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Does Another Pedestrian Matter? A Virtual Reality
Study on the Interaction Between Multiple

Pedestrians and Autonomous Vehicles
in Shared Space

Yan Feng , Zhenlin Xu, Haneen Farah , and Bart van Arem , Senior Member, IEEE

Abstract— This study utilized Virtual Reality (VR) experi-
ments to investigate pedestrian-autonomous vehicle interaction
in shared spaces. In the VR experiment, pedestrians attempt
to cross the road under different conditions, including the
presence of another pedestrian, different external Human-
Machine-Interfaces, AV driving styles, and road conditions.
We employed an innovative VR setup that enabled two pedes-
trians to interact in real time with physical movements within
an immersive VR environment. Overall, we found that the
presence of multiple pedestrians significantly influenced pedes-
trian movement dynamics during road crossing. Additionally,
the relative standing position had a significant impact on the
distant pedestrians regarding time before crossing and vehicle-
gazing behavior. While previous studies predominantly focused
on pedestrian-AV interaction with a single pedestrian, this study
takes an important step forward in terms of theory, methods,
and relevance by considering interactions between multiple
pedestrians and AVs. The findings establish a basis for further
exploration of pedestrian-AV interaction in shared space.

Index Terms— Shared space, autonomous vehicles, VRU-AV
interaction, eHMI, virtual reality.

I. INTRODUCTION

SHARED space is an urban area where pedestrians,
cyclists, and vehicles are present without imposed traffic

rules [1]. It has become a popular urban planning approach to
encourage low motorized traffic and create an urban space
that is more accessible, safe, and social. With the rapid
development of Autonomous Vehicles (AVs), it is expected
that in the near future, more AVs will be employed in shared
spaces increasing the chances of their interaction with pedes-
trians. Thus it is crucial to understand the interaction between
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pedestrians and AVs in shared spaces to ensure pedestrians’
safety as well as efficient operation of the AVs.

Numerous studies have shown the effect of external
human-machine interfaces (eHMIs) [2], [3], [4], AV’s driv-
ing style [5], [6], [7] and road conditions [8], [9], [10]
on pedestrian-AV interaction in traditional urban roads. It is
challenging to study the interaction between pedestrians and
AV due to safety, ethical, and financial constraints. Virtual
Reality (VR) provides the possibility to study pedestrian-AV
interaction in a safer setting with high experimental con-
trol, flexibility in modifying traffic scenarios, high accuracy
of collected data, and acceptable ecological validity [11],
[12]. There is an increased number of studies that have
employed VR to study pedestrian-AV interaction, including
the importance of external human-machine interfaces (eHMIs)
in pedestrian-AV interaction [8], [13], [14], [15]. However,
most studies simplify pedestrian-AV interaction by focusing on
only a single pedestrian crossing in front of an AV. Crossing
situations would be substantially more complex in reality.
Moreover, the majority of studies focused on relatively tra-
ditional road scenarios (e.g., single-lane road crossing), while
shared space introduces pedestrians to increased uncertainty
and versatility because there are reduced or no traffic signs
or road markings [16]. However, research shows that the
decision-making process of road users is closely related to
the complexity of the traffic environment [8]. To date, only
a few studies investigated pedestrian-AV in shared spaces,
focusing on interactions between a pedestrian and AV or
relying on subjective questionnaire responses [9], [17]. In sum-
mary, there is not much research to investigate the impact
of the above-mentioned factors on the interaction between
multiple pedestrians and AVs in shared spaces, hampering a
comprehensive understanding of their dynamic interactions.

To address this research gap, the current study employed VR
experiments to investigate pedestrian-AV interaction in shared
spaces in diverse conditions. These conditions include the
presence of multiple pedestrians, different designs of eHMIs,
different AV driving styles, and distinct road conditions. Dur-
ing the VR experiments, participants were able to physically
cross the road and both objective (e.g., movement trajectory,
gaze point) and subjective (e.g., user experience, trust in
AV) data were collected. The impact of the above-mentioned
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factors on pedestrian road crossing behavior was analyzed
using various behavioral metrics (e.g., crossing initiation time,
gazing time, crossing speed). Moreover, we assessed the
feasibility of employing a combination of multiple-user, real-
walking locomotion, and an immersive VR system to study
pedestrian-AV interaction.

The contribution of this paper is threefold. Firstly, this
study presents a novel contribution to the body of work
by investigating the interaction between multiple pedestrians
and AV in shared spaces. Secondly, a variety of behavioral
measures are analyzed to provide a holistic perspective of
AV-pedestrian interactions. Thirdly, this study showcases the
feasibility of incorporating multiple road users with an immer-
sive VR setting for the examination of their interactions in
more complex traffic scenarios.

The paper is organized as follows: section II presents studies
that investigated pedestrian-AV interaction and the current
research gap. Section III details the experiment method and
modeling process. Accordingly, sections IV and V present
and discuss the results. The paper ends with a conclusion and
future research directions.

II. BACKGROUND

The interaction between AVs and pedestrians has been
investigated via a variety of methods, including questionnaire
studies [4], [9], controlled studies in real-world environ-
ments [18], [19], and controlled studies in virtual reality
environments [8], [13], [14], [15]. These studies have focused
on understanding the impact of eHMIs, AV driving styles, and
traffic situations on pedestrian-AV interactions. This section
gives an overview of the above-mentioned studies.

Informal communication between pedestrians and drivers is
an essential input for pedestrians when making road-crossing
decisions (e.g., gestures, eye contact) [20]. Given the reduced
involvement or potential absence of drivers with AVs, it is
important to understand the mechanisms of communication
between pedestrians and AVs in order to ensure safe interac-
tion between the two. Recently, significant research has been
conducted to explore the role of eHMIs in increasing the
efficiency of interactions between AVs and pedestrians [3],
[10], [13], [19], [21]. Various eHMIs with diverse designs,
display options, and technologies have been developed and
tested. One group of studies focused on different forms of
eHMIs, including text messages, lighting signals, animations,
and more. Text messages normally convey the information
regarding AV’s status or advice to pedestrians. AV’s status
includes whether the AV is in automated modes [19], [22]
and AV’s intention, such as “CAR STOPS” or “BRAKING”
[23]. AVs can also give pedestrians direct advice to cross
the road via text messages such as “WALK or “STOP”
[22], [24]. While some studies found this type of eHMI is
helpful, other studies argue that it is more suitable for traffic
situations involving a single pedestrian since it might lead to
confusion when multiple road users are present [10]. Besides
text messages, the awareness of pedestrians of AV’s intention
can be communicated via lighting conditions displayed on
the vehicle as a combination of light color (e.g., red, green,
blue) and lighting modes (e.g., static and dynamic) [19],

[24], [25], [26]. However, it is also found that eHMIs with
lighting signals are less intuitive to pedestrians, and that
often prior explanation is required [19], [24]. In order to
improve intuitive comprehensibility, some studies employed
animated visuals with light patterns to convey information [4].
For instance, Othersen et al. [27] found that a walking-man
animation had the best understandability and perceptibility
compared to static lighting eHMI designs, similar to the
finding of [13]. In addition to displaying or attaching the
eHMIs on the vehicle, another group of studies explored the
usage of projection-based eHMIs to convey AV’s awareness
of the pedestrian (i.e., that the AV detected the pedestrian).
Projected-based eHMIs utilize physical elements that are
already embedded in the surroundings, such as pavements [22],
[28], [29], road signs, traffic signals, and other infrastructure
components.Additionally, there are studies that investigated
infrastructure-based and pedestrian device-based eHMI, where
the cues are placed on road infrastructure [30], [31] and on
pedestrian [30], [32], [33].

In addition to investigating the impact of eHMIs on the
efficient communication between pedestrians and AVs, sev-
eral studies focused on implicit communication, specifically
analyzing the state of vehicles. For instance, studies showed
pedestrian crossing behavior can be influenced by a vehicle’s
kinematics information, such as vehicle speed [10] and time
gap [6], [14], [15], [34]. While some studies argue that
explicit communication cues are more effective and efficient,
a few studies showed that pedestrians rely on more vehicle
kinematics to make crossing decisions [7], [28], [35]. More-
over, the acceleration and deceleration behavior of vehicles
can also indicate their intention of yielding or not yield-
ing, which have been found to affect pedestrians’ crossing
decisions [6], [18], [22].

The interaction between pedestrians and AVs has been
investigated in diverse road-crossing situations. The majority
of studies explored the interaction in unsignalized traffic
situations, mostly featuring one-lane road [3], [4], [6] and
two-lane road [34], [36]. Compared to more traditional
unsignalized traffic situations, a few studies investigated
pedestrian-AV interaction in unmarked crossings, junctions,
and intersections [6]. Studies indicate that pedestrian road
crossing decision is related to the intricacy of traffic situ-
ations [8]. While pedestrian-AV interaction in various types
of unsignalized traffic situations has been studied, their inter-
action in shared spaces has been rarely studied. Compared
to unsignalized traffic situations involving defined pedestrian
and vehicle spaces but no traffic signals, shared spaces inten-
tionally remove these segments to create a more integrated
and interactive environment for all road users. The limited
existing studies mainly depend on subjective questionnaire
responses [9].

Literature suggests that other pedestrian’s behavior is an
important factor in pedestrian road-crossing decisions [37].
Even pedestrians who do not necessarily travel as a group
together, they can be influenced by seeing someone crossing
the road and as a result, modify their crossing decision [37],
[38]. Although crossing the street with other pedestrians is a
common occurrence in real-world traffic situations, there have
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been limited studies investigating pedestrian-AV interaction
when multiple road users are present [39]. For example,
[3] conducted a VR experiment to evaluate the impact of
different eHMIs on pedestrian’s willingness to cross when
two pedestrians were present. They concluded that clear and
unambiguous communication via eHMI is crucial in situations
with multiple pedestrians. In an experiment setting with tra-
ditional vehicles, [40] investigated pedestrian road crossing
behavior with a risky or safe computer-generated pedestrian,
[36] and [41] asked one participant to cross the road alongside
a group of pedestrians in a virtual environment. However,
when there are more pedestrians involved in the above-
mentioned studies, they are pre-programmed computer agents,
or the type of interaction is limited (e.g., clicking a button
to indicate the cross-decision). Hence, it’s uncertain whether
pedestrian road-crossing behavior would be the same if they
were engaging with real humans in the traffic scenario [34].
Only [42] and [43] investigated paired participants crossing the
road in a physical space together where the virtual environment
was projected on large-screen displays. Both studies found that
two pedestrians often crossed the same traffic gap together,
although they were not instructed to do so. However, both
studies only investigated pedestrian road crossing in traditional
traffic situations without AVs.

To summarize, most of the above-mentioned studies inves-
tigated one-on-one pedestrian-AV interaction in relatively
simple traffic scenarios, while shared spaces — a type of traffic
situation characterized by increased uncertainty and versatility
have received less attention. Literature suggests that when the
complexity of traffic situations increases, pedestrians perceive
a higher risk and therefore behave more cautiously [8]. More-
over, some studies suggest that the scalability and suitability
of eHMI need to be examined for more complex traffic
scenarios [3], [44]. Therefore, there is a need to investi-
gate pedestrian-AV interaction in shared spaces with multiple
pedestrians, aiming to understand the impact of eHMI, driving
style, and road type on pedestrian crossing behavior in this
type of traffic environment.

III. METHOD

A. Experiment Design

The current study employed immersive VR experiments to
examine how various factors such as multiple pedestrians,
eHMI, AV’s driving style, and road conditions influence
pedestrian road crossing behavior. A within-subject design
approach was used in the current study to remove the effects
of individual differences.

1) Experiment Scenario Design: One existing shared space,
namely the Marineterrein area in Amsterdam, the Netherlands,
was chosen as a baseline to construct the VR environment.
In this environment, there were no traffic lights, no stop signs,
no pedestrian zebra, or any other elements to indicate the
right of way. An audio soundscape was added to the VR
environment to enhance the realism of the VR experience.
Figure 1 shows the top view of the virtual environment. Three
within-subject variables were included in the experiment,
namely the number of pedestrians (i.e., 1, 2), type of path

Fig. 1. The top view of the virtual environment (the blue line is the T-junction
path, the yellow line is the straight path, and green circles are the start and
end positions of pedestrians).

(i.e., straight path, T-junction path), type of eHMI (i.e., none,
pedestrian sign, projected zebra), and AV’s deceleration style
(i.e., type I and type II). A detailed description of each
variable is explained below. In all scenarios, the AV started
to approach the pedestrian from 30 meters away at a speed of
15km/h in accordance with the speed limit of shared space in
the Netherlands.

Type of path: According to the study objective, two main
paths and their surrounding areas were chosen as the experi-
mental environment, including one straight path (yellow line
in Figure 1) and one T-junction path (blue line in Figure 1).
In all scenarios, the AV drove on the predefined path and
operated according to specified driving behavior, mimicking
the desired vehicle behavior of an AV. The arrows in Figure 1
indicate the approaching direction of the AV on both paths.
For the T-junction path scenario, the AV indicated its turning
intention by showing the turning light on. In the straight path
scenarios, the AV approached the pedestrians from the right
side of the participants; and in the T-junction path scenario,
the AV approached the pedestrians from the left side of the
participants.

Type of deceleration styles: Two types of deceleration styles
were designed. All of them have the same initial speed of
15 km/h in accordance with the speed limit of shared space
in the Netherlands. For type I deceleration, when the distance
between the vehicle and the pedestrian was 15 meters, the
AV started to slow down from 15 km/h to 10 km/h with a
deceleration rate of 2.5 m/s2 and continued driving at 10 km/h.
When the AV was 5 meters away from the pedestrian, it started
to reduce its speed to 5km/h and kept that speed until the
distance was 3 meters. Finally, the AV stopped moving when
the distance between the pedestrian and the AV was equal
to 3 meters. For type II deceleration, only one phase of
deceleration was involved. When the distance between the
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Fig. 2. Relationship between time to collision and the relative distance
between the AV and the pedestrian by deceleration type.

vehicle and the pedestrian was 15 meters, the AV started
to slow down from 15 km/h to 5 km/h with a deceleration
rate of 2.5 m/s2 and continued driving at 5 km/h. The AV
stopped moving at a distance of 3 meters from the pedestrians.
Type II deceleration was designed more defensive than Type I
deceleration. Figure 2 illustrates the relationship between time
to collision and the relative distance between the pedestrian
and the AV, categorized by AV’s deceleration type.

Number of pedestrians: For the single-pedestrian scenario,
only one participant was immersed in the virtual environment
to perform the road crossing task. One participant initially
appeared at a pre-defined location, i.e., location A in the
straight path scenario and location B in the T-junction path
scenario (see Figure 1). For the two-pedestrian scenario, two
participants were immersed and they could see each other in
the virtual environment. The participant’s body is represented
by a virtual avatar with a head and shoulder, and their
movement in real life was synchronized to the avatar in the
virtual environment. Both participants need to perform the
road crossing task on the same side of the road (see Figure 1),
namely either at locations A and A′ (straight path scenario),
or B and B′ (T-junction path scenario). The initial distance
between two pedestrians was 4 meters, which was selected to
strike a balance of not being too close to encourage group
behavior, yet close enough that the yielding message from the
eHMI could apply to both pedestrians.

Type of eHMI: To notify pedestrians about the yielding
intention of the AV, two types of eHMI design were chosen for
further investigation in the current study. Three levels of eHMI
were included, namely none eHMI, eHMI with a pedestrian
sign on the AV’s windshield, and eHMI with a projected
zebra on the road. These eHMIs were activated when the
distance between the (first) pedestrian and the AV was equal
to 5.6 meters.

Figure 3 shows the overview of the eHMI tested in the
current study. For the pedestrian sign eHMI (Figure 3b),
a static green-color pedestrian sign was displayed in the middle
of the windshield to indicate that the AV intends to yield to the
pedestrian and that the pedestrian can cross the road. Another
eHMI concept was adapted based on the design of [45]

and [29]. When the AV started to yield, the AV projected
a green-color crossing zebra on the road to indicate that the
vehicle intends to yield to the pedestrian (Figure 3c). Although
there is a trend towards adopting cyan due to its neutrality and
lack of association with traffic rules (e.g., [24], [46], [47]),
the current study chose green eHMI due to its familiarity
with other traffic rules, making it easily understandable by
pedestrians.

2) Experiment Task Design: The combination of all vari-
ables resulted in a total of 18 road-crossing scenarios. These
scenarios were further divided into two blocks. The first block
includes 12 single-pedestrian scenarios (2 paths × 2 decel-
eration types × 3 eHMIs) and the second block includes
6 two-pedestrian scenarios (2 paths × 3 eHMIs). Only the
within-subject variables differ among different scenarios, the
rest of the infrastructure, including the surrounding buildings,
sounds, etc. remained the same. In all blocks, the AV consis-
tently yielded to participants, although this was not explicitly
communicated. Each participant encountered the first block
and then the second block. The scenarios within each block
were randomized to reduce learning effects. For the two-
pedestrian scenario, the relative standing position of the two
participants was randomly assigned to counterbalance any
potential learning effects, either closer or farther away from
the AV.

At the beginning of each scenario, the participant stood
facing the corresponding street. There was a green circle
on the ground near the curbside that indicated the starting
position of the road-crossing task (see Figure 1). At the same
time, another green circle was activated and appeared on the
opposite side of the road to indicate the ending position (see
Figure 1). Participants were instructed to cross the street at the
last moment they felt safe to do so. Their task was described
as follows: ‘Please cross at the last moment you feel safe
to cross’. The instruction design was adopted from the study
of [48].

B. Experiment Apparatus

The VR experiment was conducted in a room that is
15 meters long × 8 meters wide × 3.8 meters high. The room
was divided into two parts equally for the single-pedestrian
scenarios and used together for the two-pedestrian scenarios.
HTC VIVE Pro Eye headset (resolution: 1440 × 1600 pixels
per eye, 110 of field-of-view, a 90Hz refresh rate) and HP
Reverb G2 Omnicept headset (resolution: 2160 × 2160 pixels
per eye, 114 of field-of-view, a 90Hz refresh rate) were used
during the experiment. The HTC headset was connected to a
Windows 10 desktop that was equipped with an Intel(R) Core
(TM) i7-8700 CPU, a 16 GB RAM, an NVIDIA GeForce
RTX 2070 graphics card, and a SanDisk SD9SN8W 256 GB
SSD. The HR headset was run on a Windows 10 desktop that
was based on an Intel(R) Core (TM) i7-10700F CPU, a 16 GB
2933 Mhz of RAM, and an NVIDIA GeForce RTX 3060 GPU.
Figure 4 illustrates two persons wearing the two headsets in
the experimental setting.

In the current study, we utilized the real-walking locomotion
style, allowing users to have continuous motion regarding
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Fig. 3. The overview of tested eHMIs.

Fig. 4. Illustration of two persons wearing two virtual reality headsets.

movements and rotations in the real world, which can be
matched under a 1:1 scheme to the virtual environment. Par-
ticipants were able to move in the real-life environment under
a 1:1 scheme mapped to the virtual environment. Literature
shows that real-walking locomotion enables more realistic,
natural walking movement, and leads to a higher sense of
presence compared to other locomotion styles [49], [50], [51].

C. Experiment Procedure

The experiment procedure includes four parts, namely (1)
introduction of the experiment, (2) familiarization with the
VR system, (3) official experiment, and (4) filling in the
post-questionnaire. Ethical approval was obtained from the
Human Research Ethics Committee of the Delft University of
Technology (Reference ID: 2042). These four parts are further
elaborated:

1) Introduction: This part includes providing participants
with written information about the experiment procedure, the
explanation of AV, the demonstration, and the meaning of

the tested eHMIs. They were also informed that they could
stop the experiment at any time if they felt uncomfortable.
Accordingly, participants read and signed the consent form.

2) Familiarization: Participants were invited to wear the
headset and adjust the headphone properly. Then they were
immersed in a simple virtual environment to walk around in
order to familiarize themselves with the locomotion method.
There were no other pedestrians or vehicles presented.

3) VR Experiment: After the familiarization part, partici-
pants were instructed to stand at a predefined location marked
with black tape in the experiment room and face in the
right direction. Then they were randomly assigned to one
experiment scenario of the first block and asked to perform the
experiment tasks. After each experiment scenario, participants
had to walk back to their predefined location before the next
experiment scenario started. After the first block (i.e., single-
pedestrian scenario) was completed, two participants were
teleported to the second block (i.e., two-pedestrian scenario).
Two participants were asked to move to the first green circle
with a three-second countdown by the experimenter.

4) Filling in the Post-Questionnaire: After finishing the VR
experiment, participants were asked to remove the headset.
Then they were asked to fill in a post-questionnaire in the
same experiment room. Afterward, participants were thanked
and received around a C20 voucher as compensation.

D. Data Collection

Two types of data were collected during the experiment,
including objective data (i.e., movement trajectory, gaze point)
and subjective data (i.e., questionnaire data).

Within Unity, the participant’s movement in the virtual
environment was recorded. The data recording started when
participants arrived at the first green circle and ended when
participants reached the second green circle. The collected
data included (1) timestamp, (2) participant’s position (i.e.,
coordinate x, y, z), (3) head rotation (i.e., roll, yaw, pitch),
and (4) gaze point (i.e., coordinate x, y, z). All data were
recorded at a frequency of 20 Hz.

The questionnaire included seven parts, namely (1) par-
ticipant’s information, (2) the face validity questionnaire,
(3) the Simulator Sickness Questionnaire, (4) the Presence
Questionnaire, (5) the Trust in AVs questionnaire, (6) the
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Perceived behavioral control and risk questionnaire, and (7) the
System Usability Scale questionnaire. The personal informa-
tion part included participants’ characteristics such as gender,
age, achieved highest education level, familiarity with the
Marineterrein area, familiarity with computer gaming, famil-
iarity with VR, familiarity with the concept of AVs, and
experience regarding interaction with AVs. The face validity
questionnaire measured whether a simulator measures what
it is intended to measure [52]. Within the face validity
questionnaire, the realism of the virtual environment, virtual
objects (e.g., the vehicle), movement ability, and environ-
mental sound were rated on a 5-point scale. The Simulator
Sickness Questionnaire is a standard questionnaire [53] to
measure the experienced simulation sickness of participants
in the virtual environment. The Presence Questionnaire [54]
measured the feeling of presence in the virtual environment.
The Trust in AVs questionnaire was adopted based on the
study of [55], which contained 7 items including questions
such as ‘During the experiment, I trust the automated vehicle
to keep its distance from me.’ And ‘During the experiment,
I trust the automated vehicle to drive safely.’ The Perceived
behavioral control (PBC) and Perceived Risk (PR) included
3 items, namely ‘For me, crossing the road in this way would
be · · · ’, ‘I believe that I have the ability to cross the road
in this way as described in this situation’, and ‘Crossing the
road in the way as described in this situation would be· · · ’.
Finally, the System Usability Scale questionnaire [56] assessed
the usability of the VR system.

E. Participant’s Characteristics

In total, 54 participants aged between 17 and 76 years
old (M = 33.63, SD = 14.08) were recruited and took
part in the experiment. All participants had normal vision or
corrected vision and normal mobility. None of the participants
dropped out of the experiment due to motion sickness. In the
end, 50 participants finished both single-pedestrian scenarios
and two-pedestrian scenarios; 4 participants didn’t perform
the two-pedestrian scenarios because there was not another
participant present at the same time during the experiment.
The characteristics of the participants are shown in Table I.

F. Data Analysis

Various indicators can be derived from the objective data
(i.e., movement trajectory, gaze point) collected during the
experiments. The indicators selected for data analysis in this
study are defined as follows:

• Time Before Crossing (TBC): TTBC refers to the duration
during which the pedestrian spends waiting before initi-
ating the crossing from the moment the experiment starts
(i.e., from the moment the pedestrian stepped in the green
circle).

• Crossing-initiation time (CIT): TCIT is calculated as the
period between the moment that the pedestrian sees the
AV (extracted from the gaze point data) and the moment
the pedestrian starts to cross. If the pedestrian notices
the AV before initiating a crossing, then CIT is positive.
Otherwise, CIT is negative.

TABLE I
DEMOGRAPHIC INFORMATION OF PARTICIPANTS

• Time to Cross (TTC): TTTC is defined as the duration it
takes for the participant to reach the other side of the
road from the moment they begin the road crossing.

• Vehicle-gaze time: TAV is aggregated by the collected
eye-gazing data and means the total duration of gazing
on the AV during the whole crossing process.

• Total crossing distance: D is the total distance traveled
by the pedestrian during road crossing.

• Crossing speed: v is the mean crossing speed calculated
by dividing the total crossing distance by the total cross-
ing time.

• Space gap: L is the distance between the AV and the
pedestrian when the pedestrian starts to cross.

The linear mixed model (LMM) was employed to study
the influence of several factors including multiple pedestrians,
eHMI, AV driving style, and road conditions on pedestrian
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TABLE II
THE RESULTS FOR LINEAR MIXED MODEL OF TIME BEFORE CROSSING

crossing behavior. Seven dependent variables, namely crossing
initiation time TCIT, time before crossing TTBC, time to cross
TTTC, vehicle-gazing time TAV, total crossing distance D,
crossing speed v were modeled, respectively. The LMM is
a function of spacing gap L , road type µroad, eHMI type
µeHMI, AV driving style µAV, number of participants µsingle,
position of participant P , distance difference of two pedes-
trians 1D2ped. We modeled the independent variables and
their interaction as fixed effects and the ID of pedestrians as
random effects by the maximum likelihood estimation method.
The random intercepts were only considered in the models in
terms of the random effects. The model formulations of two
families were defined as follows in Equation 1 using Wilkinson
notation [57], where µsingle × P × 1D2ped is an interaction
factor. Among these, µsingle is a binary variable that indicates
whether only one participant takes part in the experiment or if
there are multiple participants involved. P1 and P2 are two
dummy variables indicating the initial position of the two
participants. Specifically, P1 indicates the participant starts
from the closer side to the vehicle side and P2 means that the
initial position is further away from the vehicle. Difference
in distance 1D2ped is the distance between two participants
when they decide to cross. µroad is the binary variable to
indicate the road type within the scenario is the straight
path (µroad = 0) or T-junction path (µroad = 1). µeHMI1
and µeHMI2 are two dummy variables to indicate the type
of eHMI with the reference level meaning none eHMI is
equipped with the AV. µAV is also another binary variable
indicating the AV driving style set within the scenario. The R
programming language (Version 4.2.3) and lmerTest library
(Version 3.1-3) were used for the statistical modeling and
analysis.

TTBC/TTTC/TCIT/TAV/D/v ∼ L + µroad + µeHMI + µAV

+ µsingle × P × 1D2ped

+ (1|#Participant) (1)

IV. RESULT

A. Time Before Crossing (TBC)

As shown in Table II, the space gap, Type II deceleration,
and the distant participants were found to influence the TBC
significantly. The space gap (βL ) exhibited a negative effect
on the TBC, indicating that the pedestrians needed less time
to initiate their crossing as the gap increased. Type II decel-
eration, in contrast to type I deceleration, caused pedestrians
to take shorter preparation time before crossing. Moreover,
the number of pedestrians involved in the crossing process
and their relative positions had a significant impact on the
TBC. In the two-pedestrian scenarios, the pedestrian who
was further away from the AV spent an additional around
0.21 seconds to initiate their actions as the distance between
the two participants increased by 1 meter at the moment they
decided to start crossing.

B. Cross Initiation Time (CIT)

Table III shows the results of LMM with random intercepts
for CIT. As shown in Table III, the space gap had a significant
negative effect on the CIT, implying that pedestrians were less
hesitant to begin their crossing as the spacing gap was larger.
Among the four main factors investigated in this research, road
type was the only one that exhibited a significant impact on
the CIT. Specifically, pedestrians tended to allocate a longer
time (0.363 seconds more) to decide to cross the road at the
T-junction path compared to the straight path. Moreover, it is
interesting to note that both eHMIs do not significantly affect
CIT in the current study.

C. Time to Crossing (TTC)

Table IV presents the results for linear mixed model of TTC.
Among the factors examined, only the space gap demonstrated
a statistically significant effect on the TTC. Specifically,
pedestrians took longer to cross the road when the spacing
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TABLE III
THE RESULTS FOR LINEAR MIXED MODEL OF CROSS INITIATION TIME

TABLE IV
THE RESULTS FOR LINEAR MIXED MODEL OF TIME TO CROSS

gap between them and the AV was larger. On the other hand,
the road type, eHMI design, AV driving style, the number
of pedestrians and their relative positions did not show any
significant impact on TTC. These results suggest that the
space gap is a crucial factor influencing the crossing time for
pedestrians, while other variables did not affect the TTC.

D. Vehicle-Gazing Time
Table V reveals the significant impact of the road condition,

the type of eHMI, and the number of pedestrians on the
vehicle-gaze time. The T-junction path had a positive effect
on the vehicle-gaze time, meaning that pedestrians tended
to spend more time observing the approaching vehicle both
before and during the crossing phase at the T-junction path
compared to the straight path. This could be because of the
uncertainty involved with the turning direction of the AV

approaching the T-junction. Regarding the eHMI design, both
versions exhibited a reduction in vehicle-gazing time. This
finding suggests that eHMI effectively provided pedestrians
with quick and sufficient information to determine whether to
proceed with their street crossing or not, in contrast to AVs
without eHMI. It is also interesting to note that there was not
much difference regarding vehicle-gazing time between the
two eHMIs conditions. Regarding the number of pedestrians
crossing and their relative positions, the pedestrians close to
the AV tended to spend more time observing the AV but
the increase was not statistically significant. The pedestrian
who was further away from the AV tended to significantly
reduce their gazing time on the AV. Moreover, we also derived
the gazing time towards another person in the two-pedestrian
scenarios before they decide to cross. The results showed that
participants who were further away from the AV spent more
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TABLE V
THE RESULTS FOR LINEAR MIXED MODEL OF VEHICLE-GAZING TIME

TABLE VI
THE RESULTS FOR LINEAR MIXED MODEL OF TOTAL CROSSING DISTANCE

time looking at another pedestrian (M = 0.18, SD = 0.33)
compared to the participants who were closer to the AV (M =

0.06, SD = 0.17).

E. Total Crossing Distance

Table VI demonstrates that apart from the space gap,
the number of participants, and their relative position had
significant impact on the total crossing distance. The space gap
showed a slight positive effect on the total distance pedestrians
walked during crossing. In the two-pedestrian scenarios, both
participants had a shorter total crossing distance, indicating
that they crossed the road following the shortest path.

F. Crossing Speed

The results of linear mixed model for crossing speed
are shown in Table VII. The crossing speed is significantly

affected by the space gap, road type, declaration type, and
the number of participants. The space gap had a slightly
positive impact on crossing speed. The T-junction increased
the crossing speed by 0.019 m/s. This could be because in
more complex situations pedestrians were more aware of risk.
Type II deceleration reduced the crossing speed by 0.014 m/s.
This is according to expectations as Type II driving style is
more defensive. The relative positions between the two pedes-
trians crossing the street also played a significant role. As the
distance increased, both pedestrians reduced their crossing
speed, with the pedestrian farther from the AV exhibiting a
particularly significant reduction.

G. Subjective Measures

1) Realism: Using the face validity questionnaire, the real-
ism of the participant’s experience in the VR scenarios was

This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination. 



10 IEEE TRANSACTIONS ON INTELLIGENT TRANSPORTATION SYSTEMS

TABLE VII
THE RESULTS FOR LINEAR MIXED MODEL OF CROSSING SPEED

TABLE VIII
RATING OF REALISM (RANGE FROM 1 TO 5)

rated based on the realism of the virtual environment, virtual
objectives, movement ability, and environmental sound as
displayed in Table VIII. Among four items, the realism of
movement ability received the highest score (M = 3.78,
SD = 0.84), which shows that participants were able to move
and walk in the virtual environment in a realistic manner
using the adopted real-walking location style. The realism
of the virtual environment received the lowest score (M =

3.48, SD = 0.79). Given that most participants were well
acquainted with the experimental location in reality, it is
plausible that they had higher expectations for the authenticity
of the virtual environment. The average score of the face
validity questionnaire is 3.68 (SD = 0.57). Similar scores were
found in prior studies that employed VR to study pedestrian
road crossing behavior [58]. During the initial encounter with
the AV, we even observed one participant feeling uncertain
about the AV’s action and decided to run to the opposite side of
the road. In general, both participants’ ratings and researchers’
observations validated the realism provided by the current VR
setup.

2) Simulation Sickness: To measure the extent of simulation
sickness participants experienced in the virtual environ-
ment, we employed the well-established Simulator Sickness
Questionnaire [53]. Using a 4-point Likert scale ranging
from 0 (none) to 3 (severe), participants assessed 16 possible
symptoms (e.g., eyestrain, nausea, vertigo). The ratings are
categorized into three sub-scales representing symptoms of

TABLE IX
SUBSCALES OF SSQ: MEANS AND STANDARD DEVIATIONS

nausea, oculomotor disturbance, and disorientation. To obtain
the sub-scale scores, the reported scores for each symptom
were multiplied by their respective weights for that partic-
ular sub-scale. The result of each sub-scale is presented in
Table IX, highlighting that Nausea received the lowest score
and disorientation received the highest score. The relatively
high score of disorientation could be attributed to participants
needing to turn and return to their original position after
completing each experimental scenario. The average score of
the total SSQ is 28.40 (SD = 23.23) and it is lower than
the study of [59], [60]. Meanwhile, no participants reported
any discomfort or notable symptoms. According to both the
SSQ results and participant feedback, the current study only
revealed no or slight symptoms.

3) Feeling of Presence: Assessing the feeling of presence
is crucial to ensure participants experience an engaging and
immersive experience during the VR experiment. The current
study employed the Presence Questionnaire (PQ) [54] to
measure participants’ sense of presence, which consists of four
subscales including involvement, sensor fidelity, immersion,
and interface quality. Participants rated 29 items using a 7-
point Likert scale. The results of the PQ questionnaire are
presented in Table X. The highest score on the Immersion
subscale indicates that the participants experienced a strong
sense of immersion. The average total score of PQ in this
study is 134.96 (SD = 19.25), which is slightly higher than
the study of [61], and [55]. This suggests a strong sense of
presence among participants in the current study.
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TABLE X
SUBSCALES OF PQ (RANGE FROM 1 TO 7)

4) Trust in AVs: The level of trust in AVs was measured
per participant using a scale ranging from 1 to 7 [55], [62].
This scale contained questions such as ‘Globally, I trust the
automated vehicle’, ‘I trust the automated vehicle to have seen
me’, and ‘I trust the automated vehicle to drive safe’. In the
current experiment, the mean score was 4.42 (SD = 1.09),
indicating a moderate level of trust in the AV.

5) Perceived Behavioral Control and Risk: The Perceived
Behavioral Control (PBC) questionnaire was measured by
2 items, namely ‘For me, crossing the road in this way would
be · · · ’, and ‘I believe that I have the ability to cross the road
in this way as described in this situation’. The mean score
of PBC is 5.63 (SD = 0.96). For the Perceived Risk (PR)
questionnaire, participants answered the question ‘Crossing the
road in the way as described in this situation would be· · · ’ on
a scale from 1 (very unsafe) to 7 (very safe). The mean score
of PR is 5.09 (SD = 1.15). Both results of PBC and PR are
similar to the study of [55].

6) Usability: To ensure the usability of the VR setup for
participants, the System Usability Scale (SUS) questionnaire
was adopted [49]. It contains 10 items that participants rated
from strongly disagree (1) to strongly agree (5). The total score
of SUS can range from 0 to 100. In this study, the average
score of SUS is 72.04 (SD = 13.30), which suggests ‘good’
usability based on the interpretation by [63].

V. DISCUSSION

In this study, we investigated the pedestrian-AV interaction
in shared spaces in various conditions. Using the objective data
collected via VR, our study specifically examines the impact
of the presence of multiple pedestrians, different designs of
eHMIs, different AV driving styles, distinct road conditions,
and space gaps on road crossing behavior. Meanwhile, user
experience was analyzed using the subjective data collected
via the post-experiment questionnaire.

The results show that the pedestrian’s relative standing
position to the AV and the distance difference between them
when they decided to cross the road had a significant impact on
the time before crossing, gazing time towards the vehicle, total
crossing distance, and crossing speed. For both pedestrians,
their crossing distance and crossing speed were significantly
reduced when two pedestrians were presented in the virtual
environment. Studies suggested that when pedestrians are
aware of other people being present in the same environment,
they would reduce speed to avoid collisions [41]. We also
found that pedestrians who were further away from the AV had
longer decision time to cross the road and shorter gazing time
towards the AV. Our interpretation is that when the far-away
participant experienced the second block (i.e., two-pedestrian
scenarios) after the first block (single-pedestrian scenarios),

the sudden appearance of another person in the environment
distracted and caught their attention, leading to longer decision
time. Studies suggest that distracted pedestrians tend to initiate
late road crossing [8], this is further confirmed by the longer
gazing time toward another pedestrian. This finding is in line
with [43], which similarly observed that participants farther
from the AV chose narrower time margins to enter the road.
Overall, our findings confirmed that neighbor’s behavior can
impact the pedestrian’s movement dynamic when crossing the
road [40]. Moreover, our findings suggest that when crossing
the road next to each other, two pedestrians could behave
differently depending on their relative standing positions.

Regarding the impact of eHMI on pedestrian crossing
behavior, we found that both pedestrian-eHMI and zebra-
eHMI only had a significant impact on vehicle-gazing time.
There was no effect of eHMIs on pedestrian’s decision to
cross the road. This finding contrasts with literature suggesting
the positive impact of eHMIs on pedestrian crossing deci-
sions [10], [13], [15]. One possible reason is that in our study,
compared to other studies, AVs operated at slower speeds in a
shared space, resulting in participants encountering no critical
or unexpected situations. Moreover, we found that participants
had less observation time at the AV when it was equipped
with eHMIs. Our finding suggests that eHMIs in shared spaces
play a substantial role in guiding pedestrians’ attention toward
the AV. However, it may not be beneficial in reducing the
decision-making time for road crossing.

In terms of the impact of AV’s driving style, we found
it has a significant impact on time before crossing, total
crossing distance, and crossing speed. Our finding shows
that more defensive deceleration behavior exhibited by the
AV (i.e., type II deceleration) had a positive effect on the
crossing decision, namely, participants took a shorter time
before deciding to cross the road. There are two possible
explanations for this. Firstly, as shown in Figure 2, when
the distance between pedestrians and the AV was less than
approximately 13 meters, the time to collision was higher in
Type II declaration. It implies that participants perceived a
greater level of safety to cross, resulting in shorter decision
time. Second, a more defensive deceleration results in an
earlier reduction in driving speed, which can better indicate
the yielding behavior of a vehicle. This is also reflected by the
results of slower crossing speed during type II deceleration.
This finding is in line with other studies that suggest that
early braking can better reflect AV’s yielding intention and
thus reduce pedestrian decision time to cross the road [14],
[15], [18].

Regarding the impact of road type, we found that T-junction
had a significant impact on crossing initiation time, vehicle-
gazing time towards the vehicle, and crossing speed. When
pedestrians cross the T-junction path in front of an AV, they
tend to initiate the crossing decision later due to the increased
uncertainty regarding AV’s driving direction, which is in line
with [8]. Regarding crossing speed, our results are similar
to [8] who recorded a significantly higher average speed and
insignificantly longer observation time toward the AV at the
T-junction. Our findings indicated that pedestrians were more
cautious in more complex traffic scenarios.
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Regarding the space gap, we found it has a significant
impact on crossing initiation time, time before crossing, time
to cross, total crossing distance, and crossing speed. In line
with other studies, we found the increased space gap led to less
time to initiate the crossing decision, indicating pedestrians
prefer to cross when there are larger spatial traffic gaps [6],
[15], [34]. Moreover, we found participants took longer time
and longer distances to cross the road when the distance
from the vehicle was larger. Meanwhile, participants chose
to cross the street faster when the space gap was larger.
This is contrary to our expectations because a higher space
gap should provide pedestrians with a greater margin of
safety for crossing. It remains unclear why participants in
the current study chose to cross faster with a larger space
gap.

Compared to other VR studies that employed one-to-one
interaction [8], [10], [15], this study employed a unique VR
system that incorporated multiple users and real-walking loco-
motion to study pedestrian-AV interaction. The results of user
experience show that participants had a positive experience
using this VR system, indicated by the relatively high score
of realism, presence, and usability, as well as a low score
of simulation sickness. Participant’s responses regarding risk,
safety, and trust in AV also confirmed their positive experience
with AV in the virtual environment. Overall, the results of
subjective measures suggest the feasibility of employing this
type of VR system to investigate pedestrian-AV interaction in
more complex traffic situations.

This study has several limitations that should be addressed
in future research. Firstly, while the results of linear mixed
model showed that random effects (i.e., participant’s ID) had
a significant impact on pedestrian road crossing behavior,
we did not further investigate how personal demographics
influence pedestrian-AV interaction in the current study. More-
over, although participant’s trust in AV, PBC, and PR was
collected in the questionnaire, it was not included in the linear
mixed model. Future studies should explore the correlation
between these factors and AV-pedestrian interaction to bet-
ter understand how individual differences affect pedestrian
road crossing behavior. Secondly, although we attempted to
realistically resemble the representation of a shared space,
more features should be considered and investigated in future
studies, such as other modes of transportation. Thirdly, it is
known that lighting and weather conditions can change the
complexity of traffic environments. Fourthly, the current study
employed an upper-body avatar representation to balance user
experience and experiment setup complexity. Future studies
should explore full-body motion tracking in VR experiments
to investigate more detailed pedestrian-AV interactions involv-
ing realistic interactions between pedestrians. Future studies
should include the factors examined in this study in differ-
ent lighting and weather conditions. Moreover, the current
study only considered pedestrian gazing behavior towards
the vehicle, whereas future studies should further investigate
pedestrian gazing behavior towards the other elements in the
environment, such as eHMIs and other pedestrians in order
to more precisely understand the effect of visual attention on
road crossing decisions.

VI. CONCLUSION

To the author’s knowledge, this is the first study that empiri-
cally investigated the interaction between multiple pedestrians
and AVs across a wide range of conditions in shared spaces.
We found that the presence of multiple pedestrians had a
significant impact on pedestrian movement dynamics while
crossing the road and their relative positions have a significant
impact on the time before crossing and gazing behavior.
Specifically, the pedestrians that were further away from the
AV had less observation towards the AV and took longer time
before making crossing decisions. In terms of the impact of
AV’s driving style, we found that more abrupt deceleration
behavior exhibited by the AV reduces the decision time to
cross the road. Moreover, our findings show that eHMIs in
shared spaces can reduce pedestrian’s visual attention toward
the AV but not necessarily reduce the decision-making time
to cross the road. By comparing pedestrian crossing between
the straight path and the T-junction path, we found pedestrians
were more cautious in more complex traffic scenarios. Further-
more, we found space gap plays an important role in pedestrian
crossing decisions and movement dynamics during crossing.
Our results show that this unique VR setup, namely multiple
users, immersive setting, and real-walking locomotion offers
a more comprehensive and objective approach to studying
pedestrian-AV interaction in more complex traffic conditions.

APPENDIX A
SUPPLEMENT VIDEO

The video of two pedestrians interacting with an auto-
mated vehicle in the VR experiment can be assessed at
https://www.youtube.com/watch?v=SxwiWpB97Oo.
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