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Abstract -

As automated vehicles (AVs) become increasingly integrated into urban traffic, understanding their interaction with
pedestrians is essential. This study investigates pedestrian gap acceptance in interactions with AVs and human-
driven vehicles (HVs) using a virtual reality experiment with continuous locomotion on an omnidirectional treadmill.
Vehicle behavior was intentionally held identical to isolate expectation-based effects of vehicle type. The analysis
focused on unregulated crossings with systematically varied time-to-arrival (TTA). Gap acceptance was primarily
driven by TTA. When directly comparing AV and HV crossing opportunities within mixed trials, participants showed
higher acceptance rates for gaps followed by HVs. This preference became more pronounced after repeated
exposure. Subjective measures were not associated with observed behavioral differences. These findings suggest
that under specific conditions, pedestrian decisions may be influenced not only by objective vehicle behavior, but

also by expectations associated with vehicle type.
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Introduction

As automated vehicles (AVs) gradually become in-
tegrated into urban traffic, understanding their in-
teractions with vulnerable road users (VRUs) such
as pedestrians becomes essential. While pedestri-
ans have developed expectations about conventional
human-driven vehicles (HVs) through experience, in-
teractions with AVs may introduce uncertainty, as
AVs differ in consistency, rule adherence, and com-
munication, potentially requiring pedestrians to adapt
their decision-making strategies.

Previous work on AV interaction has primarily fo-
cused on trust and cooperation from the driver per-
spective, while far less attention has been payed to
pedestrians and other VRUs, despite the fact that
they must also interpret and respond to the AVs’ be-
havior (Jayaraman, et al., 2019).

Pedestrians typically infer vehicle intent from three
sources: explicit communication (e.g., driver gestures
or external human-machine-interface eHMlIs; Dey, et

al.,, 2021; Sucha, 2014), contextual cues such as
traffic regulations (Havard and Willis, 2012), and im-
plicit communication through vehicle kinematics (Ra-
souli and Tsotsos, 2019). While many studies have
focused on explicit communication systems for AVs
(Carmona, et al., 2021; Jayaraman, et al., 2019;
Song, et al., 2023), no standardized communication
system currently exists (Saleh, Hossny, and Naha-
vandi, 2017), making it important to study interac-
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tions under conditions where pedestrians must rely
on other information sources.

At unregulated crossings, pedestrians rely on ve-
hicle kinematics, trust, and prior expectations. As
AVs are often associated with increased uncertainty,
these expectations may directly shape crossing de-
cisions (Jayaraman, et al., 2019; Rad, Almeida Cor-
reia, and Hagenzieker, 2020). Recent findings sug-
gest that people respond differently to AVs and HVs
even when vehicle behavior is identical. For exam-
ple, Sun, Ge, and Qu (2024) showed in a simula-
tor study, that drivers interacted differently with AVs
compared to HVs despite identical kinematics and
the only difference being the visual appearance of
the vehicles. This indicates that expectations alone
can influence behavior, which raises the question
of whether pedestrians similarly adjust their cross-
ing decisions based on perceived vehicle identity
rather than observable motion cues. To isolate such
expectation-based effects, the present study exam-
ines pedestrian interactions with AVs and HVs while
keeping vehicle kinematics identical across condi-
tions. The study focuses on unregulated crossings
without explicit communication, where pedestrians
must rely primarily on implicit expectations when de-
ciding whether to cross.

Previous studies have often placed pedestrians di-
rectly at the curb using button-press tasks, simplified
virtual reality (VR) setups, or projection-based en-
vironments. While these approaches provide strong
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Figure 1: Omnideck, MoSAIC Laboratory at the Institute of
Transportation Systems, Braunschweig

experimental control, they constrain natural locomo-
tion and remove the continuous approach phase
that characterizes real-world street crossings. Since
crossing decisions often begin already during ap-
proach rather than only at the curb (Gorrini, et al.,
2018; Rasouli, Kotseruba, and Tsotsos, 2017), pre-
serving continuous locomotion is important for cap-
turing realistic pedestrian behavior.

To address this, in the present study an omnidirec-
tional treadmill with a high-fidelity virtual environ-
ment is used. A realistic time-pressure task was ad-
ditionally implemented to promote ecologically valid
decision-making and reduce overly cautious simula-
tor behavior. The present paper reports a focused
analysis of a subset of conditions from a larger ongo-
ing experimental study. Specifically, we analyze be-
havioral differences between AV and HV interactions
in unregulated crossings, as well as potential adapta-
tion effects over repeated exposure. Based on these
considerations, the following research questions are
addressed:

e Does pedestrian gap acceptance differ between in-
teractions with AVs and HVs when vehicle behavior
is held constant?

e Do potential differences emerge only after re-
peated exposure, indicating learning or adaptation
effects over time?

e Do subjective impressions and expectations to-
ward AVs relate to observed crossing decisions?

Method
Experimental Setup

The study was conducted using the Omnideck, an
omnidirectional treadmill by W5 Omnifinity AB (see
Fig. 1). The system consists of a circular platform
(diameter 3.7 m) with motorized roll segments that
continuously move users back toward the center, en-
abling unrestricted movement in all directions within
a virtual environment (Guilfoyle and Thor, 2023;
Theisen, et al., 2025). The virtual environment was
presented via a Varjo XR-3 head-mounted display.

Participants walked through a virtual city toward a
destination that required crossing three sequential
roads. The first two roads consisted of a single lane,
while the third road additionally included a bus lane
(see Fig. 2). However, all roads were designed to
have the same overall width, ensuring comparable
crossing distances across conditions. Vehicles ap-
proached from the left and were presented as ei-
ther AVs or HVs. No explicit communication cues

-134-

il

2]
-
[aa) ohue)
Lead Vehicle

o cap3 P~ G- Ny
& &

Figure 2: Example of the third street, where the bus stop
was located.

BUS

(e.g., driver gestures or eHMI) were present. Vehi-
cle kinematics, including speed and braking behavior,
were intentionally held identical across conditions,
such that participants could only rely on implicit ex-
pectations associated with vehicle type when making
crossing decisions.

On the third road, a bus approached from the right
as part of a broader time-pressure task. However, the
bus always passed the crossing area before the par-
ticipant reached the road, ensuring that it did not in-
fluence crossing decisions.

Behavioral measures focused on pedestrians’ gap
acceptance decisions. Gap acceptance was defined
as the crossing within a temporal gap between two
consecutive vehicles within a traffic stream. Based
on the position of the pedestrian relative to the se-
guence of vehicles, gaps were classified as accepted
or rejected.

In addition, subjective measures were collected be-
fore and after the experiment, including familiarity
with AVs, perceived likelihood of being detected by
the vehicle, appropriateness of vehicle reactions, and
safety concerns. These measures were explored in
relation to observed behavioral differences.

Participants

A total of 25 participants took part in the study (30%
female, 70% male; Age: M = 35 years, SD = 10.57).
The ethics commission of the DLR determined that
no formal ethical review was required. One partici-
pant was excluded from the behavioral analyses due
to an incorrect simulator configuration during data
collection. Thus, the final sample for the gap accep-
tance analyses consisted of 24 participants. Due to a
technical issue with the questionnaire tool, subjective
questionnaire data were only available for a subset of
participants (n = 19).

Design and Procedure

A within-subjects design was used with vehicle type
(AV vs. HV) as the main factor. Participants com-
pleted multiple crossing trials in which vehicles ap-
proached the pedestrian with a speed of 30 km/h
and with systematically varied time-to-arrival (TTA),
representing the temporal gaps between consecutive
vehicles (5, 6 s, & 7 s).This paper reports a focused
analysis of a subset of conditions from a larger ex-
perimental study. While the full design included addi-
tional crossing contexts, the present analysis focuses
exclusively on unregulated crossings.

Across the experiment, each participant completed
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10 unregulated crossing scenarios, including four
mixed (AV and HV), three HV-only, and three AV-only
conditions (N = 240 street trials overall). Each street
trial included three consecutive gap opportunities.
Mixed trials were presented at the beginning and end
of the experiment, in order to assess whether poten-
tial behavioral differences between interactions with
AVs and HVs change after repeated exposure. The
AV-only and HV-only conditions were counterbal-
anced across participants. Vehicle kinematics were
identical for both vehicle types, ensuring that any ob-
served differences in behavior could be attributed to
vehicle type rather than kinematic differences.

To ensure that participants could reliably distinguish
both vehicle types, written instructions were provided
prior to the experiment, including an image of an AV.
Vehicles differed clearly in visual appearance. All AVs
looked identical and passengers were seated facing
backwards, providing a salient visual cue that distin-
guished them from HVs. In contrast, HVs resembled
conventional vehicles familiar to participants.

To encourage naturalistic decision-making, partici-
pants were instructed to reach a bus stop within a lim-
ited time window. Missing the bus resulted in a delay
before the next trial. Remaining time and navigation
instructions were continuously displayed on a virtual
smartwatch worn on the right wrist.

Prior to the main experiment, participants completed
training trials to familiarize themselves with the simu-
lator and task.

Results

To investigate the influence of temporal gap size and
vehicle type on pedestrian gap acceptance, gener-
alized estimating equation (GEE) models were em-
ployed in combination with follow-up analyses such
as Chi-square tests. GEE models were chosen to
account for the non-independence of observations
within participants.

Gap Acceptance

Across all unregulated trials, gap acceptance rates
increased with increasing TTA, indicating that par-
ticipants were more likely to cross when presented
with larger temporal gaps. This was confirmed by a
GEE model, which revealed a significant main effect
of TTA (S = 1.09,SE = 0.40,p = .007).

In addition, a significant main effect of gap position
was observed ( = —2.43,SE = 1.20,p = .042),
indicating that participants were less likely to accept
later gaps compared to earlier ones. No significant
interaction between TTA and gap position was found.
Fig. 3 shows gap acceptance as a function of TTA
and gap position. While acceptance rates increased
with TTA across all gaps, differences between gap
positions are visible, with lower acceptance rates for
later gaps. This likely reflects the sequential task
structure, as later gaps were only encountered af-
ter earlier gaps had already been rejected. As a re-
sult, participants with a generally higher willingness
to cross were more likely to accept earlier gaps,
meaning later gaps were primarily encountered by
more cautious participants. In addition, the first gap
was evaluated during continuous approach, whereas
later gaps were observed from a stationary position
at the curb, potentially affecting movement dynamics
and gap perception.
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Figure 3: Gap acceptance by TTA and gap position
(unregulated trials, excluding training). Values represent
participant means; error bars indicate standard errors.

Vehicle-Type Effects on Gap
Acceptance

The single-vehicle-type blocks showed no consistent
differences between AVs and HVs. Instead, accep-
tance rates primarily reflected block order, with higher
acceptance rates in the second block irrespective of
vehicle type, suggesting a general learning or habit-
uation effect.

Mixed trials were specifically designed to allow direct
comparisons between interactions with both vehicle
types within the same scenario. The following anal-
yses therefore focus on these trials. In these ftrials,
participants were repeatedly faced with immediate
choices between gaps followed by either AVs or HVs,
allowing a more direct comparison than in single-
vehicle-type trials. Gaps were categorized accord-
ing to the surrounding vehicles as either AV—HV or
HV—-AV. Across mixed trials, acceptance rates were
consistently higher for gaps followed by HVs (37%)
than for gaps followed by AVs (22%). This pattern
was visible for both small gaps (29% vs. 12%) and
intermediate gaps, where the strongest difference
emerged (48% vs. 20%).

Mixed trials were presented at both the beginning
and end of the experiment, in order to compare
whether this preference changed after repeated ex-
posure. Early trials showed no consistent pattern of
vehicle-type differences, with only an isolated effect
for the largest gap (7 s: x? = 3.99,p = .046). In
contrast, late trials revealed significant differences for
both small and intermediate gaps (5 s: x? = 4.94,p =
.026; 6 s: x2 = 9.60,p = .002), with higher accep-
tance rates for gaps followed by HVs. A GEE analysis
confirmed this pattern, showing a significant vehicle-
type effect for intermediate gaps in late mixed trials
(B =—2.87,SE =1.013,p = .005).

Subjective Measures

Although vehicle kinematics were identical across
conditions, 31% of participants reported perceiving
behavioral differences between AVs and HVs, while
47% reported perceiving no differences and 22%
were undecided.

No significant differences between vehicle types
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were found regarding perceived likelihood of be-
ing detected by the vehicle, perceived appropri-
ateness of vehicle behavior, or safety concerns.
Participants reported moderate familiarity with AVs
(M = 2.85, SD = 0.75). Higher familiarity was asso-
ciated with more positive evaluations of automated
vehicle behavior, shown by a significant correlation
with perceived appropriateness of vehicle reactions
(r(17) = .51,p = .027). However, neither familiarity
with AVs nor any subjective rating measures signifi-
cantly predicted gap acceptance behavior.

Discussion

The present study investigated whether pedestrians
respond differently to AVs and HVs when objective
vehicle behavior is held constant. Across all trials,
gap acceptance was primarily determined by the
temporal and spatial characteristics of approaching
vehicles, consistent with previous research (Oxley,
et al., 2005; Rasouli and Tsotsos, 2019). However,
analyses of mixed comparison trials, specifically de-
signed to allow direct comparisons between both ve-
hicle types within the same scenario, revealed sys-
tematic differences in crossing behavior. Participants
more frequently accepted gaps followed by HVs, with
effects becoming stronger after repeated exposure
and most pronounced for intermediate gap condi-
tions. While these differences were apparent in mixed
trials, where participants had the choice of crossing
either before an AV or an HV, single-vehicle-type tri-
als were less sensitive to such effects, as participants
had to select among gaps involving only one vehi-
cle type. Since vehicle kinematics were intentionally
identical across conditions, these differences can-
not be explained by objective behavioral differences,
but from expectation-based responses toward differ-
ent vehicle types. This interpretation is supported by
the observation that nearly one third of participants
reported perceiving behavioral differences between
AVs and HVs despite objectively identical vehicle be-
havior. Vehicle-type differences emerged primarily af-
ter repeated exposure and were strongest for inter-
mediate temporal gaps, suggesting that expectation-
based effects may become more relevant under con-
ditions of greater decision uncertainty. In contrast,
when gaps were clearly safe or unsafe, objective
traffic cues such as TTA likely dominated decision-
making regardless of vehicle type.

Several limitations should be considered. Although
vehicle behavior was intentionally controlled to iso-
late expectation-based effects, this may have re-
duced ecological validity, as real-world differences
between AVs and HVs often involve behavioral vari-
ation. In addition, repeated exposure may have intro-
duced learning effects independent of vehicle type,
and the sequential gap structure created differences
between early and later crossing opportunities, as
only the first gap was evaluated during continuous
approach. Finally, the relatively small sample size
limits generalizability.

Overall, the findings suggest that while objective
traffic cues dominate most pedestrian decisions,
expectation-based effects may influence behavior
when pedestrians directly compare different vehicle
types under conditions of uncertainty. Future stud-
ies should examine whether similar effects emerge in
more naturalistic interactions involving more distinct
behavioral differences between AVs and HVs.
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