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ABSTRACT
The advancement of automated driving technology has led to new
challenges in the interaction between automated vehicles and hu-
man road users. However, there is currently no complete theory
that explains how human road users interact with vehicles, and
studying them in real-world settings is often unsafe and time-
consuming. This study proposes a 3D Virtual Reality (VR) frame-
work for studying how pedestrians interact with human-driven
vehicles. The framework uses VR technology to collect data in a
safe and cost-effective way, and deep learning methods are used to
predict pedestrian trajectories. Specifically, graph neural networks
have been used to model pedestrian future trajectories and the
probability of crossing the road. The results of this study show that
the proposed framework can be for collecting high-quality data on
pedestrian-vehicle interactions in a safe and efficient manner. The
data can then be used to develop new theories of human-vehicle
interaction and aid the Autonomous Vehicles research.
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• Computer systems organization → Robotic autonomy; • Com-
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1 INTRODUCTION
The development of self-driving cars presents new challenges, es-
pecially in how they interact with human drivers or pedestrians.
Existing models struggle to integrate the complex behavior of both
parties, resulting in overly cautious AV (Autonomous Vehicle) be-
havior and difficulty for other road users to predict AV intentions
[21]. At the same time, AVs will be sharing the road with human
road users (HRUs) for the foreseeable future, which could lead to
traffic issues if AVs do not understand how to interact with HRUs
effectively. Unfortunately, there are currently no complete theories
that explain how HRUs and AVs interact with each other. To en-
sure that AVs blend in smoothly with traffic, they need to model
their surroundings and predict the movements of nearby traffic
participants.

Pedestrian safety has always been a major concern on the roads.
With the rise of AVs, it becomes even more crucial to understand
pedestrian behavior to ensure their safety. As stated in [10], pedes-
trians are at a high risk of accidents, accounting for over 22% of all
road traffic fatalities in the European Union in 2013. Moreover, the
behavior of pedestrians on the road is highly variable, depending
on several factors such as their age, gender, culture, and even mood.
For instance, children may be more prone to distraction while el-
derly individuals may walk more slowly and need more time to
cross the road. Therefore, investigating pedestrian behavior and
identifying patterns can help AVs adapt to different scenarios and
minimize the risk of accidents. By analyzing pedestrian behavior,
we can develop better technology that can prevent accidents and
protect the most vulnerable road users.

According to research in [13], the kinematics and signalling
information of autonomous vehicles (AVs) play a crucial role in
influencing pedestrian behavior, particularly since there is no driver
involved. Therefore, it is important to identify the specific motion
cues or signals that have the most significant impact on pedestrian
behavior, as this holds significant research value.

Previous research has generally agreed that the distance or time
to collision (TTC) between vehicles and pedestrians is the primary
kinematic cue that influences pedestrian behavior [12]. However, a
recent study has shown that pedestrians use multiple sources of in-
formation from vehicle kinematics instead of relying solely on one
cue. The impact of speed, distance, and TTC on pedestrian behavior
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Figure 1: Overview of our VR Environment. The VR envi-
ronments allow AVs or human-driven vehicles to virtually
interact with a human-pedestrian.

is mutually coupled [25]. Moreover, in pedestrian-vehicle interac-
tions, evidence suggests that the driving manoeuvre of the driver
like deceleration, plays a critical role in affecting pedestrian behav-
ior. Vehicle movements are linked to pedestrian trust in vehicles,
emotions, and influence [17].

With the advancement of machine learning techniques, learn-
ing the aforementioned complex behaviors is an intuitive solution.
However, acquiring data to study pedestrian movement can be
both difficult and costly. Although near-collision events are crucial
to developing accurate pedestrian models, analyzing them in the
real world can be dangerous. Fortunately, recent advancements
in Virtual Reality (VR) technology have enabled the creation of
virtual environments that provide a safe and cost-effective means
of collecting data for Autonomous Driving (AD) studies [27].

In this paper, we propose a VR road simulator (Figure 1) to study
pedestrian behavior and decision-making. To study the recipro-
cal interactions between driver and pedestrian, we will have the
pedestrian wear a VR headset that immerses them in a virtual en-
vironment. A human driver will sit in front of a screen and use
a steering wheel and pedals to control the car. While this study
focuses on the interactions between a single human driver and
pedestrian, we design the system so that it can easily be extended
to more cluttered environments with multiple vehicles and pedes-
trians. We validate the system with a data collection experiment
and perform a deep learning based analysis of pedestrian motion.

The contributions of this research work are the following:
• the development of a traffic simulator, with a wireless HMD
device (HTC Vive) that allows the users freedom of move-
ment in combination with a motion capture system;

• a framework where pedestrians and user-controlled vehicles
can coexist with each other, as well as with Autonomous
Vehicles. This framework can be used in the future to aid
Autonomous Driving research for validation and testing.

2 RELATEDWORK
2.0.1 Virtual Reality Systems. Virtual Reality (VR) has several ad-
vantages compared to real-world tests in AD. VR allows for a safe
and cost-effective study and data collection of interactions. A sys-
tematic review from [19] shows that the number of Augmented

Reality and Virtual Reality papers with applications in AD has been
increasing in the most recent years with an increasing interest
in Vulnerable Road Users (VRUs), such as pedestrians or cyclists.
VR has several advantages over field data collection for AD re-
search. First of all, safety is ensured thanks to the fact that traffic
participants interact within a virtual environment. Collision and
near-collision scenarios no longer constitute a problem for VRUs.
The environment is entirely controllable, which can be useful for
studying specific scenarios or testing different hypotheses. Besides,
VR is a more cost-effective way to collect data because it does not
require the use of real vehicles and expensive sensors.

A systematic review on VR Studies on AV-Pedestrian Interac-
tions can be found in [26]. Studies [2, 3] have focused on pedestrian
gap acceptance behaviour and have shown that no statistically sig-
nificant differences are present between the virtual and the real
environments in pedestrians’ intention to cross, demonstrating the
efficacy of VR simulations in replicating realistic pedestrian cross-
ing behavior within immersive virtual environments that closely
resemble real-world locations. Notably, studies such as [6] have
utilized VR environments to investigate communicating features
between pedestrians and autonomous vehicles.

VR has also been employed [16] to develop a pedestrian sim-
ulator AR-PED that allows the users total freedom of movement
without any physical boundary restrictions. [7] Doric et al. devel-
oped a pedestrian simulator for research on pedestrian crossing
behavior, risk acceptance and as well investigation of the pre-crash
phase under defined and reproducible conditions without the risk
of harming real human test subjects.

In our work, we have developed an AV-pedestrian simulator
using Unreal Engine 4.26 based on HTC Vive Head Mounted Dis-
play. Our simulator allows two simultaneous users: a human driven
vehicle and a pedestrian. The simulator can be used to carry out
research on pedestrian-driver interactions, as well as for testing
Autonomous Driving algorithms with humans in the loop in a safe
manner. Unlike previous systems, our approach incorporates multi-
ple sensors, enabling real-time streaming of pedestrian positions
within the Virtual Reality world. This enhances the realism of inter-
actions between human drivers and pedestrians in our study. The
3D data availability can prove beneficial for future research, par-
ticularly in designing advanced Autonomous Vehicle (AV) systems
that consider pedestrian poses.

2.0.2 Trajectory Prediction. Pedestrian trajectory prediction is vi-
tal for autonomous driving as it enables vehicles to anticipate and
react to pedestrian movements, enhancing safety by preventing
accidents and ensuring smooth, efficient driving. For instance, [11]
proposed a Graph Convolutional Neural Network-based pedestrian
trajectory prediction model for generic AV Use Cases. This model
used past pedestrian trajectories as the inputs to predict determinis-
tic and probabilistic future trajectories. Other similar models aimed
to improve prediction accuracy by considering the social context
of interactions. For example, [8] proposed an LSTM pedestrian
trajectory prediction model, which considered past trajectories,
pedestrian head orientations, and distance to the approaching vehi-
cle as the inputs to the model, as pedestrian head orientations and
distance to approaching vehicles may be correlated with pedestrian
awareness and perceived collision risks [17].
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