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Abstract
With the development of autonomous vehicle (AV) technology, understanding how pedestrians interact with AVs is of
increasing importance. In most field studies on pedestrian crossing behavior when encountering AVs, pedestrians were not
permitted to physically cross the street due to safety restrictions. Instead, the physical crossing experience was replaced
with indirect methods (e.g., by signalizing with gestures). We hypothesized that this lack of a physical crossing experience
could influence the participants’ crossing behavior. To test this hypothesis, we adapted a reference study and constructed
a crossing facility using a virtual reality (VR) simulation. In a controlled experiment, the participants encountered iterations
of oncoming AVs. For each interaction, they were asked to either cross the street or signify their crossing decisions by
taking steps at the edge of the street without crossing.
Our study reveals that the lack of a physical crossing can lead to a significantly lower measured critical gap and perceived
stress levels, thus indicating the need for detailed analysis when indirect methods are applied for future field studies.
Practical Relevance: Due to safety requirements, experiments will continue to measure participants’ crossing behavior
without permitting them to physically walk in front of an oncoming vehicle. Our study was the first attempt to reveal how
this lack of crossing could potentially affect pedestrians’ behavior, and we obtained empirical evidence in support of our
hypothesis, thus providing insights for future studies.
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Untersuchung des Entscheidungsverhaltens von Fußgängern bei Überqueren mit autonomen
Fahrzeugen in virtueller Realität

Zusammenfassung
Mit der Entwicklung der autonome Fahrzeuge (AVs) gewinnt das Verständnis für die Interaktion von AVs mit Fußgängern
zunehmend an Bedeutung. In den meisten Feldstudien zum Überquerungsverhalten von Fußgängern bei der Begegnung mit
AVs war es aufgrund von Sicherheitsbeschränkungen den Fußgängern nicht gestattet, die Straße physisch zu überqueren.
Stattdessen wurden die Erfahrungen von physischen Überquerungen durch indirekte Methoden ersetzt, beispielsweise durch
Signalisierung mit Gesten. Es wird der Hypothese nachgegangen, dass dieser Mangel an physischer Überquerungserfahrung
das Entscheidungsverhalten der Teilnehmer beeinflussen könnte. Eine Referenzstudie wurde adaptiert und eine Überque-
rungsanlage mit Hilfe einer Virtual-Reality-Simulation (VR) konstruiert. In einem kontrollierten Experiment wurden die
Teilnehmer mit AVs konfrontiert. Bei jeder Interaktion wurden sie gebeten, entweder die Straße physisch zu überqueren
oder ihre Überquerungsentscheidung durch Schritte am Straßenrand zu signalisieren.
Unsere Untersuchung zeigt, dass ein Fehlen der Überquerungserfahrung zu einem signifikant geringeren kritischen Abstand
und zu höheren empfundenen Stressniveaus führen kann. Dies verdeutlicht die Notwendigkeit einer detaillierten Analyse
bei der Anwendung indirekter Methoden in zukünftigen Feldstudien.
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Praktische Relevanz: Zum ersten Mal konnte nachgewiesen werden, dass das Entscheidungsverhalten von Fußgängern
durch physisches Überqueren in VR sich von jenem unterscheidet, welches durch Anzeigen der Bereitschaft, die Straße
zu überqueren erfasst wird. Diese Erkenntnis ist für künftige Untersuchungen zu berücksichtigen.

Schlüsselwörter Virtuelle Realität · Autonomes Fahren · Fußgängerverhalten · Verkehrssicherheit

1 Introduction

Studies on autonomous vehicle (AV) technology represent
a growing field and have attracted the attention of both
researchers and policymakers. It is considered that AVs
have the potential to increase traffic safety and sustain-
ability (Fagnant and Kockelman 2015; Van Brummelen
et al. 2018). However, AVs will likely share traffic space
with conventional traffic users, including pedestrians. Es-
tablished communication cues between pedestrians and
drivers, such as eye contact (Sucha et al. 2017) or body
movements (Schmidt and Färber 2009), may become less
reliable as AV drivers may be distracted or even absent
(Mahadevan et al. 2018). Therefore, it is vital to under-
stand pedestrian crossing behavior in response to oncoming
AVs.

Though considerable literature has been published on
pedestrian crossing behavior, interactions between pedestri-
ans and AVs are not yet fully understood (Habibovic et al.
2016). Since highly automated vehicles (SAE level 4/5)
(On-Road Automated Driving (ORAD) committee 2016)
are not yet available, alternative methods are required to
observe pedestrian behavior and collect data. In this regard,
various novel methods have been explored with a focus on
methods for full-scale field experiments.

Firstly, we reviewed the general approaches used in stud-
ies on pedestrian-AV interaction. One commonly used ap-
proach to studying interactions between pedestrians and
AVs is the Wizard of Oz (WoZ) technique. In this method,
participants are asked to interact with an AV while re-
searchers operate the vehicle or its interfaces while hidden
from sight. One of the first realizations of this technique
was proposed by Rothenbücher et al. (2016), where a hu-
man driver was concealed behind a car seat costume (i.e.,
“the ghost driver”) to simulate a driverless vehicle. Their
observations on real roads showed that most pedestrians
could seamlessly cross the street without any explicit exter-
nal human-machine interfaces (eHMI). Other studies have
since used the ghost driver method and found that most
pedestrians may not require dedicated signaling cues apart
from the motion of the AV (Currano et al. 2018; Moore
et al. 2019). In addition, researchers have also used a pro-
grammable vehicle with a scale of roughly 1:12 of a Mer-
cedes-Benz Smart car as an oncoming vehicle to evoke
emotional responses from pedestrians (Zimmermann and
Wettach 2017). While this approach may not be as prac-

tical for large-scale field experiments, it can be useful for
studying specific aspects of pedestrian behavior.

Quantitatively evaluating real-life interactions between
a pedestrian and an AV is often challenging in a controlled
experiment with real-world traffic conditions. Due to safety
and ethical requirements, prior field studies have rarely al-
lowed participants to physically cross the road in front of an
operating vehicle. Instead, researchers have come up with
alternative approaches to assess pedestrian interaction.

We explored some of the most recent practices and how
the lack of physical crossing was addressed: To start with,
Joisten et al. (2020) measured participants’ crossing behav-
ior in terms of critical gap acceptance and perceived safety
with a simulated WoZ AV. However, the participants were
not permitted to step in front of the vehicle for safety rea-
sons. Walker et al. (2019) developed a slider as an input
device to assess participants’ willingness to cross in real-
time in response to an oncoming AV. Dey et al. (2021) uti-
lized this approach to study pedestrian-AV interaction and
found that eHMI could increase pedestrians’ willingness to
cross in low-speed situations. However, the possibility that
participants exhibited greater risk-taking behavior due to the
lack of a physical crossing was named as one of the study’s
limitations. Mahadevan et al. (2018) studied the effect of
eHMI prototypes on a simulated WoZ car and a Segway,
where the participants were permitted to cross in front of
the Segway but were only permitted to express their cross-
ing intention indirectly when interacting with the oncoming
WoZ car. Rodríguez Palmeiro et al. (2018) measured partic-
ipants’ crossing behavior in response to both traditional and
automated WoZ vehicles by asking them to step forwards
at the beginning of the experiment until the last moment
they deemed acceptable to cross when they were to step
backward. The results revealed no significant differences in
the critical gap acceptance or self-reported stress between
the different vehicle conditions, though participants subjec-
tively reported having been influenced by this. The lack of
a physical crossing was also suspected of having influenced
the overall result. From these existing studies, however, the
ways in which the lack of crossing might have influenced
pedestrian crossing behavior are not evident. Furthermore,
this issue may persist for the foreseeable future until studies
can safely involve participants walking in front of an on-
coming vehicle within the parameters of safety and ethical
limitations.
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These same limitations do not apply to virtual reality
(VR)-based experiments, which are frequently used as an
alternative to real-world setups to assess participants’ be-
havior. To study the feasibility of VR technology, we also
explored the characteristics of VR as a simulation method
and its recent application in pedestrian studies. VR can
recreate similar traffic interactions in a more controlled en-
vironment with no risk of traffic accidents (Bhagavathula
et al. 2018). Among photographs and panorama, VR was
shown to be the most realistic display format for measur-
ing physiological responses (Higuera-Trujillo et al. 2017).
Singh et al. (2015) confirmed that VR-based methodology
could produce results that accurately predict certain per-
ceptions of pedestrians to real-world vehicles. Deb et al.
(2017) built a VR simulator to obtain objective pedestrian
behavior data which matched real-world norms. Similarly,
Bhagavathula et al. (2018) compared data from pedestrian-
vehicle interactions in equivalent real and virtual environ-
ments, and the results suggested no significant differences.
Although VR cannot perfectly replicate real-world scenar-
ios, it has been proven to be a reasonable tool with which
to identify significant factors affecting pedestrians’ behav-
ior and in observing general trends that are transferable to
reality. As a matter of fact, some existing pedestrian-AV
VR simulators already include physically crossing in front
of an oncoming AV as part of the interaction (Deb et al.
2018; Kooijman et al. 2019; Löcken et al. 2019). However,
to the best of our knowledge, there is a notable lack of
studies that seek to identify the ways in which the lack of
physical crossing influences pedestrian crossing behavior.

To summarize, the substantial advances in AV technol-
ogy herald a greater need to understand how vulnerable
street users such as pedestrians will interact with AVs. How-
ever, due to safety regulations, it is not currently possible to
conduct field experiments on pedestrian crossing behavior
using a physical crossing. Given the proven ability of VR to
recreate realistic traffic situations, this study aims to bridge
the knowledge gap with VR simulation.

Our hypothesis posits that the decision-making behavior
of pedestrians varies depending on the manner in which
they indicate their intention to cross, be it directly or indi-
rectly. This variance in behavior will be quantified by ob-
jectively measuring critical gap acceptance and subjectively
assessing perceived stress levels. Specifically, we expect
that the physical crossing would lead to increased stress lev-
els and higher critical gaps. To frame the scope of the study,
we decided to orient it around the aforementioned experi-
ment of Rodríguez Palmeiro et al. (2018), whose approach
(i.e., stepping) can be replicated well in VR without ex-
tra input devices. We designed a controlled VR experiment
where participants interacted with an oncoming AV. Their
measured critical gap was calculated based on the recorded
trajectories, and their perceived stress was evaluated after

each interaction. Further quantitative and qualitative data
were also collected to determine how closely our measure-
ments match real-world norms. Inspired by the WoZ aspect
of prior field studies, we developed simple techniques to
achieve adequate immersion and evaluated the effective-
ness through retrospective questions. The experiment was
approved by the ETH Ethics Commission (2021-N-213).

2 Methods

2.1 Participants

Twenty-four participants between 19 and 30 (M= 23.8,
SD= 2.4) were recruited through social media and pin-
boards on the ETH Zurich university campus. Normal
health conditions, a good command of English, and fa-
miliarity with right-hand traffic were required for the
participation.

Interested individuals could register through a web form.
As a part of the registration, candidates were screened to
exclude those likely to suffer from motion sickness. For
this purpose, the short version of the motion sickness sus-
ceptibility questionnaire (MSSQ-short) (Golding 1998) was
used. Based on an estimation of the time spent in the simu-
lation (8min), a threshold score for the MSSQ-short of 34.1
was computed. This MSSQ score was calculated based on
Fig. 3 in Golding (1998), which generated a score for the
long version of the MSSQ. Further details on the computa-
tion method for the threshold and the conversion between
MSSQ-long and MSSQ-short are given in the Procedure
section of a previous study (Ropelato et al. 2022). Candi-
dates with scores higher than the threshold were excluded
from participation.

2.2 Instrumentation

A virtual intersection was implemented in Unity (2020.3.19f)
and presented using a cabled HTC Vive Pro head-mounted
display (HMD). Participants were able to move in the vir-
tual world through naturalistic walking in the real world.
The position and orientation of the HMD were tracked in
real-time and recorded together with the position of the
vehicle at a rate of 5Hz.

Figure 1 shows an excerpt of the intersection as seen
from the participants’ perspective, and Fig. 2 is a bird’s-eye
view of the whole scene. A virtual environment (VE) built
with high-resolution assets (Equilibrium A 2022; Black
Starling Productions 2021; 255 Pixel Studios 2020) from
the Unity asset store was used to ensure graphical fidelity.
A green bus (Edy 2020) was placed on the scene as the
destination of the crossing scenario. To prevent participants
from bumping into the real-world wall while traversing the
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Fig. 1 The side view of the
crossing facility with a length of
7m

Abb. 1 Seitenansicht des Fuß-
gängerüberwegs mit einer Länge
von 7m

Fig. 2 The Bird’s-eye view of
the crossing facility. The vertical
and horizontal arrows denote the
paths of the pedestrian and the
car, respectively
Abb. 2 Vogelperspektive auf
dem Fußgängerüberweg. Die
vertikalen und horizontalen
Pfeile bezeichnen die Wege des
Fußgängers bzw. des Autos

Fig. 3 Left: The virtual vehicle
model with a roof sign; Right:
The clips showing an attentive
driver(bottom right) and an
inattentive driver (upper right)
Abb. 3 Links: Das virtuelle
Fahrzeugmodell mit einem
„Self-driving“ Schild auf dem
Dach; Rechts: Videoabschnitte
eines aufmerksamen Fahrers
(unten) und eines unaufmerksa-
men Fahrers (oben)
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street in the VE, a virtual traffic cone was placed on the
ground in the real world as a guide (shown in Fig. 1). Once
participants reached the cone, a warning message appeared
in the VE to prevent them from walking into the wall. Al-
though participants did not walk all the way onto the bus,
the most relevant aspects of the experience of crossing the
street were faithfully conveyed.

In reality, a two-way road has a width of approximately
7m (U.S. Department of Transportation, Federal Highway
Administration 2007; Highways England 2016). Accord-
ingly, we modeled a street of 7m width in the VE. However,
as the length of our facility was only 4.1m, the transla-
tional gain of the HMD was doubled, i.e., the rate at which
movements in the real world would translate to the partic-
ipants’ perspective in the virtual world was doubled. This
technique has been shown to work well for creating larger
VEs within smaller physical rooms (Ropelato et al. 2022;
Williams et al. 2006). Since increasing the translational gain
on all axes also amplifies slight bobbing and sideward tilt-
ing of natural head movements, only the gain parallel to
the crossing facility (i.e., along the vertical arrow in Fig. 2)
was increased.

In the foreseeable future, pedestrians may encounter var-
ious traffic scenarios where vehicles may be driven by a hu-
man driver or operate autonomously. Moreover, the atten-
tiveness of the driver may vary, and the vehicle’s behavior
at pedestrian crossings may differ, with the option to ei-
ther pass the crossing or yield to pedestrians. To accommo-
date these variables, we have developed two test scenarios:
one with an attentive driver and another with an inatten-
tive driver. In both scenarios, the vehicle may either stop or
yield at the pedestrian crossing.

A medium-sized silver coupe (Pro 3D Models 2018) was
used as the vehicle model for all trials. A roof sign with the
message “self-driving” was attached to the vehicle (Fig. 3).
The vehicle always approached from the left of the par-
ticipants, as the approaching direction was shown to be
insignificant to the crossing behavior (Rodríguez Palmeiro
et al. 2018).

To increase the immersiveness, a 2D plane displaying
a pre-recorded video clip of a human driver was placed
above the driver’s seat (Fig. 3). This was a low-complexity
replacement for a real-time projection, as we wanted to keep
the setup simple and avoid introducing additional variables.

We modified a vehicle controller (Edy’s Vehicle Physics
2020) from the Unity assets store to execute the vehicle’s
trajectory. Two different trajectories were manually prede-
fined according to the independent variable ‘stopping be-
havior.’ The acceleration profile was slightly varied for each
interaction to make the resulting trajectories less robotic
over the course of repeated interactions. Manual control of
the vehicle was intentionally avoided, as this would increase
the complexity of the setup and introduce bias.

Following the results of a pilot study, the possibility of
collision as a consequence of the interaction was elimi-
nated, as six out of the seven volunteers in the pilot study
indicated that collisions were scary. Furthermore, when the
collision outcome was tested, four volunteers attempted an
abrupt dodging maneuver to avoid the collision in VE and
risked bumping into the wall or the experimenter. To avoid
collisions, an invisible collider box of 5m was attached to
the front of the vehicle, and the vehicle model was dis-
abled and therefore disappeared as soon as the collider box
touched the participant.

To prevent participants from memorizing the vehicle’s
trajectory, the model of the vehicle was disabled once the
participant had passed the midline of the crossing path.

2.3 Independent variables

The main aim of our study was to investigate the poten-
tial effect of the lack of physical crossing in VR pedes-
trian-AV interactions on pedestrians’ behavior. Two cross-
ing methods (CMs) were thus considered: The first CM
replicated the method used in a reference field study (Ro-
dríguez Palmeiro et al. 2018), in which the participants
were instructed to take one step forward at the first mo-
ment they would cross the road and one step backward at
the last moment they would cross the road, as in the afore-
mentioned study. This method will hereafter be referred
to as the ‘stepping method.’ For the second CM, partici-
pants were asked to cross the road at the last moment they
would cross. This method will hereafter be referred to as
the ‘crossing method.’

We expected to measure similar behavior if the CM were
not a significant factor by enforcing the same last-moment
constraint for both CMs. These constraints were also needed
for the implicit measurement of one of the dependent vari-
ables (the critical gap), which will be elaborated on later.
Similar to the reference study, we included the driver’s at-
tentional state and the stopping behavior of the vehicle as
moderating variables in addition to the CM.

The effect of the AV driver’s attentivity on the interaction
was evaluated by using video clips of two different drivers:
one attentive and one inattentive. As explained above, the
clips of the driver presented in the VE were pre-recorded.
For the attentive cases, the video clip shows a driver who
holds the steering wheel and looks intently at the traffic in
front of him. On approaching the crossing, the driver looks
into the camera to seek eye contact with the pedestrian. With
the inattentive driver, the driver operates a smartphone with
both hands. His gaze is intentionally kept away from the
camera to signify that he is not paying attention to traffic.

Two different stopping behaviors of the car were investi-
gated, in which the speed profile and the stopping position
in front of the pedestrian crossing were varied. This resulted
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in a yielding outcome and a non-yielding outcome. For the
yielding case, the vehicle started 60m from the crossing and
accelerated to a speed of about 33–37km/h before gradu-
ally coming to a full stop in front of the pedestrian crossing.
For the non-yielding case, the vehicle started in the same
position and accelerated to a speed of about 31–34km/h,
after which it only braked slightly before the crossing and
then passed the crossing without yielding.

Taking into account all previous within-subject variables,
we have eight possible combinations (2× 2× 2) at this stage,
and each participant should experience each of these inter-
actions twice (giving 16 iterations total). However, fre-
quently switching between different CMs may confuse par-
ticipants. Therefore, we decided to let participants start with
either CM and go through the corresponding four combi-
nations. Then, they were switched to the second CM to
complete the first half (i.e., the first block) of the exper-
iment. Afterward, starting with the second CM, the par-
ticipant went through the second block of the experiment,
following the same procedure as the first block. A fourth
variable called “block number” was introduced to note to
which half of the experiment each interaction belonged, and
we expect to reveal possible learning effects through this.

Lastly, a between-subject variable called “trial number”
was defined, denoting the method with which participants
started to examine possible sequence effects.

2.4 Dependent variables

Two dependent variables were included in the study to eval-
uate the participants’ crossing behavior: the critical gap and
the self-reported stress level. These two variables were also
included in the reference study, and the findings will be
compared. The critical gap is defined as the shortest time
in seconds that can be accepted for pedestrians to cross
the existing traffic condition (Brewer et al. 2006; National
Research Council 2010). In our study, the critical gap is
measured in terms of the distance between the bumper of
the vehicle and the pedestrian at the moment a decision is
taken to cross the street. In the stepping method, this is the
moment the participant takes a step backward, and in the
crossing method, this is the moment when the participant
starts to cross the street. The critical gap was evaluated man-
ually by inspecting the positions at these moments of the
pedestrian and the vehicle, which were recorded at a rate
of 5Hz.

Rather than utilizing a physiological approach, self-as-
sessments were employed to capture stress levels following
each interaction, measured on a Likert scale ranging from
0–10, where 0 represented a state of relaxation and 10 in-
dicated a highly stressed state. This method was adopted to
achieve results that were comparable to the reference study.

We conducted interviews with partly identical questions
to the reference study (Rodríguez Palmeiro et al. 2018)
to obtain comparable results. After each completed inter-
action, a short oral interview (post-interaction) was con-
ducted. After all interactions had been completed, a final
oral interview (post-experiment) was carried out, followed
by a final written questionnaire. The experimenter docu-
mented the answers to the oral interviews in written form,
and the answers to the written questionnaires were collected
from the participants using Google forms. The participants
were permitted to refer to their previous answers for re-
peated questions in the event their answers were the same.

The post-interaction interview included two of the three
questions from the reference study:

1. Which factors did you take into account before deciding
to take a step backward/to cross the street (multiple an-
swers allowed)?

2. How stressed were you on a scale from 0, not stressed at
all, to 10, extremely stressed?

The post-experiment interview consisted of one question
(no. 1) from the reference study and two purpose-phrased
questions for evaluating participants’ feelings towards both
CM:

1. How realistic do you think the setup of this experiment
was on a scale from 0 (not realistic at all) to 10 (highly
realistic)? Do you think it was similar to a crossing situ-
ation in real life? (Why/why not?)

2. On a scale from 0 (unnatural) to 10 (very natural), how
natural was it for you to take a step forward at the first
moment you would cross the road and a step backward at
the last moment you would cross? (What are the reasons
for your rating?)

3. On a scale from 0 (unnatural) to 10 (very natural), how
natural was it for you to cross the street at the last mo-
ment? (What are the reasons for your rating?)

The final written questionnaire consisted of two ques-
tions to assess how well our implementation of a low-com-
plexity AV worked. Lastly, we used a modified version of
the four-factor model from the established presence ques-
tionnaire (PQ) (Witmer et al. 2005) to measure participants’
perceived presence in our VE, as well as their general abil-
ity to become immersed in the simulation.

1. The pre-recorded driver: Did you realize that the projec-
tion of the driver’s face was actually pre-recorded? In
case of an affirmative answer: Did this influence your de-
cision-making, and if yes, how?

2. The AV’s trajectory: Did you realize that the trajectory of
the vehicle was not controlled by a human driver but was
pre-programmed? In case of an affirmative answer: Did
this influence your decision-making, and if yes, how?
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3. PQ with questions 1–8, 11, 12, 14, 19, 21–25, 30, and 31
from Table 1 of Witmer et al. (2005).

2.5 Experiment procedure

Once interested individuals had completed the registration
form, we evaluated their MSSQ-short score and arranged
appointments for those who passed. Once participants had
arrived at the experiment facility, we explained the steps
of the experiment and collected signed consent forms. The
participants were then led to the marked starting position,
and the headset was fitted with the experimenter’s assis-
tance.

In the VE, participants started on the street edge, facing
the non-signalized crossing facility. The vertical arrow in
Fig. 2 visualizes their starting position and path. The vehi-
cle approached from the participant’s left and traversed the
path shown by the horizontal arrow in Fig. 2. The exper-
imenter explained both CMs to the participants. The par-
ticipants were informed that the vehicle was sometimes ac-
tively controlled by the driver and that the vehicle would
not always yield in order to increase the chance that their
reactions would be more realistic. They were then given
time to move around in the VE and experience both CMs
in a trial scene until they felt confident to proceed. The
trial scene comprised the same environment as the scenes
in the experiment, with one exception: a different vehicle
type, i.e., a Jeep with dark windows, was used, and thus no
drivers were visible in the trial scene. This was because we
wanted the participants to focus on learning the environ-
ment and how they could control their perspective rather
than other features, such as the driver’s attentional state.

Once the trial was completed, the experiment started.
The experimenter remained in proximity to the participants
at all times to be able to intervene to prevent tripping or
collision with walls. At the end of the experiment, the
experimenter provided a debriefing to explain the with-
drawn information about the pre-recorded driver and the
programmed vehicle trajectory.

During the experiment, nobody felt sick or aborted the
experiment. No injuries or accidents occurred during the
entire study. No collisions were observed in the VR.

3 Results

3.1 Critical gap and stress level

A total of 20 complete sets of critical gap data were col-
lected from a sample population. In addition, we obtained
16 complete sets of self-reported stress levels from a sub-
set of this sample. The remaining incomplete sets of data
were excluded from the analysis, as they were missing one

measurement due to data loss or incorrectly executed exper-
iment sequences. The exclusion was necessary to ensure the
credibility and accuracy of the data. Interpolation was not
performed on the incomplete sets to avoid potential biases
and errors in the final analysis. Using the software SPSS,
we performed two repeated measures analysis of variance
(ANOVA) for each dependent variable. The analysis re-
vealed that only the CM factor had a significant effect on
the dependent variables, while the driver’s attentivity, stop-
ping behavior of the vehicle, and block number did not
demonstrate a statistically significant impact. Since there
were only two levels for the CM, no Mauchly’s sphericity
test was performed, and the Greenhouse-Geisser corrected
tests are reported:

� The critical gap was significantly affected by the CM
with F(1)= 45.383, p< 0.001, partial η2= 0.706.

� Similarly, the stress level was also significantly af-
fected by the CM with F(1)= 56.945, p< 0.001, partial
η2= 0.803.

From the estimated marginal means, it can be specu-
lated that participants experienced higher stress and re-
quired a larger critical gap when they actually crossed the
road (Fig. 4).

Fig. 4 Estimated mean for both dependent variables
Abb. 4 Die geschätzten Randmittelwerte für beide abhängigen Varia-
blen
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Table 1 PQ results categorized
by subscale (N= 18)
Tab. 1 Kategorisierte Ergeb-
nisse von PQ

Mean Mean in percent Median Interquartile range

Involvement (8–56) 42.1 75 42.5 5

Sensory fidelity (3–21) 16.4 78 17 5

Adaptivity/Immersion (5–35) 28.8 82.3 29.5 6

Interface quality (3–21) 17 81 17 2

3.2 Factors for crossing decisions

The ratings from two participants were incomplete due to
data loss, and therefore, only the results from the remain-
ing 18 participants were considered for Sect. 3.3, 3.4, 3.5,
and 3.6. In response to the question, “Which factors did you
take into account before making the decision to take a step
backward/to cross the street?” three hundred twenty an-
swers were received (i.e., 20 participants× 16 interactions),
reporting 770 factors in total (multiple answers allowed).
The most mentioned factors were the speed of the vehicle
(230 out of 770) and the distance to the vehicle (169 out of
770). Other frequently reported factors in descending order
included: the yielding behavior of the vehicle (80 out of
770), the sound of the vehicle (59 out of 770), the driver’s
attentivity (21 out of 770), and eye contact or lack thereof,
with the driver (20 out of 770).

3.3 Level of realism

On a scale of 0–10, our setup received a mean score of 6.9
(SD= 2.1, N= 18) for the level of realism. Only three par-
ticipants answered “No” to the question, “Do you think it
was similar to a crossing situation in real life?” The first
person claimed that the driver’s face was not visible until
much closer than in real life. The second found it difficult to
relate the experiment to reality as he/she had never encoun-
tered a real AV. The third and final participant complained
that they found the last-moment constraint counterintuitive.
By contrast, seven out of 15 participants who gave positive
responses complimented the combination of good visual
and audio cues, while three found the vehicle’s dynamic to
be realistic.

3.4 Naturalness of crossingmethods

Both CMs received suboptimal ratings on their natural-
ness. The stepping method had a slightly higher average
score (M= 6.5, SD= 3.0, N= 18) than the crossing method
(M= 5.3, SD= 3.1, N= 18), and a moderate Pearson corre-
lation (r= 0.4) can be observed. A paired t-test yields a two-
tailed p-value of 0.162; thus, the difference is not statisti-
cally significant. The reason most frequently given for the
low rating across both methods was the fact that participants
found it difficult to determine the last acceptable crossing
moment for themselves. Three participants claimed they felt

more engaged with the stepping method because they could
express their intentions through their movements. Two par-
ticipants gave high ratings for the stepping method and
low ratings for the crossing method because they perceived
a greater risk during the crossing interactions.

3.5 Manipulation check

Thirteen participants noticed that the videos of the drivers
were pre-recorded, but only three claimed that the realiza-
tion influenced their decision-making. One person claimed
to have paid little attention to the driver before crossing, and
another noted that they stopped to make decisions based on
the driver’s video. By contrast, only nine participants re-
alized that the vehicles’ trajectory was not controlled by
a human driver, and none claimed to be affected by this
realization when making their crossing decision.

3.6 Presence questionnaire (PQ)

An average total score of 107.4 out of 133 (SD= 8.6) was
achieved for the PQ. Detailed ratings for each subscale are
shown in Table 1. The further calculation revealed a moder-
ate negative correlation between self-reported stress and PQ
score. The mean critical gap for the crossing cases also had
a moderate negative correlation with the presence, whereas
a weak positive correlation was observed for the stepping
cases.

4 Discussion

4.1 Effects of the two crossingmethods (CMs) on
pedestrian behavior

The most compelling finding of the experiment was that
the variable of the CM indeed affected participants’ cross-
ing behavior in terms of both critical gap size and subjec-
tively reported stress level. On average, the critical gap was
more than double when participants actually crossed the
road compared to taking single steps. Also, the subjectively
reported stress levels rose moderately in the crossing cases
compared to stepping. We suspect that elevated stress levels
are an indicator of higher perceived risk, which has been
shown to influence participants’ decision-making (Kwon
et al. 2022; Papadimitriou et al. 2017).
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Fig. 5 Box plots comparing the
mean of both dependent vari-
ables for “inattentive drivers” in
this study and a reference study
Abb. 5 Boxplots zum Vergleich
der beiden abhängigen Variablen
für unaufmerksame Fahrer mit
einer Referenzstudie

Figure 5 presents a comparison of the results obtained in
our study with those reported in the reference study (Ro-
dríguez Palmeiro et al. 2018), considering the most similar
experimental conditions. Specifically, we averaged the out-
comes obtained with the “inattentive driver” and compared
them with the corresponding values from the reference
study. We found that the measured critical gap and stress
levels during stepping interactions were largely consistent
with the real-world data. Nevertheless, we acknowledge
that further research is needed to fully validate our find-
ings and explore potential differences between VR-based
experiments and real-world field studies.

Most participants reported having made their crossing/
stepping decisions based on the speed of the vehicle and the
distance from the vehicle, which is in line with the findings
of both Rodríguez Palmeiro et al. (2018) and other previ-
ous research (Liu and Tung 2014; Sucha et al. 2017). The
yielding pattern of the vehicle and the acoustic cues were
the next most frequently mentioned factors. Surprisingly,
the majority of the participants did not seem to have taken
into account eye contact with the driver or his attentional
state, which is also consistent with Rodríguez Palmeiro
et al. (2018). However, it is important to note that the focus
of this work was not to study the effects of explicit eHMI.
Thus, no variations in vehicle appearances were included,
which limited the selection. Generally, our results broadly
support the work of existing field observations, confirm-
ing the importance of the vehicle’s implicit eHMI, i.e., its
motion patterns, as cues for pedestrians’ decision-making
(Dey and Terken 2017; Moore et al. 2019; Rothenbücher
et al. 2016). All in all, most of the data recorded by our VR
simulator are in line with previous studies, and the experi-
ence of moving in front of an operating vehicle could be
conveyed without any safety risks.

4.2 Evaluation of the methodology

Our paradigm received an average score of 6.9 for the over-
all level of realism, which is slightly higher than the score
of 6.4 reported by Rodríguez Palmeiro et al. (2018). By
contrast, only three participants thought that the VR envi-
ronment was dissimilar to a real-life situation, which sup-
ports the ecological validity of our setup. The combination
of visual and acoustic cues was perceived as an advantage
by many, while the lack of other pedestrians and drivers and
the last-moment constraint for the CMs were criticized. Ad-
ditionally, the PQ received over 75% of the scores for all
subscales (ref. Table 1). We thus conclude that a reason-
able level of presence and immersion was achieved by our
simulation.

Additionally, neither CM was rated as a very natural
interaction, and a moderate correlation (r= 0.4) between
naturalness ratings for the two CMs was observed. Inter-
estingly, most ratings for the naturalness were polarized,
and the participants tended to give both high (8–10) and
low (0–3) scores. According to the reasons reported by the
participants who gave low ratings, defining the last accept-
able moment at which to cross or step back was difficult
and counterintuitive. This secondary task of determining the
right moment may have generated an extra cognitive load
for the participants, which has been shown to affect walk-
ing behavior both in VR (Kannape et al. 2014) and in the
real world (Springer et al. 2006). Although the last-moment
constraint made the calculation of the critical gap efficient,
alternative methods should be considered for more natural
interactions, some of which will be discussed in Sect. 4.4.

However, as the same conditions applied for both CMs,
it is reasonable to assume that the last-moment constraint
was not responsible for the significant differences in the de-
pendent variables. The wired connection of the HMD may
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have also negatively affected the experience and, therefore,
the naturalness rating, as it may have distracted the users
(Davis et al. 2014; Slater and Steed 2000). Combined with
the results from the PQ, we can conclude that although VR
is capable of recreating an immersive environment, the spe-
cific design choices for the experiment negatively impacted
the overall rating.

4.3 Manipulation check

The questions assessing the effectiveness of our manipula-
tion techniques yielded mixed results. Though more than
half of the participants realized the pre-recorded nature of
the videos showing the driver’s face, only three reported
being influenced by this realization when crossing the road.
This shows that our attempt to recreate a simple yet con-
vincing representation of the driver fell short.

By contrast, only half of the participants noticed the fact
that the vehicle was not manually controlled, and none were
affected by this realization. Judging from the other data and
participants’ subjective arguments, we can conclude that
the impact of the manipulations was limited. Controlling
the vehicle through computer scripts seems to be a valid
technique to effectively reduce the complexity of the setup
and is recommended for consideration in future studies.

4.4 Limitations and recommendations for future
work

Firstly, like the majority of studies conducted in an aca-
demic context, we had a limited group of participants from
which to sample. Since almost all the participants were
students or staff at ETH Zurich, they are not necessarily
representative of the larger population. We recommend fu-
ture studies consider larger and more diverse sample sizes.
Recruiting participants from different backgrounds and age
groups may also help to improve the generalizability of the
results.

Secondly, we limited the number of active traffic users
in the VE to focus on studying the effects of the indepen-
dent variables in isolation, excluding possible interference.
In reality, pedestrians will often face complex crossing sit-
uations in mixed traffic settings. Additionally, the environ-
mental factors remained the same for all interactions in our
study, which could be said to oversimplify real-life situ-
ations. Therefore, to obtain a more holistic understanding
of pedestrian crossing behavior, further experiments with
more complex traffic situations and more variations in the
environmental factors should be conducted.

Thirdly, the last-moment constraint enforced for both
CMs was shown to have negatively impacted the perceived
naturalness of both CMs. Though it indeed simplified the
estimation of the critical gap, this came at the cost of re-

duced naturalness. Given this negative impact, we recom-
mend that further studies find other means for the estimation
of the critical gap which do not interfere with pedestrians’
behavior. While requiring a greater number of measure-
ments, well-established probabilistic (Tian et al. 1999) or
deterministic (Ashworth 1970) approaches may yield bet-
ter user experiences for the participants. Alternatively, one
may try to conceal the last-moment constraints through ga-
mification so that it is a more natural part of the interaction.

In this study, stress levels were measured through sub-
jective reports, as we wanted to adopt existing research
methods. However, for future studies, objective measures
such as heart rate variability, cortisol levels, and skin con-
ductance should be considered to provide a more accurate
and reliable assessment of stress. Additionally, it is impor-
tant to differentiate between physical and mental stress as
the two can have different physiological and psychologi-
cal effects. In this study, we used the term “stress level”
as a whole, which may have confounded the results. For
example, the act of crossing in virtual reality may be men-
tally demanding, leading to an increase in perceived stress
but not necessarily a corresponding increase in physical
stress. Therefore, future research should carefully consider
the measurement of stress and differentiate between phys-
ical and mental stress to better understand the effects of
stress on individuals.

Last but not least, this study is the first attempt to reveal
the possible effects of the lack of a physical crossing. There-
fore, we selected only one reference method (stepping) and
a limited number of dependent variables. Detailed explo-
ration, including more reference methods and more pedes-
trian behavior data with other criteria should be conducted
for a more systematic understanding of this issue.

5 Conclusion

Physically crossing the street and walking in front of on-
coming vehicles are rarely permitted for AV-related con-
trolled experiments, and so their effect on pedestrian be-
havior has remained unexplored. Our study reveals that this
lack of a physical crossing can lead to a significantly lower
measured critical gap and perceived stress levels in a sim-
ilar environment in VR. Our other findings demonstrated
consistency with prior real-world studies, indicating the
capability of VR experiments in substituting risky physi-
cal environments and yielding transferable results for real-
world problems. These findings provide a strong indication
that pedestrian behaviors measured through indirect means
may vary according to the method adopted, which should
be taken into account for future studies. An arguable weak-
ness of the study was the contrived nature of the last-mo-
ment constraints. We thus recommend that future studies
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integrate smarter solutions, such as gamification, to make
the interaction feel more natural while retaining the ease of
critical gap estimation.
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