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Longitudinal Effects of External Communication of Automated
Vehicles in the USA and Germany: A Comparative Study in Virtual
Reality and Via a Browser

MARK COLLEY, Institute of Media Informatics, Ulm University, Germany and Cornell Tech, U.S.
DANIEL KORNMULLER, Institute of Media Informatics, Ulm University, Germany
DEBARGHA DEY, Cornell Tech, USA

WENDY JU, Cornell University, U.S.

ENRICO RUKZIO, Institute of Media Informatics, Ulm University, Germany

Automated vehicles are expected to communicate with vulnerable road users. In two longitudinal studies, we investigated the
impact of external Human-Machine Interfaces (eHMI) on pedestrian safety and behavior when interacting with automated
vehicles. Utilizing LED strips for communication, these studies probed various factors, including mixed traffic scenarios,
presence of eHMIs, and being from Germany or the USA. Our experimental approaches included a Virtual Reality study
with 24 participants in Germany and an online study with 28 participants from the USA and Germany. Results revealed that
repeated interactions with automated vehicles featuring eHMI significantly enhance pedestrian Trust, Understanding, and
perceived safety, while simultaneously diminishing mental workload. Notably, the positive effects of eHMI were consistent
across the two countries. US participants exhibited a tendency for higher risk-taking in crossing situations and reported lower
mental workloads, underscoring the importance of considering cultural nuances in designing eHMI systems for mixed-traffic
environments.

CCS Concepts: « Human-centered computing — Empirical studies in HCI.
Additional Key Words and Phrases: eHMI, longitudinal, culture, virtual reality

ACM Reference Format:

Mark Colley, Daniel Kornmiiller, Debargha Dey, Wendy Ju, and Enrico Rukzio. 2024. Longitudinal Effects of External
Communication of Automated Vehicles in the USA and Germany: A Comparative Study in Virtual Reality and Via a Browser.
Proc. ACM Interact. Mob. Wearable Ubiquitous Technol. 8, 4, Article 176 (December 2024), 33 pages. https://doi.org/10.1145/
3699778

1 INTRODUCTION

With the introduction of automated vehicles (AVs), traffic will change [30]. For example, one advantage of AVs is
expected to be increased safety [30, 89]. In urban environments, up to 73 % of pedestrian crashes examined could
be prevented by AVs [91]. The use of AVs eliminates the usual modes of driver-pedestrian communication, such
as hand gestures, facial expressions, or even eye contact, to solve daily ambiguous traffic situations [67, 76, 78, 80].
This could have a lasting influence on the behavior of vulnerable road users (VRUs) such as pedestrians and
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cyclists. Nevertheless, to ensure effective and pleasant communication, numerous eHMIs (external human-
machine interfaces) have been designed for AVs. For example, the AVs can communicate their intentions via
speakers [13], projections on the road [68], LED strips [55], or windshield displays [24]. Other factors such as the
placement (e.g., on the vehicle), the information content (e.g., driving mode, intent), and the degree of scalability
(e.g., single or multiple road users) of the communication modalities influence the interaction [9, 11, 21].

Previous studies evaluated communication and interaction exclusively in one-AV-on-one-pedestrian scenar-
ios [15] in which the pedestrian has no other task [54], and environmental factors did also not vary [76]. Rasouli
and Tsotsos [76] identified 38 factors that influence pedestrian crossing decisions, including pedestrian char-
acteristics and the environment in current traffic. These can include physical context, dynamic factors, traffic
characteristics, social factors, demographics, abilities, state, and characteristics [11, 76]. Although eHMIs are
developed with the goal of improving safety, it must be taken into account that VRUs may also become accustomed
to this interaction, resulting in a decrease in awareness of the communication. This would make eHMIs no longer
needed in the future [20]. However, there are few studies that observed the interaction between AVs and VRUs
over an extended period of time [7, 29, 32]. Besides, the importance of an eHMI increases when traffic consists of
manually controlled vehicles as well as AVs, also called mixed traffic [62, 95]. In the interaction of VRU and AV,
cultural background might also need to be taken into account — interactions with AVs and reactions from people
in various, even seemingly similar cultures may be different [50].

To this end, we conducted three studies:

e Study 1: A lab-based VR study on vehicle-pedestrian interaction conducted in Germany with German
participants.

e Study 2: An online web-based study on vehicle-pedestrian interaction conducted with German participants.

o Study 3: An online web-based study on vehicle-pedestrian interaction conducted with US participants.

Each study investigated how eHMIs, mixed traffic, repeated exposure, and cultural background affect pedestrian
behavior and eHMI assessment in urban crossing situations. Individuals (in the role of pedestrians) participated
multiple times over a week to observe learning effects. Data were collected on pedestrian position, gaze, collisions,
and time spent at various locations, along with subjective questionnaire responses regarding Trust, mental
workload, and perceived safety.

Using Study 1, we benchmark and corroborate our findings on vehicle-pedestrian interaction with related
work and the state of the art. We compare the results of Study 1 and Study 2 to evaluate the ecological validity of
our online experiments by exploring the extent to which the findings hold true between VR-based and online
website-based studies. Finally, we use the results from Study 2 and Study 3 to explore the differences between
German and US participants, which is our primary research question (RQ). In this case, we chose Germany and
US as candidate samples to explore the aspects of cultural differences in AV-pedestrian interactions as — despite
differences — German and American traffic cultures are largely similar, and we hypothesized that if significant
differences were found here, they would only be magnified in other cultures representing wider contrasts in
traffic interaction practices.

Contribution statement: This work contributes three studies regarding external communication of AVs. The
first study reveals the longitudinal effects of eHMIs in Germany leveraging a VR approach. The second study,
which employed an online approach in a virtual environment, was compared to the VR study, showing that these
approaches alter the results significantly and can, contrary to previous work, not be directly compared. Third, an
online-based study with US participants, compared with the online-based study in Germany, shows the contrasts
in these (even relatively minor) differences in traffic cultures manifest in longitudinal exposure to eHMIs.
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2 RELATED WORK

This section introduces various eHMI concepts, relevant information on road crossing factors, and presents the
influence of cultural background on crossing behavior.

2.1 External Communication of Automated Vehicles

eHMIs aim to overcome the lack of communication between driverless AVs and VRUs [7, 37, 44] or manual
drivers [10]. Colley and Rukzio [11] defined a design space with three dimensions and a situation part with
six dimensions for modeling external communication. The three dimensions of the concept are message type,
modality, and locus. Furthermore, communication relationship, communication partner, number of lines, acoustic
noise level, traffic autonomy and weather are the six dimensions of the situation [11]. Previous work has mostly
concluded that communication of intentions (i.e., “stopping”) should be conveyed. Regarding specific application
areas, Li et al. [59] designed an eHMI to resolve misUnderstandings between AV and VRUs in mixed traffic.
They applied an auditory signal as a warning and a red (visual) signal that indicated the braking of a vehicle
located on the AV’s windshield. Based on the traffic situation, the eHMI displayed symbols (e.g., hand gestures) to
show the intention of AV. Bazilinskyy et al. [4] collected industry approaches proposed. They investigated these
approaches taking into account four characteristics: Anthropomorphic/Nonanthropomorphic, Textual/Non-textual,
Egocentric/Allocentric, and Color [4]. Further design concepts by industry and research trends were collected by
Dey et al. [21]. Several concepts such as abstract lightning elements [6, 60], projections on the road (e.g., pedestrian
crossing) [5, 68], movement and position tracking of pedestrians [25, 79], textual and auditory representation
and feedback [63, 64] were proposed.

Regarding cross-cultural studies, to the best of our knowledge, only two studies were conducted [50, 53]. Joisten
et al. [50] conducted an online video-based intercultural study that revealed that the symbol-based "walking
person” eHMI concept consistently influenced pedestrians’ willingness to cross and Trust in AVs across German
and Chinese participants, while group size showed no significant effect, but qualitative data suggested some
impact on communication processes. Lanzer et al. [53] conducted a comparative online-based video study of an
automated delivery vehicle and demonstrated that a polite communication strategy increased compliance among
Chinese participants and uniformly boosted Trust and acceptance across both German and Chinese samples,
suggesting cultural differences in response to AV communication tactics. Importantly, none of these studies
incorporated longitudinal aspects.

It is still not clear if eHMIs are "just a gimmick" or really necessary [20]. de Winter and Dodou [20] criticized
the lack of standardization and consensus and that in daily traffic events, it is not necessarily directly clear to
VRUs which signal is directed at them [88]. They assumed a critical attitude towards the required visual attention
the VRUs needed to understand its environment [20]. Nevertheless, studies have suggested that VRU’s willingness
to cross the road increased when interacting with an AV with eHMI [2, 6]. This work extends the assessment of
whether eHMIs are necessary by providing a longitudinal lens to this question and additionally adding a cultural
component.

2.2 Road Crossing Factors

Habibovic et al. [36] provided an overview of the factors that influence the pedestrians’ crossing behavior
when the traffic consists only of manually driven vehicles. They divided the factors into three categories: the
characteristics of a vehicle and its driver. These include, for example, the vehicle kinematics, the type of vehicle,
the driver’s gestures, and eye contact. The second category covers the environment, which includes aspects such
as noise levels and visibility. In addition, the third category deals with the attributes of a pedestrian. These include,
for instance, the speed and distance of the pedestrian, as well as the walking style [36]. Crossing behavior and
related factors can also be influenced by the gender (male and female) of the respective pedestrian [69]. Pelé et al.
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[70] used agent-based models to simulate the behavior of pedestrians crossing the road. They determined that
two processes are enough to model pedestrian behavior: personal motivation and imitation [70].

The identified risks and vulnerabilities of crossing the road in front of manual vehicles also apply to AVs.
Rasouli and Tsotsos [76] analyzed classical crossing studies and ones in the AV context. Classical studies deal
with the interaction between drivers and pedestrians. They defined two main groups: environmental factors and
pedestrian factors [76].

2.3 Road Crossing Behavior in Context of Cultural Background

The cultural background influences pedestrian crossing behavior [76]. Pelé et al. [71] investigated the crossing
behavior of pedestrians at four locations in Nagoya (Japan) and at three locations in Strasbourg to examine
the impact of social information on the decision-making process. At each of the seven locations, they observed
the crossing behavior of pedestrians at a traffic light. They recorded the people and the traffic light signal with
a camera [71]. In a similar study, they already showed that French pedestrians took more risk when crossing
than Japanese participants [87]. Their first finding is that the number of illegal crossings decreases the more
pedestrians wait at the traffic lights. This is applicable to both countries. They also found that the first French
pedestrian to cross the road at a green light stepped off the curb earlier than Japanese participants. In addition,
they determined that Japanese pedestrians are more aware of the risk. They crossed the street faster when the
light was red and was less influenced by social information, as the Japanese generally follow predefined rules [71].
Solmazer et al. [86] compared the behavior of pedestrians in five different European countries (Estonia, Greece,
Kosovo, Russia, and Turkey). Their study investigated the measured behavior and values in each country. The
data for their evaluation comes from large-scale surveys of road user behavior and traffic culture. There were 813
participants (131 pedestrians for Estonia, 249 for Greece, 112 for Kosovo, 176 for Russia, and 145 for Turkey) from
the five countries mentioned. The first finding of the analysis shows that pedestrian behavior (measured via the
Pedestrian Behavior Scale [35]) was consistent across the five countries. They found that Greeks and Turks were
more likely to report transgressive pedestrian behavior. Another finding is that Turkish and Russian pedestrians
more frequently reported missteps and aggressive behavior. In general, the authors interpret the results that
context or country can influence the effect of values on pedestrian behavior [86].

Ranasinghe et al. [74] investigated the interaction between pedestrians and automated and non-AVs when
crossing the road. They designed three cross-cultural studies in two countries (Germany and Sri Lanka). Germany
represented western continents (USA and Europe). The choice of the two countries is based on their cultural
backgrounds. Here, Germany represents a developed country with Western culture and very structured traffic
based on predefined rules. Sir Lanka, on the other hand, is considered a developing country with a different
cultural background and unstructured traffic. For example, a pedestrian spontaneously crosses the street at a
non-existent walk. The second reason for the choice of country is the origin of the researchers involved. As part
of the data collection, they filmed the behavior of pedestrians crossing the road, regardless of whether it was a
manual or an AV. An AV was represented by means of a Ghost Driver (seat costume) [74].

Hell et al. [40] examined the crossing behavior of pedestrians living in Germany and Japan. The focus of the
study was to investigate cultural differences in pedestrian behavior. They, therefore, measured risk avoidance,
compliance, gap acceptance, and walking speed together with various environmental factors. To identify and
measure the differences between cultural groups, Hofstede [42] developed a multi-dimensional approach [42].
Based on this model, two dimensions are crucial for pedestrian behavior. These are uncertainty avoidance, and
collectivism vs. individualism. The concept of uncertainty avoidance can be related to risk avoidance [65]. For
both uncertainty and risk avoidance, Asian (e.g., Japan or China) countries show higher values than European
countries (especially Germany) [40, 65]. The second measure, collectivism, is divided into European cultures,
where people see themselves as separate individuals with a set of characteristics, and Asian cultures, where
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harmony and togetherness play a role. The authors were able to specifically reflect the aspect of collectivism in
the individual study criteria [40]. In general, crossing behavior is strongly influenced by the country where the
pedestrian grew up and its social norms. In addition, the structuring of traffic and the strictness in implementing
rules influence behavior.

3 METHODOLOGY

We conducted three studies to investigate the longitudinal and cultural effects of external communication.

3.1 Research Questions and Approach

Our primary focus was to investigate the cross-cultural impacts of eHMIs in longitudinal exposure scenarios, and
we answered them through the following three RQs:

RQ1: What impact do the independent variables “eHMI” (not present vs present), “traffic” (mixed or automated),
and “repeated exposure” (three days within one week) have on pedestrians in terms of (1) crossing behavior, (2)
mental workload, (3) Trust, (4) perceived safety, and (5) communication quality?

RQ2: In which areas are results from VR comparable to an online-based study where participants interact with
a mouse and keyboard?

RQ3: What impact do the variables “eHMI” (not present vs present), “repeated exposure” (three days within
one week), and “cultural background” (German vs USA) have on pedestrians in terms of (1) crossing behavior, (2)
mental workload, (3) Trust, (4) perceived safety, and (5) communication quality?

To answer these questions, we required a VR simulation, an online-based version of the same scenario, and
participants from different cultural backgrounds. Therefore, we first conducted a longitudinal VR study using the
Vive Pro Eye headset in Germany. We then replicated this study online with German and US participants. In the
online-based version, participants downloaded an executable and interacted with the mouse and keyboard to
cross the street. Using Bayesian statistics, we could deduce which parts of the VR and the online-based study are
comparable. Finally, we evaluated the effects of the cultural background on the crossing decisions.

The experimental procedure followed the guidelines of our university’s ethics committee and adhered to
regulations regarding the handling of sensitive and private data, anonymization, compensation, and risk aversion.
Compliant with our university‘s local regulations, no additional formal ethics approval was required.

3.2  Materials

3.2.1 Structure of the Crossing Scenario. As many factors affect crossing behavior [76], we describe those that
were kept constant in this work. Figure 1 shows the schematic scenario structure. The pedestrian has to reach
the blue X on the opposite side.

3.2.2  External Human-Machine-Interface. Figure 2 shows an AV, indicated by the cyan-colored indicator at the
upper center edge of the windshield. In conditions with an eHM]I, a cyan flashing LED bar on the bumper signals
pedestrians that the AV is stopping (i.e., intention-based communication).

This Slow-Pulsing Light Band was used as a representative of the visual eHMI. We selected the light band eHMI
design because it is the most widely used/proposed visual eHMI [21] due to its simplicity, ease of implementation,
and abstract execution [1, 19, 25, 28, 38, 41, 72]. We adapted the light band design by incorporating insights from
prior research [22, 28, 57], which indicate that a uniform pattern like a slow-pulsing animation in cyan is effective
for indicating an intention to yield. For our study, we designed the SPLB to be mounted on the vehicle’s bumper.

Proc. ACM Interact. Mob. Wearable Ubiquitous Technol., Vol. 8, No. 4, Article 176. Publication date: December 2024.



176:6 + Colley et al.

Fig. 1. Schematic structure of the crossing scenario. Fig. 2. eHMI on.

When the AV operates in the automated mode without the intention to yield, it does not glow. When the AV
intends to yield, it pulsates in a sinusoidal pattern, with the entire light bar alternately dimming and glowing at a
rate of 0.75 Hz. This pattern was chosen based on prior research that identified it as the most suitable animation
to communicate a yielding intention for an AV [22]. When the AV resumes driving, the light bar returns to a
steady glow, indicating the transition to "driving in automated mode." Essentially, the pulsating eHMI signals to
the pedestrian, "I intend to yield,' while the steady glowing eHMI indicates, “I intend to keep driving.”

Other messages such as “You can cross” [12] were discarded as explicitly stating to the pedestrian that they
could cross could lead to overreliance on the eHMI. Furthermore, current standardization efforts for eHMIs [46]
advise refraining from instructional or advisory messages for — among other reasons - liability concerns.

3.2.3  \Vehicles, Traffic, & Road. As vehicle exterior influences pedestrian crossing behavior [19], we used a compact
Sedan as the study vehicle. Initially, the vehicles drive on both lanes relevant for the crossing, independently of
their driving mode (automated and manual). In the actual crossing scenarios, the oncoming traffic on the far lane
changes its direction to account for deviations imposed if two vehicles have to stop for the pedestrian. Figure 3
shows the schematic traffic flow during the study.

The blue dashed line in Figure 3 represents the direction of travel of the vehicles affecting the scenario. The
yellow dashed line shows the flow of oncoming traffic where (a) represents the initial traffic flow. During the
crossing, the vehicles change their direction and continue straight ahead, shown in variant (b). This avoids
randomness in having vehicles coming from both sides.

The vehicles drive at a velocity of 50 km/h. There are three situations in which they brake. The first situation is
when the participant waits on the sidewalk for at least 20 seconds. Secondly, when the test person stands directly
at the curb of the street. The last situation is when the pedestrian is already standing on the road and the vehicle
recognizes it. If a pedestrian enters the road rashly or uncoordinatedly, the vehicle performs a hazard braking. If
this fails, the collision counter is incremented for the test person.

3.3 Data Analysis

Before each statistical test, we checked the required assumptions (normality distribution and homogeneity
assumption of variance). Conditions were compared using either Friedman’s (nonparametric) or repeated measures
ANOVA. For non-parametric data, we used ART [96]. For post-hoc tests, the Holm correction was used. R in
version 4.4.1 and RStudio in version 2024.04.2 was used.
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Fig. 3. Traffic flow in the study. Blue represents the trajectory of vehicles relevant for the crossing decision. Yellow represents
the traffic that is redirected once a situation occurs where the participant crosses.

Interpreting main effects without considering interaction effects can lead to misleading conclusions, as in-
teractions indicate that the effect of one factor depends on another. When significant interactions are present,
main effects should be interpreted in the context of these interactions, not in isolation. Thus, describing main
effects alone is inadequate and potentially deceptive, necessitating an analysis that accounts for the complexity of
interactions. Therefore, when there are interaction effects, we refrain from describing main effects or interaction
effects with fewer factors.

4 INSIGHTS FROM VIRTUAL REALITY LAB STUDY (STUDY 1)

Study 1 was longitudinal. Participants were exposed to external communication on three separate days within
a week. We also varied the presence of eHMIs attached to the AVs and whether the traffic (mixed or purely
automated).

4.1 Measurements

Objective Measurements. We logged, collisions, the position with 50Hz and performed eye tracking with 20Hz.
We report the duration on the sidewalk prior to crossing the street (“Duration on the sidewalk at the starting
point”), the duration in the first and second lane, and the total crossing duration.

Subjective Measurements. Participants assessed their perceived safety using four 7-point semantic differen-
tials. We used the version of Faas et al. [29], with the scale ranging from -3 (anxious/agitated/unsafe/timid) to
+3 (relaxed/calm/safe/confident) [29]. Additionally, we used the mental workload subscale of the raw NASA-
TLX [39]. A 20-point scale is utilized ("How much mental and perceptual activity was required? Was the task
easy or demanding, simple or complex?"; 1=Very Low to 20=Very High). In addition, we use the subscales Pre-
dictability/Comprehensibility (from here Understanding) and Trust of the questionnaire Trust in Automation [52].
Understanding is measured by agreement with four statements ("The system state was always clear to me.", "I
was able to understand why things happened.; two inverse: "The system reacts unpredictably”, "It’s difficult to
identify what the system will do next.") on a 5-point Likert scale (1=Strongly disagree to 5=Strongly agree). Trust
is measured by agreement with two statements on a 5-point Likert scale ("I Trust the system. and "I can rely on
the system.").
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Another question examines the factors that influence the crossing decision [14, 76] (i.e., “On what basis did you
decide to cross the road?”). These factors are speed, vehicle distance, communication (via LED), and own waiting
time, which are realized with a 7-point Likert scale (1=not at all to 7=absolute). The last question evaluates the
presence of eHMI (from here presence). Presence is measured via agreement on equal 7-point Likert (1=disagree at
all to 7=agree at all) scales on a statement ("My behavior was influenced by the external communication of the
vehicles.").

To assess the AV’s communication quality, we used the short version of the Schrepp et al. [84]’s UEQS in the
second part. UEQ-S measures pragmatic and hedonic quality [84]. Communication was also assessed using the
self-defined aspects unfriendly/friendly, impolite/polite, ambiguous/unambiguous, unnatural/natural, machine-
like/human-like (as suggested by Powers and Kiesler [73]), and insufficient/adequate according to Sadeghian
et al. [81].

After all three days and twelve conditions, participants completed a final questionnaire. They gave an overall
assessment of the proposed communication. After evaluating the communication with the AV and the necessity
and usefulness of each communication, the participants could give positive and negative open feedback.

4.2 Procedure

After giving informed consent, participants were introduced to the scenario and provided demographic data.
They were then, per day, randomly distributed to the four conditions (2 eHMI X 2 traffic). This was repeated
three times within one week. The study took, in total, 90 minutes (3x30 minutes). Participants crossed the road a
total of twelve times. Figure 4 shows the schematic procedure.

eHMI /I Mixed Traffic // Repeated Exposure
eHMI /I Only AV /I Repeated Exposure
non eHMI // Mixed Traffic // Repeated Exposure
noneHMI //  Only AV /I Repeated Exposure

Final

es . .
v Questionnaire

no

Demographic VR Study Questionnaire all 4 scenarios? yes Third run?

Data Scenario S; 0-0-0-0,

Reminder for
next run

Introduction

Fig. 4. Schematic procedure of the VR study.

4.3 Results VR-Study

In the following, we report the results of study 1. We refrain from reporting eye tracking metrics and findings
related to the self-defined aspects of communication for conciseness. These will be made available open-source
after acceptance.

4.3.1  Demographic Data. In the VR study, N=24 participants (14 males and 10 females) were recruited, with an
average age of M=25.88 years (SD=4.16, range: 20 — 35 years). On a 5-point Likert scale (1 = Strongly Disagree — 5
= Strongly Agree), participants were asked to indicate their experience with VR games and VR studies, with a
medium experience for games (M=2.58, SD=1.61) and studies (M=2.83, SD=1.76). Participants also specified how
much they liked playing VR games (M=2.25, SD=1.19) or whether they had never played VR games (M=2.67,
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SD=1.71). On another 5-point Likert scale (1 = Strongly Disagree — 5 = Strongly Agree), participants showed
interest in AVs (M=3.75, SD=0.90), believed AVs to ease their lives (M=3.96, SD=0.81), and were unsure whether
AVs become reality by 2032 (M=3.46, SD=1.02).

4.3.2  Mental Workload, Trust & Perceived Safety. The ART found a significant main effect of eHMI on mental
workload (F(1,23) = 4.29, p=0.050). The mental workload was significantly lower with (M=5.23, SD=3.74) than
without an eHMI (M=5.78, SD=4.09). In addition, ART found another significant main effect of rep. exposure
on mental workload (F(2,46) = 4.95, p=0.011). A post-hoc test found that rep. exposure One (M=6.17, SD=4.32,
padj=0.022) and Two were significantly higher (M=5.81, SD=4.06) in terms of mental workload compared to Three
(M=4.54, SD=3.14; pad j=0.031).

The ART found a significant main effect of eHMI on Trust (F(1,23) = 4.59, p=0.043). Trust was higher with
eHMI (M=4.27, SD=0.69) than without (M=3.98, SD=0.95). Furthermore, the ART found a significant main effect
of eHMI on Understanding (F(1, 23) = 14.01, p=0.001). Understanding was significantly higher with (M=4.16,
SD=0.80) than without an eHMI (M=3.69, SD=0.99). Second, ART found a significant main effect of rep. exposure
on Understanding (F(2,46) = 7.77, p=0.001). A post-hoc test found that rep. exposure Three was significantly
higher (M=4.11, SD=0.90) in terms of Understanding compared to One (M=3.74, SD=0.89; pad j=0.002).

The ART found a significant main effect of eHMI on perceived safety (F(1,23) = 6.71, p=0.016; higher with
M=2.21, SD=1.05 than without an eHMI M=1.97, SD=1.23). The ART also found a significant main effect of rep.
exposure on perceived safety (F(2,46) = 9.95, p<0.001, Three higher M=2.38, SD=0.93 than One M=1.77, SD=1.30;
padj <0.001). The ART also found a significant interaction effect (IE) of traffic X rep. exposure on perceived safety
(F(2,46) = 4.02, p=0.025; see Figure 5).
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Fig. 5. IE of traffic X rep. exposure on perceived safety.

For the first rep. exposure, the values of automated and mixed traffic were similar. While on the second run, the
perceived safety is significantly higher for automated, on the third run, the safety is higher for mixed traffic. In
general, the perceived safety increases the more often the participants repeat the scenarios.

4.4 Crossing Decision

The distance (28.38 %) between vehicles has the most influence on the crossing decision. Likewise, the speed
(27.56 %) of the vehicles has a substantial influence. The communication (23.93 %) of the vehicles via LED and the
own waiting time (20.12 %) have less influence on the decision.

Effect of Speed on Crossing Decision. The ART found a significant three-way IE of traffic X eHMI X rep. exposure
on the effect of speed on the crossing decision (F(2,46) = 9.71, p<0.001, see Figure 6).
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Fig. 6. Three-way IE on Crossing Decision Speed.

The base speed of the decision was initially higher for eHMI in the context of purely automated traffic. The
line showing without eHMI increased in the last run. In the case of mixed traffic, the speed as a basis was higher
without the eHMI. Only in the last run climbed the line higher with eHML

Effect of Distance on Crossing Decision. The ART found no significant effects.

Effect of Communication on Crossing Decision. The ART found a significant main effect of traffic on the effect
of communication on the crossing decision (F (1, 23) = 5.03, p=0.035; higher for automated M=4.68, SD=2.30 than
for mixed traffic M=4.48, SD=2.39). The ART also found a significant main effect of eHMI on crossing decision
communication (F(1,23) = 16.07, p<0.001; higher with M=5.42, SD=1.97 than without eHMI M=3.74, SD=2.39). In
addition, the ART found a significant IE of traffic X eHMI on crossing decision communication (F(1, 23) = 4.38,
p=0.048, see Figure 7).
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Fig. 7. IE of traffic X eHMI on Crossing Decision Communica- Fig. 8. 1E of eHMI X rep. exposure on Crossing Decision Com-
tion. munication.
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The influence of communication on the crossing decision was higher with eHMI than without. In the case of
mixed traffic and without eHMI, the influence was lowest. The ART also found a significant IE of eHMI X rep.
exposure on the effect of communication on the crossing decision (F(2, 46) = 5.48, p=0.007, see Figure 8).

Communication as the basis of the crossing decision is higher when an eHMI is in place. Over the days, the
influence of communication on pedestrians’ decisions increases.

Effect of Own Waiting Time on Crossing Decision. The ART found a significant main effect of traffic on the
effect of own waiting time on the crossing decision (F(1, 23) = 16.46, p<0.001; lower for mixed M=3.76, SD=2.02
than for automated traffic M=3.94, SD=2.05). The ART also found a significant IE of traffic X rep. exposure on
crossing decision own waiting time (F(2,46) = 3.31, p=0.045, see Figure 9).

® automated
® mixed

Crossing Decision
Own Waiting Time
®

2 3
Repeated Exposure

Fig. 9. IE of eHMI X rep. exposure on Crossing Decision Own Waiting Time.

The own waiting time as an influence on the crossing decision increases the more often the participants
performed the study. The influence is highest on the third day in automated traffic.

4.5 Communication Quality

The ART found a significant main effect of eHMI on presence (F(1,23) = 12.96, p=0.002; higher with M=5.69,
SD=1.75 than without an eHMI M=4.19, SD=2.26). Furthermore, the ART found a significant IE of traffic X eHMI
on presence (F(1,23) = 4.51, p=0.045, see Figure 10).

Presence was significantly higher with eHMI and decreased with mixed traffic. In addition, the ART found
a significant IE of eHMI X rep. exposure on the presence (F(2,46) = 4.84, p=0.012, see Figure 11). Presence was
permanently higher with than without eHMI. In general, it can be seen that eHMI influences the behavior of the
participants.

Furthermore, the ART found a significant main effect of eHMI on hedonic quality (F(1,23) = 6.00, p=0.022;
higher with M=4.87, SD=1.09 than without an eHMI M=4.47, SD=1.22). The ART also found a significant IE of
traffic X rep. exposure on hedonic quality (F(2,46) = 5.81, p=0.006, see Figure 12).

Comparing the values of the first day with those of the last day, it is evident that the hedonic quality has
increased. On the second day, hedonic quality is highest in the context of fully automated traffic. In contrast, on
the first and last day in mixed traffic.

The ART found a significant main effect of eHMI on pragmatic quality (F(1,23) = 12.94, p=0.002; higher with
M=6.02, SD=0.93 than without an eHMI (M=5.36, SD=1.39). In addition, the ART found a significant main effect
of rep. exposure on pragmatic quality (F(2,46) = 3.44, p=0.041). A post-hoc test found no significant differences.
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Fig. 12. IE of traffic X rep. exposure on Hedonic Quality. Fig. 13. IE of eHMI X rep. exposure on Pragmatic Quality.

The ART also found a significant IE of eHMI X rep. exposure on pragmatic quality (F(2,46) = 3.24, p=0.048, see
Figure 13). Pragmatic quality was higher with than without an eHMI.

4.6  Analysis of Crossing Behavior

In the following section, we present the results of the logging data collected during the crossings. These constitute
the crossing behavior data related to the RQs.

4.6.1 Analysis Collisions between Pedestrian and Vehicles. The ART found a significant main effect of traffic
on collisions (F(1,23) = 7.36, p=0.012; lower with automated M=0.08, SD=0.31 than with mixed traffic M=0.15,
SD=0.43). The ART found also a significant main effect of eHMI on collisions (F(1,23) = 71.15, p<0.001). The
number of collisions is lower with an eHMI (M=0.10, SD=0.36) than without (M=0.13, SD=0.40). Furthermore,
the ART found a significant main effect of rep. exposure on collisions (F(2,46) = 65.22, p<0.001). A post-hoc test
found no significant differences for collisions.
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The ART found a significant IE of traffic X rep. exposure on collisions (F(2,46) = 48.49, p<0.001). The ART
found a significant IE of eHMI X rep. exposure on collisions (F(2,46) = 67.18, p<0.001).

The ART found a significant IE of traffic X eHMI X rep. exposure on collisions (F(2,46) = 47.92, p<0.001, see
Figure 14). What is striking about the purely automated traffic is that the number of collisions is the same on the
first two runs, only varying slightly on the last day. In turn, the number of collisions varies greatly with mixed
traffic. In the second run, most collisions occurred with vehicles without eHMIL On the last day, more pedestrians
collided with vehicles with an eHML
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Fig. 14. Three-way IE of traffic X eHMI X rep. exposure on Collisions.

4.6.2  Analysis Crossing Duration. The ART found a significant main effect of traffic (F(1, 23) = 34.91, p<0.001), of
eHMI (F(1,23) = 7.45, p=0.012) and of rep. exposure on Duration on the sidewalk at the starting point (F(2,46) = 3.27,
p=0.047).

The ART found a significant IE of traffic X eHMI on Duration on the sidewalk at the starting point (F(1, 23) = 8.25,
p=0.009, see Figure 15). The duration is shorter in situations without eHMI. The participants took the longest in
the scenarios in which they were exposed to mixed traffic and an eHMI.
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Fig. 15. IE traffic X eHMI on Duration on Fig. 16. IE traffic X rep. exposure on on Fig. 17. IE eHMI X rep. exposure on Du-
the sidewalk at the starting point. Duration on the sidewalk at the starting ration on the sidewalk at the starting
point. point.

The ART found a significant IE of traffic X rep. exposure on Duration on the sidewalk at the starting point
(F(2,46) = 3.88, p=0.028, see Figure 16). The duration on the sidewalk at the starting point was the longest with
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both manually driven vehicles and AVs. The time on the sidewalk decreased with the number of passes in purely
automated traffic.

The ART also found a significant IE of eHMI X rep. exposure on Duration on the sidewalk at the starting point
(F(2,46) = 5.26, p=0.009, see Figure 17). Strikingly, the duration on the sidewalk increased with eHML In contrast,
the duration decreased when no eHMI was present.

Furthermore, the ART found a significant main effect of rep. exposure on Duration in the first lane (F(2, 46) = 3.60,
p=0.035). A post-hoc test found that Three was significantly higher (M=3.19s, SD=1.54s) in terms of Duration
in the first lane compared to One (M=2.69s, SD=1.10s; pad j=0.031). Furthermore, the ART found no significant
effects on Duration in the second lane.

The ART also found a significant main effect of traffic (F(1, 23) = 43.07, p<0.001; lower with only AVs M=18.50s,
SD=7.56s than when mixed M=20.28s, SD=7.67s) and eHMI on Total crossing time (F(1, 23) = 7.36, p=0.012; longer
with eHMI M=20.28s, SD=8.44s than without M=18.50s, SD=6.70s). In addition, the ART found a significant main
effect of rep. exposure on Total crossing time (F(2,46) = 6.03, p=0.005). A post-hoc test found that One was
significantly higher (M=20.24s, SD=7.11s) in terms of Total crossing time compared to Three (M=18.65s, SD=7.81s;
padj=0.005) and Two (M=19.28s, SD=8.02s; pad j=0.033). The ART found a significant IE of traffic X eHMI on Total
crossing time (F(1,23) = 8.43, p=0.008, see Figure 18). The total time is surprisingly shorter without an eHML
The participants took the longest when exposed to mixed traffic and an eHML
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Fig. 18. IE traffic X eHMI on Total crossing time.

5 DEMOGRAPHICS FOR ONLINE STUDIES 2 AND 3

5.1 Procedure

The study, lasting 80 minutes, involved participants recruited via Prolific and MTurk who completed it online
by crossing a road six times and answering questionnaires. Initially, participants consented to data processing,
confirmed system requirements, and accessed the study materials through a provided download link. The
introduction phase also included a trial run and demographic data collection. The main study phase involved road
crossing via mouse and keyboard, followed by a questionnaire. The study concluded with a final questionnaire
and a $15 reward for those who complied with the study rules and successfully completed attention checks.
We determined the necessary sample size via an a-priori power analysis using G*Power in version 3.1.9.7 [31].
To achieve a power of .8 with an alpha level of .05, 20 participants should result in an anticipated medium effect
size (0.25 [34]) in a within-between interaction repeated-measures ANOVA with two groups and 6 measurements.
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5.2 Demographic Data

United States. N=15 American participants (7 males, 7 females, and 1 not-binary) completed the study with
an average age of M=34.2 years (SD=8.94, range: 24-59 years). The participants grew up in the following states:
Arizona (1), California (3), Chicago (1), Colorado (1), Florida (1), Georgia (1), Michigan (1), New Jersey (1), New
York (1), Ohio (1), Pennsylvania (1) and Utah (1). Another test person grew up in Mexico and currently lives in
the USA. On a 5-point Likert scale (1 = Strongly Disagree - 5 = Strongly Agree), participants showed interest in
AVs (M=3.73, SD=0.59), believed AVs to ease their lives (M=3.53, SD=0.83), and were unsure whether AVs become
a reality by 2032 (M=3.73, SD=0.46). Additionally, they were asked to evaluate their pedestrian behavior using
the pedestrian behavior scale [92]. They used a 6-point Likert scale (1 = never and 6 = always). The rating of
pedestrian behavior in terms of intentional deviation from social rules without the intention to cause damage is
below average (M=2.33, SD=1.10). Also striking is the assessment of the participants (M=2.67, SD=1.25) in relation
to the insufficient knowledge of traffic rules and/or the conclusions that have an impact on the decision. In
contrast, participants rated their behavior in the context of unintentional deviation due to lack of concentration
as of little importance (M=1.48, SD=1.05). In addition, participants do not have the tendency to misinterpret
the behavior of other road users to annoy or endanger them (M=1.62, SD=0.92). The highest rating (M=3.93,
SD=0.82) was given to the participants’ assessment of their behavior to avoid violations or mistakes and also
ensure compliance with traffic rules. Finally, the participants were asked which means of transportation they use
and their relationship to walking (M=2.93, SD=1.27) [35, 49].

Germany. N=13 German participants (5 males and 8 females) successfully completed the online-based study.
The average age is M=30.62 years (SD=13.95, range: 21-62 years). The participants show an interest in AVs (M=3.69,
SD=0.63). They also find that AVs can make their lives easier (M=3.46, SD=0.78). They also assume that AVs could
be a reality in 30 years (M=3.84, SD=0.87). Participants rated their intentional deviation from social rules as above
average (M=3.25, SD=1.00). In addition, the insufficient knowledge of the traffic rule and/or the conclusion of the
German participants is striking (M=3.73, SD=0.90). They also indicated that the lack of concentration on the task
had little effect on their pedestrian behavior (M=2.27, SD=1.12). However, the participants rated their behavior as
low aggressive (M=1.62, SD=0.38). In contrast, they rated their behavior in a positive context as high (M=4.04,
SD=0.75). To better classify the participants, they were additionally asked about their relationship to walking
(M=3.82, SD=1.01) [35, 49].

6 ANCHORING ONLINE STUDY WITH VR STUDY: INSIGHTS FROM STUDIES 1 AND 2

We compare the results of the lab-based VR study in Germany (Study 1) and the online website-based study in
Germany (Study 2) to evaluate the effects of different study modalities. We use Bayes Factors (BF), calculated
with the package BayesFactor using JZS priors. We examined the factors study (VR, online-based), eHMI (with
eHMI, without eHMI), and repeated exposure (One, Two, Three). Evidence is interpreted according to Jeffreys [47].
For conciseness, we only report the effects of the study approach (VR vs. online-based), which represents the
difference or equality between the two approaches.

We compare the results per dependent variable. If there was moderate evidence for equal results, we determined
that this variable is comparable (¢). For anecdotal evidence, it is unclear (?).

6.1 Results

The results are shown in Table 1.

6.2 Discussion & Summary

We compared a VR study with German participants (Study 1) with an online-based study with movement via
the keyboard and mouse with German participants (Study 2). Fuest et al. [33] carried out a comparative study
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VR Online-based
Dependent Variable Mean SD Mean SD BFs Evidence = Comparable
Mental Workload 5.35 3.85 10.14 4.28 BF =1.87e+12 Extreme No X
Understanding 3.91 091 298 0.68 BF =2.87¢+10 Extreme No X
Trust 4.16 0.80  3.53 0.80 BF =2.72e 4+ 05 Extreme No X
Perceived Safety 2.15 1.06  1.03 1.26 BF =3.10e + 08 Extreme No X
" Effect of Speed on Decision ~ ° 539 157 414 136 BF=7.69+05 Extreme NoX
Effect of Distance on Decision 5.43 1.76 531 1.63 BF =1/5.79 Moderate  Yes
Effect of Communication on Decision 4.68 230 3.21 2.31 BF =1.87¢+03 Extreme No X
Own Waiting Time 3.94 205 3.82 1.79 BF =1/6.01 Moderate  Yes
" Presence e€HMI) < 497 209 564 172  BF=233  Anecdotal Unclear?
Pragmatic Quality 5.65 127 412 1.50 BF =1.15¢e +11 Extreme No X
Hedonic Quality 4.66 115  4.27 1.23 BF =1.99 Anecdotal Unclear
~Collisions < 011 038 018 042 BF=1/318  Moderate Yes¢/
Sidewalk Waiting Duration 10.83s  7.29s 6.55s  8.47s BF =1.31e+03 Extreme No X
First Lane Duration 3.03s  2.05s 3.01s 2.85s BF=1/7.14 Moderate  Yes
Second Lane Duration 2.52s  1.19s 1.90s 3.35s BF =3.32 Moderate  Yes
Total Duration 19.39s  7.66s 11.76s 10.50s BF =1.57e +09 Extreme No X

Table 1. Comparison of metrics between VR and online-based studies with Bayesian Factors indicating evidence strength.

to assess the impact of AV driving behavior on pedestrians across three different settings: real life (Wizard of
Oz), VR, and video. They determined that a video-based Wizard of Oz setup effectively replicates the critical
pedestrian crossing rate observed in real-world scenarios, with a minimal variance of A < 1% (see also Recarte
et al. [77]). However, while our online and our virtual environments are equal regarding their visual appearance,
the interaciton with the environment differed (keyboard and mouse vs real movement). Nonetheless, a hint
as to whether the real world and virtual environments are comparable is given by Holldnder et al. [43], who
implemented an online game to study road-crossing behavior. They found that “real and virtual environments
correlated” [43, p. 1]. This approach is the basis for the results reported by Colley et al. [8], who have implemented
the closest apparatus to ours.

To the best of our knowledge, however, this study is the most comprehensive comparison of the two study
methodologies, which were used extensively in prior work. We show that the results using these methods
are not directly comparable. Nonetheless, they provide a way to compare participants in different localities
efficiently and, based on the results of Hollander et al. [43], could be correlated to the real world.

7 CULTURAL DIFFERENCES BETWEEN GERMAN AND US PARTICIPANTS

In this section, we compare the data from the online, website-based study with German participants (Study 2) and
US participants (Study 3) to answer RQ3. Study 3 had procedures and measurements identical to those of Study 2.

7.1 Mental Workload, Trust & Perceived Safety

The ART found a significant main effect of rep. exposure on mental workload (F(2, 52) = 4.68, p=0.014). The ART
also found a significant IE of cult. background x eHMI on mental workload (F(1, 26) = 11.97, p=0.002).
Furthermore, the ART found a significant IE of cult. background x eHMI X rep. exposure on mental workload
(F(2,52) = 3.48, p=0.038; see Figure 19).
Participants from Germany initially have a higher mental workload with eHMI, which decreases over the
second day and is almost equal to those without eHMI on the last day. For the participants from the USA, the
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Fig. 19. Three-way IE of cult. background x eHMI X rep. exposure on Mental Workload.

mental workload decreased continuously over the three test days. In addition, the workload is lower over all
three days with eHMI.

The ART found a significant main effect of eHMI on Understanding (F(1,26) = 10.15, p=0.004). Understanding
was higher with (M=2.99, SD=0.61) than without an eHMI (M=2.73, SD=0.66). In addition, the ART found a
significant main effect of eHMI on Trust (F(1,26) = 11.98, p=0.002). Trust was higher with (M=3.68, SD=0.91)
than without an eHMI (M=3.35, SD=0.91).

The ART found no significant effects on perceived safety.

7.2 Crossing Decision

Using a 7-point Likert scale, participants were asked to rate the four reasons [76] that influenced the crossing
decision.

In both demographics, the distance between vehicles has the greatest influence on the crossing decision
(Germany: 32.22 %; USA 32.76 %). The lowest impact is represented by the communication of the vehicles via the
LED in both demographics (Germany: 19.46 %; USA 19.3 %).

The individual reasons for the crossing decisions, if an effect was observed, are listed below. The ART found no
significant effects on speed and distance as a decision to cross the road.

7.2.1  Effect of Communication on Crossing Decision. The ART found a significant main effect of eHMI on
communication (F(1,26) = 6.34, p=0.018). Communication had a greater impact on crossing decisions when an
eHMI (M=3.75, SD=2.50) was present than without (M=2.69, SD=1.88).

7.2.2  Effect of Own Waiting Time on Crossing Decision. The ART found a significant IE of cult. background X rep.
exposure on own waiting time (F(2,52) = 3.23, p=0.048).

The ART also found a significant IE of cult. background x eHMI X rep. exposure on own waiting time (F(2,52) =
3.31, p=0.044; see Figure 20).

In a general comparison, the reason for the crossing decision increases for US participants over the three trial
days. In contrast, the value decreases for the German participants. For the German participants, their own waiting
time had little influence on their crossing decision on the third day if the vehicle had an eHMI. In contrast, this
had the highest value for US participants.
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Fig. 20. Three-way IE of cult. background x eHMI X rep. exposure on Own Waiting Time

7.3 Communication Quality

The ART found no significant effects on the presence (of eHMI), which was measured by participants’ agreement
on a 7-point Likert scale. Furthermore, the ART found a significant main effect of eHMI on pragmatic quality
(F(1,26) = 7.41, p=0.011). Pragmatic quality was significantly higher with an eHMI (M=4.28, SD=1.79) than
without an eHMI (M=3.70, SD=1.45). However, ART found no significant effects on hedonic quality.

7.4 Analysis of Logging-Data
Analysis of logging data in relation to the VR study and the cultural backgrounds of the participants.

7.4.1  Collisions between Pedestrian and Vehicles. The ART found a significant main effect of cult. background
(F(1,26) = 11.74, p=0.002), of eHMI (F(1,26) = 32.01, p<0.001), and of rep. exposure on number of collisions
(F(2,52) = 22.71, p<0.001). The ART also found a significant IE of cult. background X rep. exposure (F(2,52) = 19.26,
<0.001) and of eHMI X rep. exposure on number of collisions (F(2,52) = 29.86, p<0.001).

The ART furthermore found a significant IE of cult. background x eHMI X rep. exposure on number of collisions
(F(2,52) = 7.87, p=0.001; see Figure 21).

In general, Germans have fewer collisions with vehicles than Americans. The number of collisions with vehicles
with an eHMI is also higher than without, and this is independent of cultural background.

7.4.2  Analysis Crossing Duration. In this section, we investigated the participants’ individual times on the two
sidewalks, the road, and the total time.

The ART found a significant main effect of eHMI on Duration on the sidewalk at the starting point (F(1,26) = 5.86,
=0.023). The duration of participants on the sidewalk at the starting point was higher (M=6.01s, SD=7.50s) when
the vehicle did not have an eHMI (M=9.07s, SD=10.31s) than with (M=6.01s, SD=7.50s).

The ART also found a significant main effect of eHMI (F(1, 26) = 7.20, p=0.013; higher with an eHMI: M=5.89s,
SD=21.94s) and of rep. exposure on Duration in the first lane (F(2,52) = 7.66, p=0.001; no sig. post-hoc test).

The ART found a significant IE of cult. background X rep. exposure (F(2,52) = 7.32, p=0.002) and of eHMI X rep.
exposure on Duration in the first lane (F(2,52) = 16.45, p<0.001).

Furthermore, the ART found a significant IE of cult. background X eHMI X rep. exposure on Duration in the first
lane (F(2,52) = 9.65, p<0.001; see Figure 22).
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Fig. 21. Three-way IE of cult. background x eHMI X rep. ex- Fig. 22. Three-way IE of cult. background x eHMI X rep. ex-
posure on Number of Collisions. posure on Duration in the first lane.

For the German participants, the presence of an eHMI had little effect on the duration in the first lane. For the
US participants, the duration in the first lane is the longest on the third day of the test with eHMI.

For Duration in the second lane (F(2,52) = 5.16, p=0.009), the ART found a significant IE of cult. background x
rep. exposure (see Figure 23).
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Fig. 24. |E of eHMI X rep. exposure on Duration in the second
lane

Fig. 23. IE of cult. background X rep. exposure on Duration in
the second lane.

German participants have a shorter duration in the second lane. It is striking that the US participants spent the
longest time in the second lane on the third day of the test.
The ART found a significant IE of eHMI X rep. exposure on Duration in the second lane (F(2,52) = 4.17, p=0.021;
see Figure 24). The duration of participants on the second lane on the third repeated exposure is significantly
higher than the other two times.
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The ART found a significant main effect of cult. background on Total crossing time (F(1,26) = 5.21, p=0.031;
higher for US participants with M=11.76s, SD=10.50s). The ART also found a significant IE of eHMI X rep. exposure
on Total crossing time (F(2,52) = 4.42, p=0.017). Furthermore, the ART found a significant IE of cult. background
x eHMI X rep. exposure on Total crossing time (F(2,52) = 5.04, p=0.010; see Figure 25). It is evident that for

usa Germany
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Fig. 25. Three-way IE of cult. background x eHMI X rep. exposure on Total crossing time

participants from Germany, the presence of an eHMI does not have a major impact on crossing time. In contrast,
the duration increased when an eHMI was present for the participants from the US.

8 DISCUSSION

The focus of this work was three-fold. First, we evaluated the longitudinal effects of eHMI and traffic in a
VR scenario in Germany. Then, we compared this to a website-based longitudinal evaluation with German
participants. We found that the two methodologies do not lead to equal results; however, it is still a valid approach
to gathering more diverse and international data. Finally, we compared the website-based data from Germany
with website-based data from US participants. In this section, we discuss the results of the three studies in relation
to the previously defined RQs and previous work.

The eHMI led to various positive outcomes, including shorter crossing times, reduced mental demand and
effort, increased perceived safety and trust. These results align with earlier studies, which also observed similar
positive effects [7, 19, 29, 54, 56]. The longitudinal results also aligned with previous results showing reduced
traffic durations and increased trust and perceived safety [7], however, previous had evaluated these repeated
exposure effects on one single day. This work confirms these effects over the duration of a week. Interestingly,
most of these positive effects (i.e., mental workload, trust, and crossing decision) were perceivable both for the
study with German participants in VR as well as in the online-based studies for both there German and US
participants while not as pronounced when comparing the two demographics.

8.1 RQ1: Longitudinal Effects of eHMIs in Virtual Reality

The main decision for crossing found is gap acceptance, which depends on speed and vehicle distance [18, 27, 75].
Our participants also rate these two factors most highly as a decision reason. The IE regarding speed as a crossing
decision suggests that participants trusted that AVs would stop ("Positive effects because you Trust the vehicle more
than if it was human controlled.", "I think AVs are less prone to failure than human drivers and therefore the risk of
collisions for pedestrians can be minimized."). Thereby, the values for with and without eHMI differ only minimally

Proc. ACM Interact. Mob. Wearable Ubiquitous Technol., Vol. 8, No. 4, Article 176. Publication date: December 2024.



Longitudinal Effects of External Communication of Automated Vehicles in the USA and Germany « 176:21

in the crossing decision (see Figure 6). For communication as a reason for crossing, the perceived presence of an
eHMI is higher rated than without (meaning that participants did notice the eHMI). In addition, the data suggest
that communication via the LED strips is more necessary in mixed traffic than when the traffic consists of only
AVs (see Figure 7). This observation is consistent with previous research that found clear communication of AVs
in mixed traffic to be necessary [36, 66, 83]. Participants spent less on the sidewalk in terms of time in relation to
traffic over the course of the study. This also suggests increasing Trust and perceived safety in the AVs and their
functioning. Another interaction occurs in the duration of the participants’ stay on the sidewalk at the starting
point in relation to eHMI and traffic type. For example, in mixed traffic, participants waited longer for feedback
from the AV so that it was clear that they could cross the street. In addition, an interaction between eHMI and
repeated exposure occurs the more times they have experienced the situation. This observation is consistent with
the improved learning ability measured by Faas et al. [29] with regard to a more frequent interaction between
pedestrians and AVs [29]. The data also suggest that the more Trust the participants had in the AVs, the shorter
they waited on the sidewalk at the starting point. This can be seen in the figures of the waiting behavior and
the walking profiles. This aligns with the observations of M. Faas et al. [61] in their video-based study [61]. The
IE in the context of the number of collisions suggests that participants rely on and are more likely to wait for
the AVs and their eHMI than, in contrast, participants without eHMI. More collisions occurred in mixed traffic
because participants did not know whether the vehicle understood their intention to cross. This observation is
also reflected in the IE of total crossing time, as participants in mixed traffic and with eHMI took the longest.

Furthermore, our data recommend that an eHMI helps increase Trust, Understanding, and perceived safety
and reduces mental workload. This aligns with previous work and further highlights the potential benefits of
eHMIs. Furthermore, the data indicate that as the number of repetitions increases, especially in the relation
between the first and third runs, comprehension and perceived safety increase and mental workload decreases.
This is in accordance with the longitudinal video study of Faas et al. [29] and the VR study of Colley et al. [7].
In addition, we found a significant IE between traffic and repeated exposure in terms of perceived safety. Thus,
safety increases when participants cross the street more often, although the type of traffic has no influence.

The eHMI also had a significant influence on the quality of communication, namely on the presence (of an
eHMI), hedonic quality, and pragmatic quality. The ratings of the eHMI align with the color and animation
preferences for eHMI of Dey et al. [23]. An important longitudinal result is that it seems that participants no
longer paid attention to the eHMI later in the study ("At the beginning of the study, I still paid attention to the LED
lights, but in the course of the study, the LED lights were no longer decisive", "I would already no longer need the
communication”, "I think it will go relatively quickly that this communication will no longer be necessary. People
will Trust the system."). This is in line with results by Colley et al. [7]. Similar behavior can be observed for
appropriateness in the context of repeated exposure, with/without eHMI and automated traffic. Only in the case
of mixed traffic is appropriateness with eHMI required since, here, a direct comparison can be drawn between
the manually driven vehicles and AVs.

8.2 RQ2: Comparison Germany VR & Online-based Study

For most dependent variables, we found moderate to extreme evidence for differences (see Table 1). For example,
the participants in the online-based study spent less time on the sidewalk. This may be due to the limited
perception of pedestrians to the crossing situation [33, 55, 72]. The data also suggest that the participants were
quicker to complete the crossing scenarios successfully. However, an increased number of collisions implied that
the participants were riskier (see Section Table 1). This may be because online participants are more inaccurate
in their execution [17]. Furthermore, in the case of mental workload, the VR and the online-based study are
not comparable, potentially because the immersion in the crossing situation is reduced, and the control of the
pedestrian in combination with the head rotation requires more concentration. The data suggest that mental
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workload was the lowest for the scenarios in VR. The reason for this may be the participants’ lack of spatial
awareness in the online-based study; they are not aware of where they are currently positioned in the study.

In conclusion, the choice of the study approach directly impacts the results. This is in line with the results of
the empirical study by Voit et al. [93] but also contradicts previous research on comparability [33]. Therefore,
this paper also acts as a call to determine possibilities to incorporate the findings of many studies on eHMIs
into a coherent picture. It can also be summarized that the participants in the VR study were more completely
immersed and that this had a significant influence on the behavior [16, 33].

8.3 RQ3: Comparison German and US Participants in Online-based Study

While the study samples for studies 2 and 3 were only moderate, we discuss some key findings.

For both backgrounds, the main reason for crossing is the distance between vehicles (see Section 7.2). For the
German sample, similar to the VR study, the data also suggest speed as a determinant for crossing decisions. For
the US sample, however, it is their own waiting time. The data suggest that the rating increases the more often
they interact with a vehicle. Whereas for Germans, the score drops. The Germans waited longer for the vehicle to
stop and/or the eHMI to communicate. As US participants crossed earlier, an eHMI could not reduce the crossing
risk, leading to more collisions than the German participants. It is striking that the number of collisions increases
significantly for US participants during the course of the study. The reason for this may be the earlier entry into
the first lane. The crossing duration being longer for US participants can be explained by the three outliers who
chose a longer path when crossing, which is evident in the walking profiles (see Appendix A).

The IE between eHMI, cultural background, and repeated exposure (see Figure 19) shows that US participants
reported a generally lower mental workload with an eHMI and that this also decreased quickly over the three
days.

In so-called Dignity cultures [58], found mainly in Western Europe and North America, self-worth comes
from within and is not influenced by others’ opinions or values. These cultures prioritize individualism, have
low power distance, and operate within an egalitarian context focusing on individual goals. Legal systems here
enforce contracts and rights, fostering an environment where people treat each other as equals and engage
in reciprocal exchanges to build integrity and trust. Consequently, there is a prevailing belief in “swift trust,”
where people are trusted unless proven otherwise. These traits suggest that individuals from dignity cultures
may quickly trust in automation. As the US and the German participants both belong to the so-called Dignity
cultures [58], it is not surprising that we found no significant differences between the two study populations in
Trust. Nonetheless, our data suggest that an eHMI increases both Trust and Understanding. However, no main
effects were recorded for perceived safety.

Although the traffic cultures in the US and Germany share many similarities, our research identified significant
differences in how individuals from these demographics interact with AVs. This finding underscores the presence
of notable distinctions between even culturally similar but geographically distinct regions, particularly in the
context of traffic behavior. These disparities are likely to be even more pronounced in other countries and contexts
where cultural differences are expected to be greater, such as in various European countries, Asia, and the Global
South. Consequently, it is imperative to carefully consider the influence of cultural factors when designing
interactions with AVs.

Despite the overarching similarities in traffic regulations, vehicle technology, and road infrastructure between
the US and Germany, our study highlights that cultural nuances significantly affect human-AV interactions. This
suggests that cultural attitudes towards technology, risk, and authority are crucial in shaping these interactions.
As AV technology continues to evolve and become more prevalent globally, the impact of cultural differences will
become increasingly critical. In countries with vastly different traffic cultures and societal norms, such as Asia
or the Global South, the interaction dynamics with AVs may differ even more starkly. Therefore, it is essential
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for designers and engineers to integrate a deep understanding of these cultural factors into the development
process to ensure the safe and efficient deployment of AVs. We highlight here that a one-size-fits-all approach to
AV interaction design is inadequate. Instead, a culturally sensitive framework is necessary, one that takes into
account the specific behaviors, expectations, and attitudes of users from diverse backgrounds. This approach will
not only enhance the usability and acceptance of AVs but also contribute to their overall safety and effectiveness
on a global scale.

8.4 Limitations and Future Work

The number of participants (VR: N=24; online-based: N=15 (USA) & N=13 (Germany)) was rather low. In the two
other intercultural studies on eHMIs, Lanzer et al. [53] recruited 90 participants and Joisten et al. [51] recruited
205 participants in total. While some studies used as few as 28 participants for a comparison between China,
USA, and Germany [82], generally, for other cultural comparisons, numbers can even be much higher (e.g.,
856 for comparing general pedestrian crossing between Beijing, China and Munich, Germany [48]). However,
these works used online-based video studies compared to our interactive simulation. Additionally, the two
cultural backgrounds of our study are usually grouped together in research because they are both considered
Western [53, 58, 74, 94]. Nonetheless, there are crucial differences between the two (e.g., how ready AVs are
perceived [90]), so such a comparison is often made in previous work [82]. Therefore, it is difficult to make a
globally valid statement about culture because many countries have left-hand traffic, and we had right-hand
traffic in the study [3]. The collisions also suggest that participants would have behaved more cautiously in
the real world (see Sections 4.6.1, Table 1, and 7.4.1). In addition, three experimental days can only provide an
indication of the extent to which participants can become accustomed to an AV with/without eHMI.
Transferability to a real-world scenario is difficult to assess. However, we can provide initial evidence of how
pedestrians behave in scenarios with eHMIs, with repeated exposure in relation to their cultural background.

The online-based study should be conducted in a country with a different cultural background, such as China

or Japan, as the form of politeness is different from that in Western countries [45, 53].
Another RQ could examine the behavior of pedestrians when other people are around them or also want to cross
the street [7]. In countries such as China or Japan, harmony and togetherness within the population influence
behavior and predefined social rules [40, 71]. In addition, investigations into the behavior of test persons in
combination with left and right-hand traffic would be interesting. In many cases, pedestrians look at their cell
phones while crossing the street and thus have a secondary task [54]. An investigation could find out whether a
cultural tendency is also emerging in this environment.

One inherent limitation of this study might be its reliance on a VR and screen-based methodology. While this
provides a straightforward and safe way for proof-of-concept validations, it may lead participants to engage in
riskier behaviors than they would in a more hazardous real-world setting. Nonetheless, previous research, such as
that by Recarte et al. [77], indicates that time-to-arrival estimates are consistent between video simulations and
real-life situations. Similar methodologies have been effectively employed in past research to examine interactions
between AVs and pedestrians [26]. Furthermore, the literature supports that the impact of vehicles on pedestrians,
when viewed through videos, aligns closely with actual experiences. Shen et al. [85] created a video-based tool to
assess the safety of young pedestrians’ street-crossing behavior and found these video-based assessments to be
both valid and reliable. Fuest et al. [33] compared the effects of AV driving behaviors on pedestrians in real-life
scenarios, VR, and video settings. They determined that a video-based Wizard of Oz setup, similar to the one
used in this study, closely replicates real-world pedestrian crossing rates with a negligible difference of less than
1% [33]. Therefore, we believe our findings are ecologically valid.

Finally, the comparability between the VR and screen-based methodologies, despite using the same graphical
fidelity, is unclear. VR offers not only greater immersion but also reduced participant control. This increased
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interactivity can lead to different levels of engagement and potentially affect participant responses and behaviors,
contrasting with the more static nature of screen-based environments.

9 CONCLUSION

We explored how pedestrian behavior is influenced when crossing streets in an urban setting, with particular
attention given to eHMIs, the number of repetitions with an AV, the type of traffic (manual or automated), and
the pedestrian’s cultural background. Three distinct studies were conducted. First, in a VR study with N=24
participants executed at the University of Ulm, participants physically moved and interacted within a virtual
environment. The second and third were online-based studies, which utilized keyboard and mouse inputs to
simulate pedestrian behavior. These studies were international, with 13 participants from Germany (Study 2)
and 15 participants from the USA (Study 3). The VR study results showed that as participants interacted more
with the AV, their Understanding, Trust, and perceived safety increased. Furthermore, the mental workload
decreased over time. Additionally, participants reported finding communication via eHMI to be more pleasant and
easier to understand. The online-based studies yielded some contrasting results, particularly concerning cultural
differences. US participants showed lower levels of mental workloads. However, this lower mental workload was
associated with more collisions as the study progressed. The VR study results aligned with existing research,
confirming the beneficial role of eHMI in increasing pedestrian safety and reducing mental workload. However,
the online and VR study outcomes were not directly comparable, potentially due to the differences in the level
of immersion and the limitations in the perception of the online-based study participants. This work helps
assess different study approaches regarding the effects of eHMIs and provides initial evidence regarding cultural
differences.
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ANALYSIS OF POSITION TRACKING

This section shows the positional data of the online-based study in the form of the participants’ waiting behavior

an

d the individual walking path for each participant. The data were partitioned by cultural background and

repeated exposure.

Waiting behavior of the pedestrians. In this section, we examine participants’ waiting behavior for each repeated

exposure divided into cultural backgrounds. The wider the bubble, the longer the participants waited at this

po

sition. Figure 26 shows the waiting behavior of the German participants. The participants waited for a long
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Fig. 26. Waiting behavior for German partici- Fig. 27. Waiting behavior for US participants
pants for repeated exposure One. for repeated exposure One.

time at the curb away from the roads on the test day. This behavior can also be seen in the US participants in
Figure 27.

sh

The participants’ waiting behavior on the second repeated exposure changed from the first day. The Germans,
own in Figure 28, spent less time below the sidewalk but oriented more toward the curb, which led the AVs
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Fig. 28. Waiting behavior for German partici- Fig. 29. Waiting behavior for US participants
pants for repeated exposure Two. for repeated exposure Two.

to recognize the intention to cross. A more active behavior of the US participants can be observed in Figure 29.
Their waiting behavior increased in the first lane compared to the first day of the experiment.
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Fig. 30. Waiting behavior for German partici- Fig. 31. Waiting behavior for US participants
pants for repeated exposure Three. for repeated exposure Three.

On the third day of the experiment, the waiting time of the German citizens on the two lanes also increased, as
shown in Figure 30. Similar behavior can be seen in Figure 31 for the US participants.

Walking path of the pedestrians. In this section, we present the movement profiles of each participant as they
moved for each scenario on that particular day. The light blue rectangle at the top sidewalk shows a cross-section
of the checkpoint. The wider the checkpoints shown in the figures, the more fine-grained the differences between
the individual tracked position data.

The walking profiles, shown in the four illustrations within Figure 32, are very similar in both cultural
backgrounds. The only noticeable differences are the three US test participants, who oriented one far to the right
and crossed the street.

The four walking profiles shown in Figure 33 indicate that the profiles of the German participants with the
eHMI are similar. It is noticeable that the participants from the USA chose a longer path in the scenario without

eHMI than with eHMI.
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Fig. 32. Walking path of the pedestrians on the first day.

In the walking profiles on the third day of the experiment, see Figure 34, no change in walking behavior is
observable for the US participants. The behavior of the Germans also shows no significant change over the course

of the study.
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Fig. 33. Walking path of the pedestrians on the second repeated exposure.
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(d) USA: Scenario 2 & Repeated Exposure Two.
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Fig. 34. Walking path of the pedestrians on the third study day.
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