chose to trust the display and passed. However,
the display was not the only source for deciding to take priority. 22
out of 70 reasons given were related to AV’s locomotion cues such
as position, distance and especially speed. S19, for example, stated
that she was paying attention to the display and acted accordingly,
but she had nevertheless waited until the car stopped before pass-
ing. The reasons for participants not driving despite deceleration
intention eHMI varied. Two participants intentionally tested the
AV by giving priority to it, and they observed how the car reacted.
Two participants did not drive in order to be cautious, since it was
their �rst trial. One participant misinterpreted the eHMI sign and
another participant felt that the display did not match the car’s
driving behavior, so they preferred to wait. For one participant, the
AV was too close to parked cars, so she was unsure if her car could
�t through, hence she let the AV drive.

For no eHMI (i.e., baseline condition), driving or waiting deci-
sions were fairly balanced. Participants decided to pass in 56% of
the trials (32/72) and waited in 44% of the trials (40/72). Partici-
pants stated paying the most attention to speed, lateral position,
and distance (17/32 when waiting and 25/35 when passing). Thus,
many of them chose to drive when the AV slowed down or stopped,
and waited when they felt the AV would not stop. Another impor-
tant decision factor was assessing who reached the narrowing �rst.
Participants were more likely to let the AV pass if they perceived
the AV reaching the parked cars �rst. Similarly, they insisted on
their priority if they arrived �rst. Another aspect was the lateral
position of AV. If the AV was driving in the middle of the road,
the participants assumed that it would drive through. If it drove
more on the right, the participants thought that it would wait. Some
participants assumed that the AV would behave defensively if it did
not have a display on, which is why they passed. Lastly, 8 out of 32
of the reasons for waiting and 3 out of 35 of the reasons for passing
included statements regarding uncertainty because the display was
o�.

5 DISCUSSION
The following section elaborates on experimental results and brings
up new insights gained from qualitative interview results regarding
participants’ expectations from AVs.

5.1 Explicit Locomotion Intention acts as a
mediator for resolving tra�c con�icts

Our results indicated a signi�cant regulatory e�ect of accelera-
tion and deceleration intention displays on participants’ decision-
making processes. Furthermore, participants stated explicitly that
they took the information on the display into account while mak-
ing their decision, together with actual locomotion cues and lateral
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positioning [45, 46, 58] of the AV on the road, which was also ex-
pressed in previous research [16, 65]. Overall, we could validate
the �ndings of Rettenmaier and Bengler [57] from their driving
simulation study in a realistic setting, that AV should indicate its
intention implicitly and explicitly to solve con�icts in ambiguous
scenarios easier.

5.2 Locomotion Intention Can Support
Social-embeddedness of AVs

We found that when AV indicated deceleration intention with its
display and with more defensive locomotion maneuvers, individu-
als’ likelihood to perceive it as more prosocial increased compared
to baseline (AV not indicating any intentions coupled with a neutral
driving style). This emphasizes the preference of humans regarding
the defensive behavior of AVs with clear intentions in ambiguous
driving scenarios, which was further emphasized in the qualitative
feedback our participants gave. This desire also collaborates with
the �ndings of Miller et al. [46], where they run a similar bottle-
neck scenario with an AV on a driving simulator. Moreover, the
perception of social behavior was indi�erent when AV signaled
acceleration intention or did not indicate any explicit intention with
its display. Even though the clear acceleration intention may have
made participants content, the AV asking for priority might have
neutralized their perception and resulted in similar evaluations to
the baseline condition. On the deceleration intention condition,
however, we might have observed a highlighted e�ect of both as-
pects of clear indication and yielding behavior, which resulted in
a signi�cant prosocial perception of AV when compared to the
baseline condition. Moreover, during the interviews, participants
responded positively regarding the displays, and viewed them as
helpful, in line with previous studies [11, 15]. Overall, these re-
sults indicate that, for AVs to be perceived as social, they do not
have to equip anthropomorphic features [9, 39], and emphasized
locomotion intention cues might partially substitute the missing
validation cues of human-human interaction. The high focus on
safety, predictability, and rule compliance in interview answers
suggests that AVs are perceived as more positive and social if they
had reliable functionality.

5.3 Situational Trust in Automation Requires a
Wider Perspective

The average situational trust scores of our participants did not
indicate any change in their trust across locomotion intention con-
ditions. One potential reason could be that the items in STS-AD
were primarily tailored for AV drivers, not for the other drivers in-
teracting with an AV externally. Hence, we believe that the average
of the entire item set may not have been sensitive enough to reveal
changes in trust in di�erent conditions in our experiment. Extend-
ing the perspective of the driver in STS-AD items (from inside to
outside) could be a new way to utilize the scale for a wider range of
situations. Furthermore, existing studies have mostly investigated
trust in the context of eHMIs from the perspective of pedestrians,
with mixed results. A study by Liu et al. [37] suggests that pedes-
trians trust AVs similar to manual vehicles in crossing situations.
Similar results were obtained in an experiment by Bonneviot et al.

[5], who showed that a communication HMI can increase pedes-
trians’ subjective trust similar to encounters with human drivers.
Since pedestrians are more vulnerable than drivers, and given the
low speeds as present in our experiment, maybe the situations were
not risky enough to require higher trust levels. Furthermore, in
our experiment the eHMI status always matched the behavior of
the AV, while in related experiments with pedestrians, trust of-
ten varied after experiencing automation failures [19, 30]. Future
experiments may investigate this issue in the context of vehicle-to-
vehicle interactions as well. Lastly, to get additional feedback in the
post-interviews, participants were asked about their general trust
in AV during the experiment. Some participants (9/24) trusted the
AV from the beginning, considering that a safety-critical situation
cannot occur during a controlled test. The other participants (9/24)
reported that although they felt insecure, cautious, or unsafe at the
beginning, they felt secure and con�dent as they proceeded and as
they got used to encountering the AV.

5.4 Mixed Tra�c with AVs: Expectations and
Challenges

When participants were asked in pre-questionnaires regarding their
expectations from AVs and how they envision future mixed tra�c,
the most important themes seemed to be rule compliance (23/28),
predictable behavior (8/28), and safety (11/28). Furthermore, partici-
pants wanted AVs to behave thoughtfully (4/28), reliably (3/28), and
defensively (3/28) [45]. Participants mentioned that AVs would be
more e�cient (7/28) in urgent situations such as forming an emer-
gency lane (3/28). However, concerns and negative e�ects were
also raised. For example, P05 was concerned that the car might
fail to detect people and thus increase the accident rate. Others de-
scribed AVs as untrustworthy, confusing, and uncertain. P04 stated
the reason as the fear of giving up on control, which makes indi-
viduals feel insecure. P05 justi�ed his fear by stating his worry of
AV overlooking them. The general opinion seemed to be that AVs
should be subordinate to humans and not insist on their right of
way. In this way, accidents could be avoided and safety could be
ensured. Moreover, AVs are expected to strictly follow tra�c rules.
However, strict adherence to tra�c rules might inhibit AVs to react
to ambiguous situations, especially caused by rule-braking human
drivers.

When participants were asked how AVs should react in ambigu-
ous situations where the right of way is not clear in post-interviews,
participants proposed either a defensive (11/24) or reactive (13/24)
approach. Participants who argued for defensive behavior stated
that an AV should always be passive in potential con�icts and give
the right of way to humans, similar to the direction of answers re-
ported by Miller et al. [45]. Some of the participants who advocated
strict adherence to tra�c rules nevertheless mentioned a few excep-
tions such as safety-critical situations where deviation from rules
would be necessary. Participants arguing for a reactive approach
exposed their wish to have communication with AV, through signal-
ing with �ashing lights or displays. They further expressed that AVs
should adapt to humans by analyzing their behavior, speed, and po-
sition to decide whether they should wait or take priority, as strict
enforcement of driving rules would otherwise be too unfamiliar
or annoying. Two participants speci�cally stated that AVs should
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have defensive behavior, while P09 argued that AVs should not
only follow tra�c rules but also insist on their rights, as this would
make them less likely to be taken advantage of. Three participants
argued that a distinction should be made between tra�c with only
autonomous vehicles and mixed tra�c, as humans can disrupt the
tra�c �ow through unexpected behavior. Thus, it was suggested
that in pure tra�c with only AVs, vehicles should be strictly rule-
abiding, while in mixed tra�c, AVs should act more human-like and
sometimes deviate from the rules to resolve con�icts. Two other
participants suggested special lanes for AVs similar to bus lanes,
where they could have additional regulations while still being a
part of urban tra�c.

During the experiment, some participants wanted to test the
capabilities of the AV and forced the ghost driver to make a decision.
In one instance, both AV and the participant kept driving very
slowly to see who breaks the ambiguity and make the decision
�rst. The other two times ghost driver had to reverse since she
was already in the narrow area, yet the participants wanted to see
what would happen if they change their minds and insist on taking
priority. Other times they chose to drive on even if AV indicated
acceleration, to see if it was reactive. These instances emphasize
similar playful reactions of individuals in Moore et al. [48]. It seems
that when encountering a new technology, some individuals will
likely act unexpectedly and potentially undermine the usability of
AVs.

5.5 Methodological Implications, Limitations
and Future Directions

We conducted a realistic �eld experiment on a bottleneck scenario
naturally formed by two parked cars. Our participants drove their
own cars or their family cars so that they would feel the most com-
fortable while driving. This aspect gave us the most naturalistic
results we could obtain from a controlled test track study. We did
not reveal to our participants that AV was manually driven until the
end of the experiment. This resulted in a successful manipulation of
the perception regarding the automation status of the car, which we
validated with post interviews. None of our participants suspected
that AV was manually driven and only a few considered the possi-
bility of AV being remotely controlled, or someone might be sitting
in the back seat. Conducting this study on a test track in a realis-
tic condition extends the existing research with results that have
higher external validity in terms of perception of auditory, visual,
and vestibular/motion cues [33]. Furthermore, the perception of
risks in �eld studies is generally higher than in driving simulators
[17]. However, it is important to point out several limitations. Due
to the lack of access to AVs, and the safety-critical nature of the
tested scenarios, it was ethically impossible to conduct such an
experiment in an uncontrolled environment. Nevertheless, as our
study mainly explored the e�ect of an eHMI in such a scenario ,
it still maintains a high relative validity of the e�ects observed in
comparison to previous studies conducted in driving simulators.
Furthermore, the controlled design of the study ensures internal va-
lidity of the e�ects observed [33]. As this study –to our knowledge–
is the �rst one testing the eHMIs in real-life bottleneck scenarios,
further research is required to understand whether the presence of
other variables will have an e�ect on the results observed. Moreover,

The US National Highway Tra�c Safety Administration (NHTSA)
Standing General Order on Crash Reporting (SGO)2 indicate that
the most crashes occur with passenger cars. Although we set up our
study with passenger cars, there are wide range of other scenarios
to be investigated beyond bottleneck situations.

Regarding the communication interface, we utilized an LED
matrix where many signals could be easily shown. After pilot tests,
we noted that the most visible cues were vertical bars in white.
Our participants reported in the interviews that the display was
visible (19/24). Most of them understood the communication cue
on the display with ease (19/24). S07 found the acceleration display
more understandable than the deceleration display, which is why
he suggested only using an acceleration indicator. Almost all the
participants found the display helpful (23/24), because it helped
to compensate for the missing driver-driver communication, and
provided additional feedback and guidance. Only S23 found the
display more annoying and distracting than helpful. Data collection
took an entire month, under adverse and good weather conditions
including fog, snow storms, strong winds, heavy rain, and bright
sun. The display was robust and visible through all conditions. On
sunny days when the sunlight directly re�ected on the display
the visibility decreased, however, it was still su�cient at closer
distances. Under the snow storm, we had to clean the snow on the
eHMI after every trial. We did not run the experiments at sunset,
as the visibility under the car seat costume decreased signi�cantly.

Participants were asked if they had any suggestions for improve-
ment. Five people wished that AV would indicate their intention
with �ashing lights. Some participants suggested using blinkers
since the AV didn’t use blinkers in the experiment to limit confound-
ing variables. Two participants wished that the AV would brake
faster or keep more distance from the narrowing. For the improve-
ments regarding the communication interface, some participants
wished for colors (11/24), in particular red and green. There was no
consensus regarding the meaning of the colors among participants.
Some suggested that it should be about AVs’ intention, while others
suggested that it should indicate what others should do as in tra�c
lights, which further validates the frame of reference problem in
the use of tra�c light colors [14]. We were able to prevent dif-
ferent perceptions of the cues by introducing the interface before
the experiment, yet in the wild, introduction of abstract cues may
create confusion among road users. This calls for further realistic
and longitudinal studies in order to grasp the long term impact
of eHMIs on road users. In our study, 90 minute exposure could
only serve as an introduction to these novel interfaces. Participants
further wanted the display to be larger (7/24), and indicate other
signs including vertical arrows, a circular sun, a tra�c light, and a
human face (7/24). S22 liked the idea of displaying human needs
on a display, such as a pregnant woman or being late. Last but not
least, four participants suggested changing the position of the dis-
play, ideally more around the eye level. S13 suggested digitizing the
license plate as well and alternating it with the display whenever it
would be needed.

Our eHMIs signaled locomotion intention explicitly, however,
they were not dynamic. This means that they were not adaptive

2https://www.nhtsa.gov/laws-regulations/standing-general-order-crash-
reporting#ads,[Online; accessed 19-June-2023]
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to the actual speed changes of the car. Participants encountered
one design per condition and the eHMI they saw in each condition
strictly indicated the intention of the AV in the bottleneck situation.
Yet, the display was on from the beginning, until the end of the trial.
The display could have been more adaptive and situation-speci�c,
where it could be turned o� once the ambiguity was resolved. Fur-
thermore, we had only 24 participants due to short-notice dropouts.
However, their backgrounds, ages, and driving experience were
diverse. As the next steps, not only driving decisions but also ac-
tual driving behavior of participants and driving behavior of ghost
driver could be analyzed and another perspective on driver be-
havior could be presented. Furthermore, quantitative validation of
where participants paid attention during the encounter could be
achieved with mobile eye trackers. Lastly, STS-AD can be adapted
for measuring the situational trust of drivers outside the AV.

6 CONCLUSION
We conducted a realistic test track study in an ambiguous bottle-
neck scenario where participants drove their own cars. They had to
decide whether to give or yield the crossing priority to a self-driving
vehicle, which was manually driven by a human under a car seat
costume in reality. AV was equipped with an external display indi-
cating the locomotion intention of the car explicitly with vertical
bars. We used mixed methods to evaluate the e�ects of yielding
intention and acceleration intention compared to the baseline con-
dition. Our results revealed that deceleration intention signi�cantly
decreased yielding probabilities and signi�cantly increased proso-
cial perception of the AV, and it was desired as the default behavior
of AV in ambiguous scenarios by our participants. Furthermore,
acceleration intention signi�cantly increased yielding probabilities
but did not have any e�ect on prosocial perception compared to the
baseline condition. Situational trust was not a�ected by di�erent
conditions in our study. Participants reported using explicit loco-
motion intention cues together with implicit locomotion cues such
as lateral movement, speed, and distance of the AV. Lastly, they
found explicit locomotion intention cues, understandable, visible,
and helpful.
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A NON-USED EHMI DESIGNS.

Figure 6: Some unused results of iterative design process of
eHMIs. Blue color did have have ideal visibility in the �eld.
Digits and animation combinations were found too crowded
by pilot testers. Cone shaped bars were interpreted as turn
indicators. Thin light bars had less visibility compared to
full screen use of long light bars we eventually selected for
our study.
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