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Abstract

This study investigates the role and methodological relevance of simulation-based approaches in transportation safety research,
with particular emphasis on their applicability to pedestrian safety. Through a systematic review of existing simulator studies, we
demonstrate that virtual environments, eye-tracking technologies, and agent-based modelling provide controlled experimental
conditions for examining distraction effects, perceptual limitations, and pedestrian-vehicle interactions. Previous findings
consistently indicate that distractions - most notably mobile phone use - substantially impair pedestrian awareness, hazard
perception, and decision-making processes. A key methodological contribution of this work is the assessment of the DYNA4
simulation platform, which, despite its advanced physics-based modelling, sensor fusion capabilities, and hardware-/software-
in-the-loop testing environment, has not yet been utilized in pedestrian-focused research. Our analysis highlights that DYNA4's
integrated vehicle dynamics and real-time validation framework offer significant potential for investigating pedestrian detection
systems, autonomous vehicle behavior, and safety-critical interventions under reproducible and risk-free conditions. The review
identifies important research gaps, including the need for simulation-driven analyses of autonomous vehicle-pedestrian
communication, cognitive load, demographic variability, and the empirical validation of VR-based behavioral measurements.
Expanding the methodological application of simulation tools - particularly DYNA4 - may substantially advance pedestrian

protection strategies and contribute to the development of more effective, evidence-based transportation safety solutions.
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1 Introduction

Transportation safety is a fundamental aspect of mod-
ern mobility, aiming to minimize traffic-related fatal-
ities, injuries, and economic losses while ensuring effi-
cient and sustainable transport systems (Bertolini, 2020;
Simsekoglu et al., 2015). The research in this domain is of
paramount importance, as it provides data-driven insights
into the underlying causes of accidents, risk exposure,
and the effectiveness of preventive measures (Sakhare and
Kasbe, 2017; Sundar Kumar et al., 2019). Advancements
in transportation safety research contribute to the devel-
opment of intelligent vehicle technologies, improved road
infrastructure design, and enhanced traffic management
strategies (Goniewicz et al., 2016). Furthermore, such
research informs policymakers and urban planners in
devising regulations and interventions that promote safer
mobility for all road users, including pedestrians, cyclists,

and motorists (Jutila et al., 2017; Krizsik and Sipos, 2025;
Sana and Safa, 2025; Scholliers et al., 2016).

Key areas of research in transportation safety encom-
pass human factors (Petridou and Moustaki; 2000), vehicle
safety innovations (Turno, Yatskiv 2023), intelligent trans-
portation systems (Janusova and Ci¢mancové, 2016), traf-
fic engineering, and urban planning (Schepers et al., 2018).
Research on human factors investigates driver behavior
(Farooq et al., 2019), cognitive load (Aksan et al., 2015),
reaction times (Campisi et al., 2018), and impairment-related
risks (e.g., fatigue, distraction, and substance use), which
are crucial for designing effective driver-assistance tech-
nologies and educational programs (Kandeel et al., 2021).
Vehicle safety research focuses on crashworthiness, active
and passive safety systems, autonomous driving capabilities,
and vehicle-to-everything communication. The development
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of ITS integrates artificial intelligence, real-time data ana-
lytics, and connected infrastructure to optimize traffic flow,
reduce congestion, and enhance situational awareness.

Additionally, transportation safety studies extend to the
analysis of roadway design, including intersection safety,
pedestrian-friendly urban planning, and the implementation
of smart traffic control mechanisms (Budzynski et al., 2019;
Del Serrone et al., 2023). The effectiveness of legisla-
tive measures, such as speed regulations, seatbelt enforce-
ment, and impaired driving laws, is also a critical research
area that directly influences policy decisions (Borucka and
Sobecki, 2023). Through interdisciplinary collaboration and
technological advancements, transportation safety research
not only reduces accident rates but also fosters the evolution
of a safer, more resilient, and more efficient transportation
ecosystem for future generations (Ehsani et al., 2023).

The application of simulators in research plays a crucial
role in studying complex systems, analyzing human behavior,
and evaluating technological innovations in a controlled and
replicable environment (Bobermin et al., 2021; Meuleners
and Fraser, 2015; ). Simulation technology enables research-
ers to model real-world scenarios with high precision, allow-
ing for the assessment of risk factors, human decision-making
processes, and system performance without exposing par-
ticipants to actual hazards (Goedicke et al., 2018). In trans-
portation research, driving simulators provide invaluable
insights into driver behavior, reaction times, and cognitive
load under various traffic conditions, supporting the develop-
ment of advanced driver-assistance systems and autonomous
vehicle algorithms (Aleksa et al., 2024; Elgharbi et al., 2024;
Jiménez et al., 2016). The integration of virtual reality, artifi-
cial intelligence, and real-time data analytics further expands
the potential of simulations, enabling dynamic scenario
adjustments and enhanced predictive modeling. As com-
putational power and sensor technologies advance, simula-
tors will continue to evolve, providing increasingly sophis-
ticated tools for experimental research, risk assessment,
and the optimization of human-machine interactions across
multiple disciplines (Cheng et al., 2022; Halim et al., 2016;
Poddar et al., 2024; Riera et al., 2021).

The DYNA4 simulator plays a pivotal role in transporta-
tion safety research by providing a high-fidelity virtual test-
ing environment for the development, validation, and optimi-
zation of advanced driver assistance systems and autonomous
vehicle technologies (Chacko, 2024; Kaths et al., 2019;
Keler et al., 2018; ). This simulation platform enables
researchers to conduct reproducible experiments under
diverse driving scenarios, including hazardous conditions

that would be difficult or unsafe to replicate in real-world
testing. DYNA4's physics-based modeling allows for
precise analysis of vehicle dynamics, sensor fusion, and
control algorithms, facilitating the assessment of safe-
ty-critical systems such as emergency braking, lane-keep-
ing assistance, and collision avoidance. Furthermore, its
integration with hardware-in-the-loop and software-in-
the-loop methodologies enhances real-time testing capa-
bilities, bridging the gap between simulation and real-
world implementation. As transportation safety research
increasingly relies on virtual prototyping to reduce costs
and improve efficiency, the DYNA4 simulator remains an
essential tool for accelerating innovation and ensuring the
reliability of intelligent mobility solutions.

Our research aimed to identify the scope and results of
current simulator research in the field of road safety, espe-
cially the link between the use of vector DYNA4 and road
safety. Our aim was to systematically review and organize
the research field and to identify possible future research
directions. In addition to this, the aim of our research was to
identify the possible hardware and software environment of
the DY NA4 simulator in the field of pedestrian safety.

2 Simulator-based pedestrian safety research
We reviewed simulator research in pedestrian safety to
date. The results of our research are summarized system-
atically in Table 1, with a description of the purpose of the
measurements, the simulation environment, and the results.
Research consistently shows that distractions, partic-
ularly mobile phone use, significantly impair pedestrian
safety. Studies using virtual environments and eye-track-
ing technology demonstrate that phone use reduces situ-
ational awareness, visual perception, and the ability to
assess crossing opportunities. Additionally, infrastruc-
ture-related distractions and high visual load affect both
children and adults, leading to missed crossing opportu-
nities. Research also suggests that interactions between
pedestrians and autonomous vehicles influence crossing
behavior, highlighting the importance of clear communi-
cation. The validity of VR-based pedestrian simulations
has been confirmed, supporting their use in future studies.
The results of our research show that although there
are simulator measurements related to pedestrian safety,
their number is very low, and thus a future research direc-
tion in this area can be identified: autonomous vehicle-pe-
destrian interaction, cognitive load and attention distri-
bution, real-world validation of VR simulations, age and
demographic differences, and intervention strategies.
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Table 1 Simulator-based pedestrian safety research

Research Purpose

Environmental

Results

The effect of distractions on
gaze

Schwebel et al., 2012

Negative impact of phone use

Lin and Huang, 2017 while walking

Two types of experiments on
the distracting effects of phone
use in pedestrian traffic

Stavrinos et al., 2009

Mobile phone use and safe

Neider et al., 2010 .
road crossing

The impact of infrastructure-
related distractions on
pedestrian crossings

Tapiro et al., 2020

Changes in pedestrian crossing
behavior between autonomous
and conventional vehicles

Rad et al., 2020

Examining pedestrian

Sween et al., 2016 behavior

Development of a pedestrian

Deb et al., 2017 .
simulator

Virtual environment

Virtual environment with eye-
tracking system, treadmill

Trail Making Test and Stroop Test for
attention measurement; pedestrian
crossing in a simulation environment

CAVE software, LifeGear Walkease
treadmill

VT-MAK simulator and ASL eye-
tracking system

Agent-Based Modeling technique

Unity 5 environment, Oculus Rift VR
headset

Unity 5 environment, Vive headset

Pedestrians using distracting devices were
more likely to divert their gaze from traffic
infrastructure

Smartphone use significantly impaired visual
perception of the environment

Mobile phone conversations significantly
distracted pedestrians, however, the content of
the conversation did not affect the experiment

Pedestrians were less likely to cross the road

successfully while talking on a mobile phone.

Additionally, mobile phone use impaired their
ability to recognize crossing opportunities

High visual load affected both children's and
adults' road-crossing behavior, leading to missed
crossing opportunities

The decision to cross was significantly influenced
by communication between autonomous vehicles
and pedestrians

Simulator development, identification of
limitations, and future research directions

Measurements conducted in virtual reality
corresponded to real-world results

In addition, our research did not identify any area of
pedestrian safety that used the DYNA4 simulator module.

3 DYNA4 hardware simulation environment in
pedestrian safety

The DYNA4 simulation platform provides a robust hard-
ware-supported environment for conducting in-depth
research on pedestrian safety. By integrating real-
time simulation capabilities with hardware-in-the-loop
and sensor emulation, DYNA4 enables the validation
of pedestrian protection systems, including advanced
driver assistance systems and automated emergency
braking functions.

In pedestrian safety research, model-in-the-loop and
software-in-the-loop simulations form the foundation of
early function development (Fig. 1). DYNA4 facilitates
PC-based simulations where pedestrian detection algo-
rithms, collision risk estimation, and emergency inter-
vention strategies can be tested without requiring phys-
ical prototypes. These simulations allow researchers to
analyze how sensor models, including camera, radar, and
LiDAR, perceive pedestrians under various environmen-
tal and traffic conditions.

As pedestrian protection systems move towards real-
world validation, DYNA4's hardware-in-the-loop capa-
bilities become essential. The platform can be deployed

Closed-Loop

Perception Simulation Environment

Sensors

[0)) —
Radar

Oq —
Lidar DYN A4
Do) —

Lidar Control
Commands

Fig. 1 DYNA4 simulation environment

Sensor Data

Tested Vehicle
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Dynamics

on real-time hardware, interfacing with electronic control
units responsible for executing pedestrian detection and
avoidance maneuvers. This setup enables precise testing
of system responses under real-time constraints, ensur-
ing that safety-critical interventions - such as automated
braking - meet regulatory and performance requirements.

DYNA4's hardware-in-the-loop configuration sup-
ports various hardware architectures, including dSPACE
and NI VeriStand, providing seamless integration into
existing automotive testing environments. The ability
to simulate pedestrian crossings, sudden obstacles, and
complex urban scenarios in real-time ensures that safety
algorithms function reliably in unpredictable conditions.
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A key aspect of pedestrian safety research is under-
standing how vehicle sensors perceive and classify pedes-
trians in different lighting, weather, and occlusion scenar-
ios. DYNAA4's hardware ecosystem allows for sensor fusion
testing, where radar, camera, and LiDAR data streams are
synchronized and processed in real-time. By incorporat-
ing physics-based sensor models, researchers can evaluate
detection accuracy and reaction times for advanced driver
assistance systems features, ensuring pedestrian warning
and intervention systems operate effectively.

Moreover, the hardware environment supports open-
loop and closed-loop testing of environmental perception
models, allowing researchers to refine Al-driven pedes-
trian recognition and trajectory prediction algorithms.
These capabilities are particularly valuable when devel-
oping safety mechanisms for urban environments, where
pedestrians frequently interact with vehicles at cross-
walks, intersections, and shared spaces.

DYNAA4's hardware-in-the-loop capabilities align with
Euro NCAP and international safety testing standards for
pedestrian protection. Virtual testing scenarios, including
frontal pedestrian impact simulations and child pedestrian
emergency braking evaluations, can be executed using real-
time hardware setups. This allows to fine-tune vehicle safety
functions to comply with evolving regulatory requirements
while optimizing reaction speeds and braking performance.

By leveraging DYNA4's hardware capabilities - includ-
ing real-time simulation, hardware-in-the-loop testing, and
sensor fusion - pedestrian safety research can be conducted
with high precision and reliability. The platform's ability
to integrate with advanced driver assistance systems and
autonomous driving development environments ensures that
pedestrian protection systems are rigorously tested across all
phases, from software validation to real-world deployment.
With DYNAA4, vehicle safety strategies can enhance, ulti-
mately reduce pedestrian-related accidents and fatalities.

4 DYNA4 software simulation environment in
pedestrian safety
In pedestrian safety research, software tools play a crucial
role in developing, simulating, and validating advanced
safety systems before they are deployed in real-world sce-
narios. DYNA4 offers a comprehensive software envi-
ronment that enables to test pedestrian protection mech-
anisms using virtual scenarios, sensor emulation, and
real-time system validation.

DYNAA4 provides a physics-based 3D simulation envi-
ronment where pedestrian behavior, road layouts, and

environmental conditions can be modeled in detail. The soft-
ware allows to create complex test scenarios, including
pedestrians crossing unexpectedly at intersections, children
running into the street from behind parked cars, low-vis-
ibility conditions affecting pedestrian detection (e.g., fog,
night, or rain), and multi-agent traffic interactions involving
cyclists, vehicles, and pedestrians.

By integrating vehicle dynamics with pedestrian motion
models, DYNA4 enables comprehensive safety assess-
ments without requiring physical prototypes.

DYNA4 software supports high-fidelity sensor simula-
tion, allowing for the virtual testing of pedestrian detec-
tion algorithms used in ADAS and autonomous vehicles.
It enables the emulation of various perception technolo-
gies, including camera-based pedestrian recognition with
deep learning-based classification, radar and LiDAR sen-
sor models for detecting pedestrian movement and distance
estimation, and sensor fusion techniques to improve pedes-
trian recognition accuracy.

By simulating sensor outputs under different lighting,
weather, and occlusion conditions, researchers can evalu-
ate how well a vehicle's perception system detects pedestri-
ans in critical situations.

With built-in Al integration capabilities, DYNA4 allows
for the development and testing of pedestrian trajectory
prediction models. This is essential for systems such as:
forward collision warning, automatic emergency braking,
and pedestrian avoidance steering assistance. Using pre-
dictive algorithms, the software can assess how well an
autonomous system anticipates pedestrian movement and
reacts to avoid collisions. Machine learning-based models
can be trained and validated within the DYNA4 simula-
tion environment before real-world deployment.

DYNA4 enables early-stage software validation through
model-in-the-loop and software-in-the-loop. The software
allows to test pedestrian safety algorithms directly within
a virtual testbed, iterating rapidly on control logic without
the need for physical hardware. Benefits include faster-than-
real-time execution for rapid iteration cycles, debugging of
safety functions before hardware implementation, compat-
ibility with MATLAB/Simulink for advanced control sys-
tem modelling. These simulations allow for the validation
of software-driven safety features, ensuring robust perfor-
mance before integration with physical systems.

DYNA4 supports predefined test scenarios aligned
with Euro NCAP pedestrian safety assessment proto-
cols. The software allows to run compliance simulations
for regulatory testing, including pedestrian AEB system



evaluation, vulnerable road user impact risk assessment,
safety performance benchmarking against industry stan-
dards. By using DYNAA4, it can be ensured that pedestrian
safety features meet the latest regulatory requirements
and optimize them for real-world conditions.

DYNAA4's software environment provides a powerful
framework for pedestrian safety research, enabling virtual
scenario testing, sensor modeling, Al-based prediction,
and compliance validation. By integrating with hardware-
in-the-loop and real-time testing environments, DYNA4
ensures that pedestrian protection systems are rigorously
developed and optimized before real-world deployment.

5 Conclusion

Our study examined the role of driving simulators in trans-
portation safety research, with a particular focus on the
potential applications of the DYNA4 simulation platform
in pedestrian safety. Through our analysis, we have demon-
strated that simulation-based studies play a crucial role in
understanding human factors, vehicle interactions, and
advanced safety technologies in controlled environments.

Based on our review of existing research, we found
that distractions - especially mobile phone use - signifi-
cantly impair pedestrian awareness and decision-making.
Furthermore, interactions between pedestrians and auton-
omous vehicles require further investigation to ensure
safe and predictable behavior. While virtual reality-based
pedestrian simulations have proven to be valid, their
real-world applicability and demographic considerations
remain largely unexplored.

Despite the widespread use of simulators in transpor-
tation safety research, we identified that pedestrian safety
studies using simulation technology remain relatively lim-
ited. Additionally, our findings suggest that the DYNA4
simulator has not yet been utilized in this field, even though
its advanced hardware and software capabilities - such as
hardware-in-the-loop and software-in-the-loop testing, sen-
sor fusion, and high-fidelity physics-based modeling - make
it highly suitable for expanding pedestrian safety research.

The broader implications of our research highlight the
need to further integrate simulation-based methodologies
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