
Interaction Effects of Pedestrian Behavior, Smartphone
Distraction and External Communication of Automated Vehicles

on Crossing and Gaze Behavior
Mirjam Lanzer

mirjam.lanzer@uni-ulm.de
Human Factors, Ulm University

Ulm, Germany

Ina Koniakowsky
ina.koniakowsky@uni-ulm.de
Human Factors, Ulm University

Ulm, Germany

Mark Colley
mark.colley@uni-ulm.de

Institute of Media Informatics, Ulm University
Ulm, Germany

Martin Baumann
martin.baumann@uni-ulm.de
Human Factors, Ulm University

Ulm, Germany

ABSTRACT
External communication of automated vehicles is proposed to re-
place driver-pedestrian communication in ambiguous crossing sit-
uations. So far, research has focused on simpler scenarios with one
attentive pedestrian and one automated vehicle. This virtual reality
study (N=115) investigates a more complex scenario with other
crossing pedestrians, a distracting task on the smartphone, and ex-
ternal communication by the automated vehicle. Interaction effects
were found for crossing duration, gaze behavior, and subjective
measures. For attentive pedestrians, the external communication re-
sulted in shorter crossing durations, higher perceived safety, as well
as lower perceived criticality, cognitive workload, and effort. These
positive effects were not found when pedestrians were distracted.
Instead, distracted pedestrians benefited from other crossing pedes-
trians because they looked less at the stopping vehicle, felt safer,
perceived the situation as less critical, and reported lower cognitive
workload and effort. Pedestrians initiated crossings earlier with a
group or external communication and later with a smartphone.
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1 INTRODUCTION
Automated vehicles (AVs) are expected to change traffic profoundly
and bring advantages to various domains such as the environ-
ment [86] or safety [32, 44]. In urban areas, up to 73% of analyzed
pedestrian crashes would be avoidable with fully AVs [92]. However,
AVs also bring new challenges as driver-pedestrian communication
is no longer available. To address this challenge, many external
Human-Machine Interface (eHMI) concepts were proposed and
evaluated for AVs [10, 12, 17, 39]. According to a taxonomy by Dey
et al. [23] as well as by Colley and Rukzio [13], they differ, among
others, in their communication modality (e.g., lightband or text for
visual eHMIs, auditory signals), their placement (e.g., on the vehicle,
on the road), their information content (e.g., driving mode, intent)
and their degree of scalability (e.g., single or multiple road users).

Previous studies evaluated eHMI concepts almost exclusively
in a one pedestrian – one AV scenario [16] where the pedestrian
had no other task than crossing the street. However, from a large
body of observational studies, 38 factors were identified that influ-
ence pedestrians’ crossing decisions, including characteristics of
the pedestrian and the surrounding environment [15, 81]. Observa-
tional studies show that pedestrians are rarely alone on the street
but are accompanied or surrounded by other pedestrians [61, 73].
Also, pedestrians often handle a secondary task in addition to cross-
ing the street, such as using their smartphone [35, 51, 77, 89, 93]. All
these factors that influence pedestrians’ crossing behavior do not
exist in isolation, but they interact with each other. Understanding
how these factors interact with each other is particularly important
as traffic is a complex system in which there is practically no situa-
tion with only one influencing factor. Hence, the main effects found
so far cannot simply be transferred to more complex scenarios, as
it seems unlikely that a factor is so strong that it has the same
effect in every context. It is, therefore, particularly important to
understand under which circumstances factors (e.g., eHMIs) have
an effect. While there is an extensive body of literature comparing
different eHMI concepts or features (see [5, 23] for an overview),
until now, more than one pedestrian [8, 26, 96], pedestrian’s at-
tentional state [11] or smartphone distraction [50] have only been
evaluated in solitude. In their overview, Rasouli and Tsotsos [81],
however, conclude that their interactions have not been sufficiently
investigated in research so far.
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Studying the interaction of these three factors is especially in-
teresting as all of them either promote or hinder the intake of
information that is necessary for the decision to cross the street.
The presence of other crossing pedestrians and the eHMIs of AVs
can provide cues to the pedestrians to help them correctly assess
the criticality of the situation, make a crossing decision and feel
safe doing so. Pedestrians’ smartphone distraction, on the other
hand, interferes with and negatively influences these processes.
Thus, it can be expected that these three factors interact with each
other. Furthermore, all three factors are not marginal phenomena
but are established in research and, in relation to the presence of
other pedestrians and smartphone distraction, frequently observed
in reality. There are already reliable findings from research on all
three variables separately [8, 11, 50]. However, these have never
been studied together. There are already voices in the research
community calling for these variables to be studied in their interac-
tion [16, 26, 50].

Thus, we conducted a Virtual Reality (VR) study (N = 115) to
examine potential interactions between pedestrian factors with
the external communication of AVs. Participants crossed the street
while three factors were varied: (i) they were distracted by using
a smartphone, (ii) another group of pedestrians was also crossing,
and (iii) the AVs were communicating their intent via light band
eHMIs. Interaction effects were found, especially in relation to
smartphone distraction. Being distracted or attentive seems to be a
key determinant of pedestrians’ crossing and gaze behavior that
interacts with the presence of other crossing pedestrians and the
external communication of AVs. When pedestrians were attentive,
eHMIs led to a decrease in crossing duration, perceived criticality,
cognitive workload, and effort and an increase in perceived safety.
However, these positive effects were not found when pedestrians
were distracted by using a smartphone. The presence of another
group of simulated pedestrians crossing made distracted pedestri-
ans feel safer, they perceived the situation as less critical, reduced
their cognitive workload and effort. The pedestrians also looked
more at the stopping AV when the eHMI was active but only when
not distracted by a smartphone and no other pedestrians were there.
When other pedestrians were there, they looked less at the stopping
AV. In addition, pedestrians initiated their crossing sooner when
the eHMIs were active, when other pedestrians were crossing, and
later when they were distracted by a smartphone. They looked less
at traffic when they were distracted. They also performed worse in
the smartphone task when the eHMIs were active.

Contribution statement: This work extends eHMI research by
including the pedestrian factors smartphone distraction and other
persons’ behavior and investigating their interaction with the ex-
ternal communication of AVs. The results of a VR experiment with
N = 115 participants showed that the positive effects that eHMIs
had on attentive pedestrians disappeared as soon as the pedestri-
ans were distracted by using a smartphone. In contrast, the pres-
ence of other crossing pedestrians appeared to benefit distracted
pedestrians. This work highlights the need for more complex traf-
fic scenarios as well as the investigation of interaction effects in
pedestrian-AV interaction research.

2 RELATEDWORK
This work builds on prior work on external communication of AVs,
pedestrians distracted by their smartphones, and the presence of
other pedestrians. According to Rasouli and Tsotsos [81] and Colley
et al. [15], these factors can be categorised as environmental factors
(eHMI as a vehicle factor) and pedestrian factors (smartphone dis-
traction as an attentional state factor, presence of other pedestrians
as a social factor). Related work on each of these factors will be
provided in the following.

2.1 External Communication of Automated
Vehicles

External HMIs are designed to help interpret whether a vehicle
will yield to a pedestrian [19, 25, 47, 58] when driver-pedestrian
communication is no longer present in AVs. While some researchers
argue that implicit communication, such as the vehicle’s movement
patterns or engine sound, is sufficient [27, 65, 72], the majority
of studies seem to find positive effects of eHMIs. When AVs are
equipped with eHMIs, pedestrians feel safer to cross [19, 31, 64],
trust the AV more [53, 70], have a reduced cognitive load [8], and
initiate their crossing sooner [31, 47, 58]. de Winter and Dodou [20]
provide an overview of the arguments for and against the necessity
of eHMIs.

Most of these studies have been done in a simplified scenario
with one attentive pedestrian and one AV. As this is a logical first
step when investigating a new technology, the focus of current
research in the eHMI domain seems to shift towards topics that
take pedestrian factors into account. This includes studies about
different cultural backgrounds [53, 60], age groups [21, 45], and
including pedestrians with impairments [4, 14, 39].

Understanding pedestrians’ attentional state is crucial for pedes-
trian safety in automated traffic, as pedestrians’ head orientation
and gaze behavior are indicators that AVs take into account when
predicting pedestrians’ intention to cross the road [57]. Distracted
pedestrians in particular show a less pronounced gaze and head ori-
entation pattern towards traffic than attentive pedestrians (see sub-
subsection 2.2.1) which must nevertheless be correctly interpreted
by AVs in order to avoid accidents.

Colley et al. [11] investigated whether pedestrians who were
distracted by a cognitively demanding task on a billboard in front
of them could benefit from visualizing the direction of oncoming
traffic on parked vehicles or the pavement but did not find signifi-
cant interaction effects. Holländer et al. [50] found that guidance
given on the smartphone screen helped distracted pedestrians make
successful crossing decisions in non-automated traffic and reduced
their cognitive workload. To the authors’ knowledge, smartphone
distraction and external communication of AVs have not yet been
studied together.

Addressing the issue of scalability of eHMIs, AVs should pro-
vide clear and unambiguous communication, such as displaying
the yielding intention to avoid miscommunication when multiple
pedestrians are present [26, 96]. Colley et al. [8] investigated the
effect of eHMIs while a group of pedestrians performed a critical
crossing in front of a non-yielding AV. They found that most par-
ticipants did not directly follow the group but still crossed earlier
than when no group was present. In a video study [53], pedestrians
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stated that they felt safer in automated traffic when waiting at the
curb with a group of simulated pedestrians, but no effects were
found for the crossing willingness. The authors suggest that this
could be due to the imitation effect not occurring, as the group of
simulated pedestrians were only waiting but not crossing, which
is also supported by Colley et al. [9]. In both studies, either no
interaction effects were calculated or detected.

2.2 Pedestrian Factors
2.2.1 Smartphone Distraction. For a safe crossing, it is crucial that
pedestrians are attentive before and while crossing the street [82].
Yet, observational studies conducted in multiple countries and
across different traffic environments report numbers between 20-
30% of pedestrians using their smartphones while crossing [35, 51,
77, 89, 93]. For pedestrians, visual, cognitive and auditory distrac-
tion pose a safety risk [43]. Visual distraction can be caused by any
task that involves perceptual processes that limit a pedestrian’s
visual abilities [2]. Looking at a smartphone can constitute a vi-
sual distraction as pedestrians may not see approaching vehicles or
relevant traffic signs. Cognitive distraction refers to any task that
requires cognitive processing and results in thinking about some-
thing unrelated to the crossing task [63]. According to Strayer et al.
[87], cognitive distraction occurs when the cognitive workload ex-
ceeds a certain threshold. This can happen if a competing task (e.g.
texting on a smartphone) is performed at the same time as crossing
the road, as both require cognitive resources (e.g. estimating the
speed of oncoming vehicles). A systematic review across 14 studies
found that among all smartphone-related activities, texting, a visu-
ally and cognitively distracting task [43], has the most detrimental
effects on pedestrians’ behavior [85]. When being distracted by a
smartphone, pedestrians feel less safe [98] and report a higher per-
ceived workload and an impaired situational awareness [67]. Being
distracted while walking is a predictor of unsafe crossing, meaning
pedestrians are less likely to follow a straight path and cross more
slowly [43, 66], which increases their risk for collisions [74, 82].
They also take longer to initiate a crossing when there is a safe gap
between vehicles [6, 85]. In addition, pedestrians distracted by a
smartphone look less at oncoming traffic [43, 85, 93], reduce their

scanning frequency, and fixate less and shorter on traffic-related
areas [52].

2.2.2 Effects of Other Pedestrians’ Behavior. Observational studies
showed that 50-70% [34, 73] and, in the city center, up to 88% [61]
of pedestrians cross in groups, with the most commonly observed
group size being two to three people [61]. Even if they are travelling
alone, they are usually surrounded by other pedestrians. Pedestri-
ans report feeling safer when crossing in a bigger group [98]. This
also influences the pedestrians’ crossing behavior and the drivers’
behavior. At unsignalized crossings, drivers are likelier to yield to
pedestrian groups of three or more people [88]. On the other hand,
pedestrians are more likely to cross [33, 80] and to cross faster [8] if
other pedestrians have already started to cross, compared to when
no other pedestrians are present. Also, individual pedestrians are
less careful when crossing a road if several people cross at the
same time [41] and less likely to check for oncoming traffic [61, 76].
Instead, pedestrians are more likely to look towards pedestrians
when crossing in the presence of others [28]. Following the be-
havior of other pedestrians may be an indicator of compensatory
behavior [85], meaning that relying on groups’ social information
when to cross the street spares one’s own resources [40].

3 PEDESTRIAN STUDY
To investigate interaction effects between factors influencing pedes-
trians’ crossing and gaze behavior, we used a 2 x 2 x 2 within-
subjects design. The independent variable on the vehicle side was
whether the eHMIs of the AVs were activated. The independent
variables on the pedestrian side were whether there was another
group of pedestrians crossing and whether the pedestrian was dis-
tracted by using a smartphone. As we used a full factorial design,
each participant experienced eight conditions. The order of the
conditions was randomized using a Latin square. Hypotheses for
the main effects could be derived from the literature. However, the
main focus of this study was to examine potential interaction effects.
As this is, to the authors’ knowledge, the first paper to examine the
interaction of these variables, any potential interaction effects were
exploratory in nature. The hypotheses and research questions of
this study are shown in Table 1.

Table 1: Hypotheses (H) and Research Questions (RQ) of the study

Dependent variable Independent variable Hypothesis

H1a
Crossing initiation time

eHMI When the AV communicates via an eHMI compared to when not, pedestrians initiate their crossing sooner.
H1b Group of pedestrians When a group of pedestrians is crossing in front compared to when not, pedestrians initiate their crossing sooner.
H1c Smartphone distraction When pedestrians are distracted by a smartphone compared to when not, they initiate their crossing later.

H2a Crossing duration Group of pedestrians When a group of pedestrians is crossing in front compared to when not, pedestrians have a shorter crossing duration.
H2b Smartphone distraction When pedestrians are distracted by a smartphone compared to when not, they have a longer crossing duration.

H3a
Gaze behavior towards traffic

eHMI When the AV communicates via an eHMI compared to when not, pedestrians look less at traffic-related areas.
H3b Group of pedestrians When a group of pedestrians is crossing in front compared to when not, pedestrians look less at traffic-related areas.
H3c Smartphone distraction When pedestrians are distracted by a smartphone compared to when not, they look less at traffic-related areas.

H4a
Perceived safety

eHMI When the AV communicates via an eHMI compared to when not, pedestrians feel safer.
H4b Group of pedestrians When a group of pedestrians is crossing in front compared to when not, pedestrians feel safer.
H4c Smartphone distraction When pedestrians are distracted by a smartphone compared to when not, they feel safer.

H5a Perceived cognitive workload eHMI When the AV communicates via an eHMI compared to when not, pedestrians have a lower cognitive workload.
H5b Smartphone distraction When pedestrians are distracted by a smartphone compared to when not, they have a higher cognitive workload.

RQ What interactions with each other do the variables eHMI of an AV, presence of a pedestrian group and smartphone distraction have on crossing initiation time, crossing duration,
gaze behavior, secondary performance in the smartphone task, perceived safety, perceived criticality, and perceived workload?
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3.1 Sample
The final sample consisted of 115 people (78 female, 36 male, 1 non-
binary). For details on excluded participants (n = 9), see subsub-
section 3.5.1. Participants’ age ranged from 19 to 61 years with an
average age of M = 24.85 years (SD = 7.40 years). The sample con-
sisted of 83% students and 17% employees. Most participants stated
to walk daily (67%) or close to daily (on 5-6 days per week; 21%),
while the remaining 12% walked on 2-4 days a week. On average,
participants walked 31-45 minutes daily, covering a distance of 2-3
km per day. Three participants had been involved in an accident as
a pedestrian in the past five years, with minor (n = 2) or no (n = 1)
injuries. Most participants (89%) reported being right-handed, while
11% reported being left-handed.

Participants were recruited through flyers, social media, and
various mailing lists. They were requested to be at least 18 years old
and fluent in German. As the study was conducted in VR, people
with motion sickness or members of a risk group (e.g., pregnant
women or people with epilepsy) were not allowed to participate
in the experiment. All participants had normal or corrected to
normal vision, and people with glasses were asked to wear contact
lenses during the study. The experiment was approved by the ethics
committee of Ulm University.

3.2 Study Setup
3.2.1 Crossing Scenario. The crossing scenario was adapted from
Colley et al. [8] and implemented in VR using Unity (version 2020.03.
1f10). A Vive Pro Eye VR setup was used with three base stations
covering an area of 6 x 4𝑚2 (see Figure 1).

Figure 1: Laboratory setting andVR setup. A participantwalk-
ing with the Vive Pro Eye VR headset on and a controller in
her hand (left). Experimenter perspective and experimenter
computer with Unity (right).

When participants entered the simulation, they were standing
in a park close to the sidewalk of a two-lane street in an urban area
(see Figure 2). They were instructed to cross the street to reach
their destination on the opposite side (highlighted in green). Due
to space and tracking constraints, the same gain factor of 1.7 that
Colley et al. [8] used in their study was added in the straightforward
and sideways (not height) axis. This means that when participants

cover 1 m in the lab, they cover 1.7 m in the VR scenario. Vehicles
were approaching from both directions at a speed of approximately
30 km/h. During the first 28 s, traffic was dense and gaps between
vehicles were approximately 3s long. They were considered critical
crossing opportunities as they are too short for a pedestrian to safely
cross the street. Therefore, it was expected that participants would
not cross the street during the first 28 s. After 28 s, a vehicle coming
from the left decelerated and stopped in front of the participant
(stopping AV). The next vehicle from the right arrived after an
additional 14 s, creating an adequate gap in which participants
could safely cross the street. The traffic was identical, especially
regarding vehicle sequence and gaps, in each scenario to ensure
comparability. All virtual vehicles were compact cars, identical in
appearance, drove autonomously, and were introduced as driverless
cabs.

3.2.2 External HMI. External communication was operationalized
by a light strip, displaying the vehicle’s intent (driving vs. stopping;
see Figure 3). This was adapted from Colley et al. [8] who followed
the approach by Faas et al. [31] and Dey et al. [24]. This kind of
eHMI was chosen as it is technically feasible (compared to, for
example, projections or windscreen displays) and does not require
language skills (compared to text) [8]. An intention-based light
band eHMI is also visible to multiple pedestrians and has already
been studied regarding scalability with positive results in terms
of crossing willingness and decision certainty [96]. The eHMI was
attached to the lower front of the vehicle: when the vehicle was
driving, two outward-moving yellow dots were visible on the LED
band. When it slowed down and stopped, the LED strip flashed
turquoise.

3.2.3 Other Pedestrians. The influence of other crossing pedestri-
ans was examined by using a group of three virtual pedestrians,
consisting of two men and one woman (see Figure 4) The charac-
teristics of the simulated pedestrian group (age, gender, group size)
was adapted from Colley et al. [8] and corresponds to typically ob-
served group constellations [61]. The pedestrian group was located
at the same side of the street, to the right of the participants. The
group was placed slightly set back so that the visibility of traffic was
not reduced, but the group was still clearly visible when looking
to the right. The simulated pedestrians initiated their crossing 1 s
before the vehicle from the left (stopping AV) came to a standstill.
This ensured that they crossed the street before the participant.

3.2.4 Smartphone Distraction. The distraction task was implement-
ed by a virtual smartphone on a handheld controller (see Figure 5).
On this virtual smartphone, pedestrians performed the n-back task,
a cognitive performance task that has been used in several pedes-
trian studies [11, 90, 95]. As texting on a smartphone, a visually
and cognitively demanding task [56], showed the most detrimental
effects on pedestrian behavior [85], a visual version of the n-back
task [94] seems to be an appropriate way to test smartphone dis-
traction while measuring performance on this secondary task in a
standardized way. Thus, a simple visual version (1-back task) was
used to prevent cognitive resources from increasing to the point
where pedestrian safety was compromised. Participants had to indi-
cate whether the letter displayed matched the previous letter or not
via a key press on the controller that they held in their dominant
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Figure 2: Bird’s eye view of the scenario. (Top) The vehicle coming from the left has already stopped. The next vehicle from the
right came at a distance of 14 s. This created a gap in which the participant (red cross) could cross. (Bottom) Four areas (park,
sidewalk, street, destination) were used for the logging. The participants started in the park and waited on the sidewalk (red
cross) to cross the street. The pedestrian group was waiting at the same height, to the right of the participant on the sidewalk
(circled in blue). The sidewalk was 1.8 m, and the street was 6.5 m wide in VR. The destination area was on the sidewalk, on the
other side of the street, and was highlighted in green.

Figure 3: The three modes of eHMI that were operationalized
by an LED band on the lower front of the vehicle: animated
yellow dots represented driving (left), flashing turquoise
band represented stopping (center), and no lights represented
inactive eHMI (right).

hand. A match was handled correctly by pressing the button on
the front with the thumb, and a mismatch was handled correctly
by pressing the button on the back of the controller with the index
finger. Participants were instructed that correctness and not speed
was the goal of this task. The letters were displayed for 2 s each,
and participants had the chance to respond within this time. They
received immediate feedback on whether the trial had been handled
correctly or incorrectly by displaying a green circle or a red cross at
the top of the smartphone screen. A blank screen followed for 1 s,
resulting in a new letter appearance every 3 s. A different sequence
of letters was used in each trial, but the ratio of matches to mis-
matches was kept the same. The participants started the 1-back task

Figure 4: The simulated group of pedestrians started crossing
the street shortly before the vehicle came to a halt. The red
arrow indicates the location of the participant.

by themselves as soon as they entered the scenario. The task, which
was performed continuously throughout the entire duration of the
scenario, could not be paused or interrupted by the participants and
ended when the experimenter stopped the simulation, i.e., as soon
as the participants reached the other side of the street. The length
of the task was chosen in such a way that it was not possible to
end the task before finishing the crossing process. The participants
were instructed to engage with the task while safely crossing the
street. On average, they engaged with the smartphone 9 times per
condition.
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Figure 5: Virtual smartphone with the 1-back task from the
pedestrian perspective. A letter is displayed, and the red cross
above the letter indicates that the participant had handled
the trial incorrectly.

3.3 Measurements
3.3.1 Objective Measurements. The VR scenario was divided into
four areas, i.e., park, sidewalk, street, and destination (see Figure 2),
and the participants’ position was logged within these areas with
50 Hz. The crossing initiation time was determined by the time
that it took for the participants to step onto the street after the
car coming from the left (stopping AV) had stopped. The crossing
duration time was determined by the time that the participants
were on the street.

For gaze behavior, five Areas of Interest (AoIs) were defined
in advance (traffic, the stopping AV from the left, smartphone,
other pedestrians, and destination area). The participants’ gaze
was automatically detected in these predefined AoIs. Dwell time
was calculated, i.e., the time a participant spent looking at an AoI,
including all fixations and saccades in an AoI. No gazes shorter
than 100 ms were included in the dwell time as the information
that can be processed in 100 ms is limited [91]. As blinks were not
automatically detected, gaze data was interpolated when a blink
occurred while participants looked at an AoI. A blink was defined
when participants’ gaze was not detected for less than 150 ms, as
blink duration is around 100-150 ms on average [7]. The frequency
of gazes in an AoI as well as the time participants looked at an
AoI (e.g., smartphone) in relation to total time, were calculated as
dependent variables [68]. Only gazes, while the participants were
standing on the sidewalk prior to crossing, were included in the
analyses. This ensured that all participants had a similar field of
view and that the gaze reflected the decision-making process when
crossing as gazes when walking to the curb are primarily directed
at the crossing infrastructure, as opposed to gazes at traffic or other
AoIs [36].

For assessing the secondary task performance, the error rate in
the 1-back task on the virtual smartphone was computed. Misses
and false alarms were treated as errors, and hits and correct rejec-
tions were treated as correct trials. The error rate was calculated
from all letters processed until the crossing was initiated.

3.3.2 Subjective Measurements. As for subjective measures, the
raw NASA TLX scales [42] were used to assess mental demand

("Howmentally demanding was the task?"), physical demand ("How
physically demanding was the task?"), temporal demand ("How
hurried or rushed was the pace of the task?"), performance ("How
successful were you in accomplishing what you were asked to do?"),
effort ("How hard did you have to work to accomplish your level of
performance?"), and frustration ("How insecure, discouraged, irri-
tated, stressed, and annoyed were you?"). Perceived safety ("How
safe did you feel in the situation?"; adapted from [46]) and per-
ceived criticality ("How critical did you find the situation you just
experienced?"; [62]) were assessed as single items on a 5-point and
a 7-point Likert scale respectively (1=not at all, 5/7=completely).

3.3.3 Interview. In the interview, participants answered seven ques-
tions about their experience during the experiment. They were
asked first what influenced their crossing decision. Afterwards,
each of the three factors (eHMI, smartphone distraction, pedestrian
group) was addressed explicitly and participants had the chance to
elaborate in which way this factor influenced their crossing deci-
sion. Participants were also asked whether they were particularly
tired or unconcentrated and whether they were able to show the
crossing behavior that they would normally show in real traffic.
Finally, they had the opportunity to make general comments about
the study.

3.4 Procedure
An overview of the procedure can be seen in Figure 6. The exper-
iment was conducted in a laboratory setting in compliance with
Covid-19 regulations. After being informed about the study subject,
participants gave informed written consent. They were told that
the study was about pedestrians’ crossing behavior but were not
given any further details. Participants were instructed to cross the
street to reach their destination on the opposite side of the street.
They were told to behave as they would in real traffic and that there
was no time pressure to cross the street particularly fast but rather
to cross safely. An introduction to the VR setup followed, along
with practice trials. In a short familiarization phase, participants got
used to the environment without any traffic and finished their task
of crossing the street by walking through the lab. As soon as they
reached the destination area on the other side, the VR simulation
was stopped. Then, the traffic and the group of crossing pedestrians
were introduced. It was explained that all vehicles were driving
fully automated without a driver being present. No details were
given about the participant’s relation to the other group of pedes-
trians (e.g., friends, strangers). The communication via the eHMI
was explained, shown in a video, and also experienced in a test trial
in VR. Lastly, the smartphone task was instructed, and participants
practiced it in VR. Participants were able to ask questions at any
given time. When participants felt comfortable with the task, the
experimental trials started. Participants were instructed that there
would always be traffic in these trials and that they were informed
beforehand whether they would have to do the smartphone task.
Then, the eight experimental trials followed. After each trial, par-
ticipants answered questions about the experienced situation on a
tablet (interim questionnaire with the subjective measurements).
After completing all trials, they answered questions in a short 10-
minute interview and filled in a questionnaire about demographics,
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Figure 6: Study Procedure. Orange boxes indicate parts in VR and blue boxes indicate self-report parts. After informed consent
was given, participants completed three practice trials. Then eight experimental trials followed, comprising the crossing
in the VR scenario and an interim questionnaire. After completing all trials, participants were interviewed and filled in a
questionnaire.

immersion [59] and presence [84] in VR, and their pedestrian behav-
ior [38] and walking habits. At the end, participants were debriefed
and compensated. Overall, the study took approximately 70 min-
utes, and participants were compensated with 15€ or course credit.
The data collection took place in two periods (May and October
2022).

3.5 Data Preparation and Analysis Procedure
3.5.1 Data Preparation. Two participants were excluded because
of technical problems with the VR or the questionnaire and one
because of fatigue. Furthermore, 15 participants crossed the street
in an earlier gap than the one created by the stopping vehicle from
the left. For nine participants, this happened only once (n = 8) or
twice (n = 1), so these trials were repeated, and the repetitions
were used in the analysis. For six participants, this happened in
three or more trials, although they were made aware of this. As
these crossings were considered to be critical, these participants
were excluded from the data analysis. In n = 13 trials, initiation
times were negative because participants mistakenly stood on the
street while waiting to cross. This happened unsystematically for
different conditions. These trials were listwise deleted. Another
n = 4 trials were excluded due to an experimenter’s mistake during
data collection. Even though eye trackingwas used during the entire
study, only the smartphone could be reliably detected during the
first data collection period due to technical issues. Thus, only the
gaze behavior of participants in the second data collection period
(n = 59) was analyzed.

Outliers were defined on the trial level for each condition and
dependent variable. Data points that were more than 1.5 times
the interquartile range were considered to be slight outliers and
were not removed as they can be attributed to the manipulation.
There were extreme outliers for the crossing initiation time (n = 10
trials), for the crossing duration (n = 3 trials), the secondary task
performance (n = 1 trial), and the gaze behavior (n = 9 trials) of
more than three times the interquartile range, which were excluded
from the analysis since it cannot be ensured that these values were
attributed to the manipulation. These trials were pairwise deleted.

For the subjective dependent variables, outliers were not influential
and thus kept in the analyses.

3.5.2 Analysis Procedure. For the analyses, R (version 4.2.1) and
RStudio (version 2022.07.01) were used. Overall, 913 trials were an-
alyzed. As this was a within-subjects design, the eight trials (Level
1) were nested within participants (Level 2). The interdependencies
between participant observations were calculated using intraclass
correlation (ICC). For all dependent variables, the ICC was > 0.05.
Thus, hierarchical linear regressions with a random intercept and a
fixed slope were calculated for each dependent variable. All inde-
pendent variables, i.e., smartphone distraction (yes vs. no), external
communication (yes vs. no), and crossing group (yes vs. no), as well
as their interactions, were included. The predictors were all effect
coded, thus allowing an interpretation of main and interaction ef-
fects that is similar to the more commonly used repeated-measures
ANOVA. In case of significant interactions, regression models were
calculated for the relevant subsets of the data (e.g., with and with-
out the smartphone distraction), analogous to the procedure for
calculating simple main effects in the ANOVA procedure.

3.5.3 Effects of Time and Data Collection Period. As data collection
took place during two separate time periods, this was included
as an effect-coded predictor in the models. However, there were
no significant effects, i.e., differences, for the two different data
collection periods except for initiation time, where participants in
the second data collection were generally slightly slower (0.14s on
average) to initiate a crossing.

Even though the sequence of conditions was balanced using a
Latin square to reduce order effects, time was included in the analy-
ses as a random slope predictor to account for potential individual
learning effects. Significant effects were found for the subjective
data and the secondary task performance. For perceived safety, per-
ceived criticality, perceived mental and temporal demand, perceived
effort, and frustration, the first trial was significantly different from
the remaining seven trials (lower for perceived safety and higher
for all other variables). Thus, the first trials for these variables were
excluded from the analyses as they did not depict the effects of the
manipulated variables but were rather an effect of the first contact
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with the situation. In consequence, excluding them eliminated the
effect of time in the final regression models. As the sequence of
conditions was balanced, the exclusion did not affect the overall
frequency of conditions in the final model. For perceived perfor-
mance and secondary task performance, there was a significant
time effect over all trials. Over time, the participants improved at
the smartphone task (fewer errors), which was also reflected in the
perceived performance measure. However, as the order of condi-
tions was balanced, this did not systematically influence the effects
of the other manipulated variables. No time effects were found for
the remaining objective measurements, initiation time, crossing
duration, all gaze parameters as well as perceived physical demand.
Even though the participants experienced the traffic scenario eight
times, this did not alter their crossing and gaze behavior over time.
The plots regarding time effects and the complete regression models
can be found in the supplementary materials.

4 RESULTS
In our sample, immersion in VR can be considered as high (M = 21.33,
SD = 4.35) since it was one standard deviation higher than the ref-
erence values provided for young adults (19 - 32 years) (M = 15.87,
SD = 5.93; [59]).

4.1 Crossing Initiation Time
The crossing initiation time was defined as the time it took par-
ticipants to step onto the street after the oncoming vehicle from
the left had stopped. Smaller values indicate that participants ini-
tiated their crossing sooner and larger values that they initiated
the crossing later. Depending on the participant and the condition,
crossing initiation time ranged fromMin = 0.38 s toMax = 5.36 s. On
average, participants were fastest in the condition with a crossing
group and an eHMI (M = 1.74 s, SD = 0.49 s) and slowest in the
smartphone-only condition (M = 2.31 s, SD = 0.83 s) to initiate a
crossing (see Figure 7 left).

As for inferential analyses, neither the three-way nor any two-
way interactionswere significant. However, a significantmain effect
for the crossing group (𝛽 = -0.09, t = -4.96, p < .001), the smartphone
distraction (𝛽 = 0.18, t = 9.90, p < .001) and the eHMI (𝛽 = -0.04,
t = -2.47, p = .014) was found. Participants initiated their crossing
earlier when a group was crossing in front and when the eHMI was
active. When pedestrians were distracted by a smartphone, they
initiated their crossing later.

4.2 Crossing Duration
The crossing duration was defined as the time participants spent on
the street. Smaller values indicate that participants crossed faster
and larger values that they crossed slower. Depending on the partic-
ipant and the condition, crossing duration ranged from Min = 1.92
s toMax = 7.58 s. On average, the participants crossed fastest in the
eHMI -only condition (M = 2.83 s, SD = 0.54 s) and slowest in the
condition with smartphone distraction and crossing group (M = 3.29 s,
SD = 0.77 s) (see Figure 7 right).

Inferential analyses revealed a significant three-way interaction
(𝛽 = -0.03, t = -2.07, p = .039). To examine the interaction, the data
was first split by group. When there was no group crossing, a
significant interaction effect of smartphone distraction and eHMI
was found (𝛽 = 0.07, t = 2.44, p = .015). When there was no crossing
group and participants were not distracted by a smartphone,
the crossing duration was shorter when the eHMI was active (𝛽 = -
0.05, t = -2.68, p = .009). When there was no crossing group and
participants were distracted by a smartphone, the eHMI had
no effect. When there was a group crossing, a main effect of
smartphone distraction was found (𝛽 = 0.20, t = 12.39, p < .001), the
eHMI had no influence anymore. The participants crossed slower
when there was a group and they were distracted by a smartphone.

Second, the data was split by smartphone distraction. When par-
ticipants were not distracted a smartphone, a significant main
effect of eHMI was found (𝛽 = -0.03, t = -2.66, p = .008). Participants
crossed faster when the eHMI was active compared to when not.
When the participants were distracted by a smartphone, there
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was a significant two-way interaction of eHMI and group (𝛽 = -0.05,
t = -2.01, p = .045). However, none of the pairwise comparisons
between conditions were significant.

Third, the data was split by eHMI. In both cases, with and without
eHMI, smartphone distraction had a significant main effect (with
eHMI: 𝛽 = 0.24, t = 8.77, p < .001;without eHMI: 𝛽 = 0.18, t = 10.26,
p < .001). The participants crossed slower when they were distracted
by a smartphone.

4.3 Gaze Behavior
Gaze behavior was operationalized via AoIs and calculated by the
frequency of gazes at an AoI and the time that participants spent
looking at the AoI relative to the rest. Smaller values indicate that
participants looked less often and shorter at the AoI.

4.3.1 Gazes at Traffic. Depending on the participant and the con-
dition, the frequency of gazes at traffic ranged from Min = 0 to
Max = 34 and the proportional dwell time at traffic ranged from
from Min = 0.00 to Max = 0.78. On average, participants looked

at traffic least often in the smartphone-only (M = 10.28, SD = 4.91)
and most often in the eHMI -only condition (M = 19.38, SD = 5.09).
On average, participants looked proportionally the least long at
traffic in the condition with a smartphone distraction and a crossing
group (M = 0.18, SD = 0.09) and the longest in the condition without
smartphone distraction, eHMI and group (M = 0.54, SD = 0.11) (see
Figure 8.1 and 2).

There was a significant effect of smartphone distraction on the
frequency (𝛽 = -4.13, t = -20.56, p < .001) of gazes at traffic. When
participants were distracted by a smartphone, they looked less
often at traffic compared to when they were not distracted by a
smartphone. A significant two-way interaction between smartphone
distraction and eHMI was found for the proportion of gazes on
overall traffic (𝛽 = 0.01, t = 2.07, p = .040). When participants were
distracted by a smartphone, the proportion of gazes at traffic was
higher when the eHMI was active compared to when not (𝛽 = 0.01,
t = 2.10, p = .040). When participants were attentive, no effect of
the eHMI was found.
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Figure 8: Gazes at traffic (1: proportional dwell time, 2: gaze frequency) and gazes at stopping AV (3: proportional dwell time,
4: gaze frequency) by eHMI communication, crossing group, and smartphone distraction. Smaller values represent shorter
proportional dwell time and less gazes at traffic/stopping AV. Two-way interaction of smartphone distraction and eHMI for
proportional dwell time at traffic. Fewer gazes at traffic with smartphone distraction. Two-way interaction of eHMI and crossing
group for proportional dwell time at stopping AV. Fewer gazes at stopping AV with smartphone distraction and crossing group.
For the details of the significance tests, see the text.
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4.3.2 Gazes at Stopping AV. The frequency of gazes at the stopping
AV ranged fromMin = 0 toMax = 6 and the proportional dwell time
at the stopping AV ranged fromMin = 0.00 toMax = 0.21, depending
on the participant and condition. On average, participants looked
at the stopping AV least often in the condition with smartphone
distraction and crossing group (M = 1.41, SD = 0.95) and most often
in the condition without smartphone distraction, eHMI and crossing
group (M = 2.03, SD = 1.20). On average, participants looked propor-
tionally the least long at the stopping AV in the smartphone-only
condition (M = 0.03, SD = 0.04) and the longest in the eHMI -only
condition (M = 0.09, SD = 0.05) (see Figure 8.3 and 4).

A significant main effect of smartphone distraction (𝛽 = -0.13,
t = -2.91, p = .004) and group (𝛽 = -0.17, t = -3.99, p < .001) was
found for the frequency of gazes at the stopping AV from the left.
The participants looked less often at the stopping AV when they
were distracted by a smartphone compared to when not and when
there was a crossing group compared to when not.

For the proportional dwell time of gazes at the stopping AV, there
was a significant two-way interaction between eHMI and group
(𝛽 = -0.004, t = -2.51, p = .013). When there was no crossing group,
a higher proportion of gazes towards the stopping AV was observed
when the eHMI was active compared to not (𝛽 = 0.005, t = 2.31,
p = .022). When there was a crossing group, no influence of the
eHMI was found. In addition, when the eHMI was active, a lower
proportion of gazes at the stopping AV was observed when the
group was crossing (𝛽 = -0.008, t = 3.20, p = .002). When the eHMI
was not active, no influence of the crossing groupwas found. There
was also a main effect of smartphone distraction (𝛽 = -0.02, t = -11.80,
p < .001). The participants looked proportionally less long at the
stopping AV when distracted by a smartphone.

4.3.3 Gazes at Other Pedestrians and Smartphone. On average, the
participants looked 13.96 times at the smartphone (ranging from 1
to 29) and 2.48 (ranging from 0 to 10) times at the other pedestrians.
Participants spent an average of 39.58% (ranging from 1% to 79%) of
their time looking at the smartphone and 3.27% (ranging from 0% to
25%) of their time looking at other pedestrians, across all conditions
where the smartphone distraction or group was present. Additional
information on gazes at other pedestrians and the smartphone can
be found in the supplementary materials.

4.4 Secondary Task Performance
The secondary task performance was described as the proportional
error rate, i.e., the ratio between the errors in the n-back task and
the total number of items completed by participants on the virtual
smartphone. Higher values indicate that participants performed
worse in the secondary task and made more errors. On average, the
participants completed eight items in each condition (ranging from
Min = 7.78 items to Max = 7.94 items). The proportional error rate
ranged from Min = 0 (no errors) to Max = 0.75 (75% errors) depend-
ing on the participant and the condition. On average, participants
made the most errors in the condition with the eHMI (M = 0.18,
SD = 0.17) and the fewest errors in the condition with the crossing
group (M = 0.11, SD = 0.13; see Figure 9).

Inferential analyses found no significant interaction effect but a
significant main effect for eHMI (𝛽 = 0.01, t = 2.44, p = .015). When

Figure 9: Error rate in the secondary task on the smartphone
(n-back) by eHMI communication and crossing group. Smaller
values represent fewer errors. More errors with eHMI than
without. For the details of the significance test, see the text.

the AVs were equipped with external communication compared to
when not, participants made more errors.

4.5 Perceived Criticality and Perceived Safety
Perceived criticality was measured on a 7-point Likert scale, ratings
ranged from Min = 1 to Max = 7, with higher values representing
higher perceived criticality. On average, participants perceived
the eHMI -only condition as least critical (M = 1.40, SD = 0.65)
and the smartphone-only condition as the most critical (M = 3.28,
SD = 1.39; see Figure 10 left). Perceived safety was measured on a
5-point Likert scale, ratings ranged from Min = 1 to Max = 5, with
higher values representing higher perceived safety. On average,
participants felt safest when only the eHMI was active (M = 4.72,
SD = 0.47) and least safe when they only had to do the distracting
smartphone task (M = 3.54, SD = 0.99; see Figure 10 right).

The inferential analysis revealed a significant two-way interac-
tion between smartphone distraction and eHMI for perceived criti-
cality (𝛽 = 0.08, t = 2.49, p = .013) and perceived safety (𝛽 = -0.05,
t = -2.53, p = .012). In addition, there was a significant two-way
interaction between smartphone distraction and crossing group for
perceived criticality (𝛽 = 0.07, t = 2.27, p = .024) and perceived safety
(𝛽 = 0.06, t = 2.55, p = .011). When participants were not distracted
by the secondary task on the smartphone, with eHMI compared to
without eHMI led to lower perceived criticality (𝛽 = -0.20, t = -6.27,
p < .001) and higher perceived safety (𝛽 = 0.16, t = 5.81, p < .001),
while the crossing group had no influence on perceived criticality
and perceived safety. When participants were distracted by the
smartphone however, the crossing group led to lower perceived
criticality (𝛽 = -0.14, t = -3.27, p = .001), and higher perceived safety
(𝛽 = 0.11, t = 3.64, p < .001), while the eHMI had no impact on
perceived criticality and perceived safety.

4.6 Perceived Workload
Perceived workload was subdivided into mental, physical, and tem-
poral demand, performance, effort, and frustration. Ratings ranged
from Min = 1 to Max = 21 for mental demand, temporal demand,
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Figure 11: Perceived mental demand (left) and perceived effort (right) by eHMI communication, crossing group, and smartphone
distraction. Two-way interaction of crossing group and smartphone distraction for mental demand and perceived effort. For the
details of the significance tests, see the text.

performance and frustration, and from Min = 1 to Max = 20 for
physical demand and effort. The results are grouped according to
effect patterns, starting with mental demand and effort, followed
by frustration, and lastly by physical demand, temporal demand,
and performance.

4.6.1 Mental Demand and Effort. In Figure 11 (left), the values for
mental demand, and in Figure 11 (right), the values for perceived
effort are depicted. There was a significant two-way interaction of
smartphone distraction and the group crossing in front on mental
demand (𝛽 = -0.27, t = -2.78, p = .006) and effort (𝛽 = -0.21, t = -
2.23, p = .026). When the participants were not distracted by a
smartphone, mental demand (𝛽 = -0.39, t = -3.72, p < .001) and
effort (𝛽 = -0.27, t = -3.00, p = .003) were lower when the vehicles
were equipped with eHMIs while the crossing group had no effect.
When the participants were distracted by a smartphone, the
crossing group led to lower mental demand (𝛽 = -0.45, t = -3.49,

p < .001) and lower effort (𝛽 = -0.40, t = -3.12, p = .002) while the
eHMI had no effect.

4.6.2 Frustration. The first plot in the top left corner of Figure 12
displays the values for perceived frustration. There was a significant
main effect of smartphone distraction (𝛽 = 1.79, t = 17.30, p < .001).
The two-way interaction between smartphone distraction and eHMI
(𝛽 = 0.18, t = 1.96, p = .050) and smartphone distraction and group did
not reach significance (𝛽 = -0.18, t = -1.78, p = .078). On a descriptive
level, when the participants were not distracted by a smartphone,
the eHMI decreased the perceived frustration of participants. When
participants were distracted by a smartphone, however, the crossing
group decreased the perceived frustration.

4.6.3 Perceived Performance, Physical and Temporal Demand. On
a descriptive level, participants felt that their performance was
overall good (see Figure 12.2), their physical demand was overall
low (see Figure 12.3) and their temporal demand was medium to
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Figure 12: Perceived frustration (1), perceived performance (2), perceived physical demand (3) and perceived temporal demand
(4) by eHMI communication, crossing group and smartphone distraction. Higher perceived frustration, physical demand, and
temporal demand and lower perceived performance with smartphone distraction. For the details of the significance tests, see
the text.

low (see Figure 12.4). Inferential analyses revealed no significant
interaction effects for these variables. Only a significant main effect
of smartphone distraction was found for the perceived physical
demand (𝛽 = 1.85, t = 23.25, p < .001), the perceived temporal demand
(𝛽 = 2.58, t = 22.85, p < .001) and the perceived performance (𝛽 = -
1.90, t = -17.15, p < .001). The distraction task on the smartphone
lead to higher physical and temporal demand and reduced perceived
performance.

4.7 Interview
When participants were asked what influenced their crossing deci-
sion, 90.4% reported the traffic (e.g., gap size, vehicle speed, traffic
flow), 56.5% reported the group, 23.5% reported the eHMI and 20.0%
the smartphone. Numbers increased when the participants were
explicitly asked about each of the three factors and whether it
influenced their crossing decision. The highest increase had the
smartphone distraction from 20.0% to 80.0%. The group and the eHMI

had slightly lower numbers of 65.2% and 59.1% respectively. Par-
ticipants said that when they were distracted by the smartphone,
it was "more strenuous to make a decision" (P5), they were "more
careful and looked more often" (P4) and "felt less safe" (P30). When
asked about the influence of the group, participants stated that they
"felt safer when others were around" (P28), "made a faster decision
to cross" (P57) or stated that "the group was only helpful when I
was using the smartphone"(P49). Regarding following the group,
for example, participant 44 said that "when the group was crossing,
I knew I could also cross". The eHMI was described by participants
as "helpful" (P19) and that they "feel safer when the light was blue"
(P48). While one participant (P34) said they "did not rely" on the
eHMI, another participant said that they "were only crossing when
the light was on" (P33). The majority of participants (91.3%) said
that they were able to show their normal crossing behavior. The
remaining ten participants said that they would normally not use a
smartphone in traffic (n = 5), would cross in a smaller gap (n = 4), or
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would walk faster (n = 1). One participant said that they were tired,
which led to a more cautious crossing behavior. Eleven participants
recognized that the traffic or the gap was the same in all scenarios.

5 DISCUSSION
The main focus of this research was to examine how different fac-
tors that influence pedestrians’ crossing perception and behavior
interact with each other. This has been identified as a so far missing
issue in the current body of research on pedestrians’ interactions
with AVs [16, 26, 50]. In this VR study, three factors were manipu-
lated that already proved to be influential on their own in previous
studies. The first factor was whether the AVs were equipped with
eHMIs signalizing to the pedestrian if they would yield or not. The
second factor was whether the pedestrian was distracted by doing
a secondary task on a smartphone or not. And the third factor was
whether there was another group of pedestrians that crossed in front
of the participant or not. Several interaction effects were found in
addition to main effects. When interaction effects were found, these
are interpreted instead of the hypotheses regarding the main effects
(applies to all hypotheses except forH1a, H1b, H1c; see Table 1).

Almost all interactions that were found included the factor smart-
phone distraction, either with external communication or with the
crossing group. Therefore, attentiveness operationalized via smart-
phone distraction seems to be a key determinant in pedestrians’
perception of and behavior during crossings.

5.1 Positive Effects of eHMI Disappear when
Pedestrians are Distracted

When the pedestrians were attentive and not distracted by the
smartphone, the eHMI had several positive effects such as a de-
crease in crossing duration, perceived criticality, mental demand,
and effort and an increase in perceived safety. This is consistent with
previous research with non-distracted pedestrians that also found
these positive effects [8, 19, 31, 64], with the exception of crossing
duration, where previous research found no effect of eHMIs [30].
When pedestrians were distracted by the smartphone, however, the
positive effects of the eHMI disappeared, and no differences were
found for these variables. Up to the authors’ knowledge, this is the
first study that demonstrates that the previously found positive
main effects of the eHMIs when examined with attentive pedestri-
ans do not apply for distracted pedestrians. This means that eHMIs
seem to be less useful for pedestrian crossing behavior in more re-
alistic scenarios. This raises the question of whether it makes sense
to use eHMIs in such situations, whether new eHMI concepts are
needed that are more beneficial in these circumstances, or whether
implicit vehicle movements are sufficient.

Possible explanations why the positive effects of eHMIs disap-
peared when pedestrians were distracted could be that (1) they did
not perceive the eHMI altogether or (2) had no capacity to pro-
cess the provided information. The gaze data shows that distracted
pedestrians did indeed look less often at traffic, but they looked
proportionally longer at traffic when they were distracted and the
eHMIs were active. This also provides a possible explanation why
they made more errors in the smartphone task when the eHMIs
were active. The eHMI drew more visual attention towards the
vehicles as these are salient stimuli, so that participants spent less

time on the smartphone and made more errors. This could be in-
terpreted as either beneficial because the attention of pedestrians
was focused more on traffic but it could also be disadvantageous
as it adds more visual load [20]. Furthermore, the second possible
explanation assumes that the eHMIs had no effect when pedestrians
were distracted by the smartphone as they did not have enough ca-
pacity to correctly perceive, understand and interpret the additional
eHMI information. Pedestrians indeed looked longer at traffic when
the eHMIs were active and they were distracted by a smartphone
which could be an indication that they took longer to process the
additional information provided by the eHMI. However, this is not
reflected in their subjective assessment of mental demand.

Overall, the pedestrians felt a higher physical and temporal de-
mand, felt they performed worse and were more frustrated when
they were distracted by the smartphone. They also looked less
often and long at traffic. This is in line with previous research
[43, 52, 85, 93].

5.2 Distracted Pedestrians Benefit from
Crossing Group

As the interaction effects with the crossing group suggest, distracted
pedestrians might rely on more familiar cues like other crossing
pedestrians compared to the external communication of AVs when
their cognitive resources are limited. The results show that the
crossing group had several positive effects such as a higher per-
ceived safety, lower perceived criticality, mental demand and effort
when the pedestrians were distracted by the smartphone. No effects
of the crossing group were found when the pedestrians were not
distracted by the smartphone. This implies that the crossing group
is not beneficial when pedestrians are attentive as they presumably
then do not need the additional crossing information provided by
the group. When pedestrians were distracted by the smartphone,
however, they benefited from other pedestrians crossing in front.
This is also reflected in pedestrians’ gaze behavior as they looked
less at the stopping AV when the group of other pedestrians was
crossing in front. As Hamann et al. [40] hypothesized, following a
group could be a way to compensate for the load that is induced
by a distracting activity in a way that relying on the groups’ social
information is a mechanism to spare one’s own resources.

5.3 Faster Crossing Initiation with eHMI or
Pedestrian Group

As for the crossing initiation time, pedestrians initiated their cross-
ing sooner when the eHMI was active (H1a) and when there was
another group of pedestrians crossing (H1b). They initiated their
crossing later when they were distracted by a smartphone (H1c).
This supports the hypotheses and is consistent with previous find-
ings on smartphone distraction, eHMIs and the presence of other
pedestrians crossing [6, 8, 31, 33, 37, 47, 58, 71]. That pedestrians ini-
tiated their crossing sooner when other pedestrians were crossing
could indicate the effect of responsibility diffusion [18]. As pedes-
trians followed others across the road more quickly, they might
rely on them to accurately check traffic and make a safe crossing
decision rather than doing it themselves. This can lead to dangerous
situations if the other pedestrians misjudge the traffic situation,
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misunderstand the communication of the AV, or do not obey the
traffic rules.

5.4 First Contact Effects for Subjective Variables
Lastly, first contact effects were found for the subjective variables.
When first encountering a crossing scenario with AVs, the pedes-
trians felt less safe, perceived the situation as more critical, had
a higher mental and temporal demand, higher effort and frustra-
tion than in later trials. Although there were practice trials, they
were insufficient to avoid the effects mentioned. This underlines
the importance of presenting the situation multiple times to give
participants the chance to familiarize with the setting. A within-
subjects design then seems to be particularly advantageous because
no other time or learning effects were found for the crossing and
gaze behavior. This is particularly noteworthy as some of the re-
spondents recognized that they were in the same scenario, apart
from the manipulated variables, but this did not alter their crossing
behavior.

5.5 Limitations
We used a VR setting in this study, so transferability to a real-world
setting is limited [83]. One potential issue with VR is that depths
are commonly underestimated [29] which can affect the crossing
decision. However, in this study, the participants only crossed as
soon as the AV from the left came to a stop. Thus, the estimation of
distances played a subordinate role. While some studies show that
findings from pedestrian safety research in VR are comparable to
real-world settings [22], it should be done with caution, and only
relative and not absolute values should be used. As Holländer et al.
[50] also point out, there is currently no ethical way to conduct
field experiments where pedestrians are distracted by a smartphone
while crossing the street. Thus, the VR setting seems to be a viable
solution that is also widely used in eHMI research [8, 47, 71]. Even
though we based our eHMI on previously studied eHMIs [8, 24,
31], results might differ with other eHMI designs or features such
as an earlier onset of intention communication or a text-based
eHMI. Nevertheless, we think this is a starting point for further
research on how pedestrian factors influence the perception of
eHMIs. In our study, we used a standardized distraction task instead
of more realistic smartphone activities like texting or browsing. This
allowed us to also examine the performance in the secondary task.
Future studies should also investigate other secondary tasks as well
as other modalities of the task (e.g., auditive [90]). Our sample was
relatively young, so the generalizability of our results to other age
groups is limited. Older people’s ability to safely walk is even more
affected by smartphone distraction [1, 78], so the effects could be
more pronounced. Since we used a very standardized scenario, a
few participants noticed that it was always the same gap in which
they were crossing. This made it possible to keep the waiting time
and the gap size the same, as these influence pedestrians’ crossing
decision [3, 97]. However, as the analyses show, this knowledge
did not alter the participants’ crossing and gaze behavior except
for improving in the secondary task on the smartphone as well
as their perceived performance. Finally, we have only considered
a limited number of influencing factors. We have chosen these

because they influence the uptake of information in the decision-
making process and, apart from eHMIs, are frequently observed in
reality. However, there are several other influencing factors, such
as traffic and pedestrian density, or visibility of other road users,
that play a role and should be investigated in future studies.

5.6 Implications and Future Work
The results of this study show that it is necessary to examine eHMI
concepts in more complex and realistic crossing scenarios that con-
sider pedestrian factors such as smartphone distraction or other
pedestrians’ behavior. As traffic is a complex system where many
factors influence each other, interaction effects can be expected. It
was a logical first step to investigate a new technology like eHMIs
in simplified scenarios first. However, those results cannot neces-
sarily be transferred to other, more complex contexts where there
is not only one AV and one attentive pedestrian. As others have
pointed out [16, 26], the next step is to apply these findings to more
realistic crossing scenarios that also consider pedestrian factors as
this study has done. The results affirm that previously found main
effects cannot simply be transferred to more complex situations
and that it is necessary to examine interaction effects. The study
shows that eHMIs help in idealised pedestrian situations but are
less helpful in more complex traffic situations and in particular
when the pedestrian is distracted by a smartphone. Accordingly,
the attentional state of the pedestrian is a key factor that should be
further investigated.. More research is needed to better understand
the extent to which visual or cognitive workload is responsible for
the effects.

For pedestrians who are distracted by their smartphone, the
position of the eHMI on the vehicle might not be ideal. Other
solutions, such as on the sidewalk or on the smartphone [49, 50,
69, 79] might be more promising. However, research shows that
pedestrians ability to detect in-ground signals is rather late, so
this approach might also not be particularly useful [55]. Using the
smartphone, on the other hand, could lead to even more distracted
walking and reduced situational awareness since people rely on
the technology too much [79]. In addition, these solutions do not
account for other types of distraction such as talking to others,
daydreaming, or eating.

Another point to examine further is whether pedestrians rely
more on social cues than on technical cues when their resources
are diminished by another task. This could be done by providing
conflicting information from the social and technical cues as Col-
ley et al. [8] have done, to see what information pedestrians rely
on. More studies are needed to better understand if this is due to
a higher familiarity with social cues or not enough trust in the
technical cues.

Overall, it is necessary to continue the discussion under which
circumstances and in which situations eHMIs are needed and bene-
ficial in contrast to already existing implicit cues like vehicle move-
ment patterns. Currently, themajority of studies find positive effects
of eHMIs in rather idealized scenarios, but there are also studies
that already point to potential problems of eHMIs in real traffic (e.g.,
scalability issues). However, there is a lack of empirical research
on the circumstances under which eHMIs are necessary and help-
ful. More research is needed to better target the use of eHMIs in
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situations where they are beneficial. The results of this study pro-
vide initial insights into how the influencing factors of smartphone
distraction and the presence of other pedestrians affect crossing
and gaze behavior in automated traffic. Furthermore, the results of
this study can be used to develop new concepts for pedestrian-AV
interaction, as the existing concepts do not seem to be universally
applicable.

5.7 The Way Forward
The inclusion of pedestrian factors in eHMI research is only just
beginning. This study provides evidence of how important it is
to include pedestrian attention in particular, as this factor was in-
volved in almost all interactions that were found. In the future, the
distraction of pedestrians, not only by smartphones but also by
other sources, should be looked at more closely as it is a safety
critical issue with increasing accident numbers [75, 82]. As Rasouli
and Tsotsos [81] point out, there are 38 factors that influence pedes-
trians’ decision-making process at the point of crossing. While
all factors have an influence, some should be given priority and
investigated in upcoming studies. As others have already pointed
out [16, 26] and as we implemented in our study, the presence of
other road users is important. Traffic is a system with many actors
whose behavior influences each other. This means not only includ-
ing more than one pedestrian or more than one vehicle but also
bicyclists, motorcyclists, and public transport vehicles. The relation
between those actors also matters, as, for example, standing next
to a group of strangers or being with a group of people you know
changes your behavior in traffic [50, 61]. As some road users are
especially vulnerable, such as children, the elderly, and people with
impairments [39, 48], they should not be left out of the research
and development of automated driving in cities. Furthermore, it
is necessary to find an appropriate degree of standardization for
external communication of AVs [54]. For this, we need realistic and
relevant scenarios and factors so that the results also hold up in the
real world outside the laboratory or test tracks.

6 CONCLUSION
This work investigated how the existing effects of eHMIs transfer
to a more realistic setting where the pedestrian is distracted by a
smartphone and where other pedestrians also cross. For this, we
conducted a VR study with 115 participants to explore interaction
effects between intent-based eHMIs of AVs, pedestrians’ smartphone
distraction and the presence of other crossing pedestrians. Interaction
effects were found especially in regard to pedestrians’ smartphone
distraction. We could replicate several positive effects that eHMIs
have on attentive pedestrians. When AVs communicated their in-
tent via an eHMI, attentive pedestrians crossed faster and perceived
the situation to be less critical, felt safer, and had a lower cognitive
workload and perceived effort. However, these effects disappeared
when pedestrians were distracted by a smartphone. Rather than
relying on the technical cues provided by the eHMI, distracted
pedestrians relied on the social cues provided by the group crossing
the street. They reported a lower cognitive workload and effort, felt
safer, and perceived the situation as less critical when there was
another group of pedestrians crossing. The pedestrians also looked
less often and less long at the stopping AV, which communicated its

intent with the eHMI when a group was present. In terms of perfor-
mance on the secondary task, pedestrians made more errors when
the eHMIs were active, which can be related to the fact that they
looked proportionally longer at traffic when they were distracted
and the eHMIs were active. In addition, they initiated the crossing
faster when other pedestrians were crossing in front or the eHMIs
were active and slower when they were using a smartphone. Our
results provide evidence that pedestrian factors interact with eHMI
effects and that more research is needed on complex, more realistic
pedestrian-AV crossing scenarios.
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