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Abstract— With the growing demand for autonomous mi-
cromobility vehicles, developing robust and effective simula-
tors for them becomes increasingly important. This research
paper examines the essential requirements of a simulator for
autonomous micromobility vehicles, focusing on aspects such
as accurate sensor modeling, realistic pedestrian behavior,
customizability, scenario and vehicle library, scalability, and
user-friendliness. By analyzing these key features, we provide
a comprehensive understanding of the necessary components
for an effective simulation environment, aiming to enable
researchers, developers, and other stakeholders to design, test,
and evaluate autonomous micromobility vehicles in a safe and
controlled manner. Addressing these requirements, simulators
can significantly contribute to the advancement of autonomous
micromobility technology, leading to safer and more efficient
urban transportation systems in the future.

I. INTRODUCTION

Urban environments face growing challenges such as
congestion, pollution, and inefficient transportation. Micro-
mobility emerges as a promising and sustainable solution to
address these issues. In this research paper, we begin with
discussing the motivation for micromobility and provide a
clear definition of micromobility vehicles within the context
of our study.

Subsequently, we investigate the potential advantages and
challenges related to autonomous micromobility. In exam-
ining this emerging field, the significance of simulation
comes to the forefront. Consequently, we underscore the
pivotal role of simulation in the development of autonomous
micromobility vehicles, emphasizing its utility for testing
and evaluation within a controlled and adaptable setting.
Ultimately, we present the need for a sophisticated simulator
specifically tailored for autonomous micromobility vehicles.

A. Motivation for Micromobility

The growing urban population has placed increasing strain
on traditional transportation systems, leading to issues such
as congestion, longer travel times, and environmental con-
cerns [1]. Micromobility has emerged as a viable solution to
address these challenges by offering a range of benefits.

Key benefits include encouraging outdoor activity, improv-
ing health and well-being, and offering greater efficiency
thanks to superior vehicle-to-person weight ratios, reducing

1Lennart Luttkus is with the Chair of Mechatronics at
the University of Augsburg, 86199 Augsburg, Germany
lennart.luttkus@uni-a.de

2Lars Mikelsons is Head of the Chair of Mechatronics
at the University of Augsburg, 86199 Augsburg, Germany
lars.mikelsons@uni-a.de

energy consumption and increasing cost-effectiveness. Elec-
tric micromobility options provide environmental benefits by
reducing local emissions, and their smaller size alleviates
congestion and parking issues, making cities more navigable.

Micromobility enhances accessibility, bridging the gap
between public transit and individual transportation needs,
ensuring wider city access. It also contributes to walkable
and bike-friendly urban environments, promoting sustainable
city planning and enhancing urban livability. Overall, mi-
cromobility presents a compelling alternative to traditional
transportation methods, fostering healthier, sustainable, and
accessible cities for all residents.

B. Definition of Micromobility Vehicles

Micromobility vehicles have become popular, sustainable
urban transportation solutions. These lightweight vehicles,
typically operating below 25 km/h and weighing less than
50 kg, are characterized by electric drivetrains, which lower
emissions and enhance energy efficiency, contributing to
cleaner urban environments.

Their compact size and maneuverability allow for easy
navigation in congested areas, fitting on bike lanes, and
enhancing user experience. Common micromobility options
include electric scooters and shared or electric bicycles.
Electric scooters, particularly three-wheeled variants, hold
great potential for automation and integration into shared
transportation systems, expanding accessibility and conve-
nience.

C. Motivation for Autonomous Micromobility

The advent of autonomous micromobility vehicles has
gained much attention due to its potential to revolutionize
urban mobility systems. Recently, several studies have in-
vestigated the potential benefits and revealed the significant
advantages of autonomous micromobility vehicles over tra-
ditional micromobility systems.

Sanchez et al. proposed to implement autonomous driving
technology in bicycle-sharing systems to address challenges
in micromobility systems and to create a new on-demand
shared mobility platform [2]. The authors demonstrated that
a fleet of shared autonomous bicycles would eliminate the
need for rebalancing and docking stations, improving the user
experience by resolving the difficulty of finding available
bikes or docks and reducing walking distance. The study
indicated that, with the same demand, the fleet size needed
for autonomous shared bicycles is 4.31 times smaller than
that of a station-based system and 10.56 times smaller than
that of a dockless system. Additionally, the cumulative cost
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of the first five years of operating an autonomous shared
bicycle system could be 73% lower than a station-based
system and 27% lower than a dockless system.

Kondor et al. [3] evaluated the benefits of autonomous mi-
cromobility vehicles using real-world data of shared bicycle
usage and public bus use for short trips in Singapore. The
study demonstrated that self-repositioning can help achieve
up to 10 times higher utilization of vehicles than in current
share systems. The authors also presented the ideal fleet
size and vehicle utilization required to serve trips currently
taken by shared bikes, characterizing the main benefits and
challenges for autonomous micromobility vehicles in cities.

Furthermore, Coretti et al. [4] proposed a simulation tool
to assess the performance of a fleet of autonomous shared
micromobility systems and compare it with existing station-
based and dockless schemes. The study revealed that shared
autonomous micromobility systems can efficiently combine
the benefits of vehicle sharing, electrification, autonomy,
and micromobility, creating effective mobility systems. The
authors argued that the results of this simulation tool could
provide valuable insights to stakeholders such as fleet oper-
ators, engineers, city planners, and governments.

In addition, Segway offers the T60 as a first version
of a ”semi-automatic, teleoperating, shared scooter” which
underlines the economic attractiveness of autonomous mi-
cromobility vehicles [5].

In conclusion, the motivation for autonomous micromo-
bility vehicles stems from their potential to provide efficient
first- and last-mile transportation, address challenges in mi-
cromobility systems, reduce costs for operators, and create
a more robust micromobility network. The studies discussed
above provide strong evidence for the benefits of autonomous
micromobility vehicles.

D. Importance of Detailed Micromobility Simulations

The increasing interest in autonomous micromobility vehi-
cles underscores the necessity for comprehensive simulation
environments for their development, testing, and validation.
Although macroscopic simulations efficiently represent fleet
behavior, more detailed simulations are crucial for addressing
the unique challenges associated with these vehicles.

Simulation offers a cost-efficient and safe alternative to
real-world testing, allowing for the reproduction of identi-
cal scenarios and conditions. It enables rapid iteration and
optimization of vehicle designs and configurations, while
simulating diverse environmental and weather conditions.
The scalable nature of simulation facilitates efficient testing
of edge cases and potential issues, and aids in identifying
areas for improvement in a less risky manner.

Moreover, simulation helps establish confidence in the
safety and performance of autonomous micromobility ve-
hicles, accelerating their adoption and deployment. It also
allows for the accurate modeling of other road users and
pedestrians in complex urban environments. The shareability
and replicability of simulations further contribute to the
widespread testing and validation of autonomous micromo-
bility vehicle technologies.

II. METHODS

The paper’s objective is to present a list of simulators
that can be employed for simulating autonomous vehicles.
Furthermore, it extracts requirements from existing simu-
lators to outline an ideal simulator specifically designed
for autonomous micromobility. Moreover, it offers guidance
regarding the most appropriate simulator currently available
for autonomous micromobility vehicle simulation.

A. Survey of Autonomous Cars Simulators

To establish the requirements for an autonomous micro-
mobility vehicle simulator, we examined a variety of 2D and
3D simulators, evaluating their strengths and weaknesses.
This assessment, combined with key criteria from Kaur et
al.’s study on self-driving car simulators [6], informed our
comprehensive list of requirements. The complete list of
analyzed simulators is presented in Section III-A, while the
derived requirements can be found in Section III-B.

B. Assessing the Suitability of Autonomous Vehicle Simula-
tors for Micromobility Applications

We employ a comparative analysis methodology to as-
sess the suitability of existing simulators for autonomous
micromobility vehicles. First, we identify the most popular
simulators through a comprehensive review of research liter-
ature and online resources. Next, we use the requirements
for simulators of autonomous micromobility vehicles and
collect information on each simulator’s features, capabilities,
and limitations from primary and secondary sources. Finally,
we compare each simulator against the predefined criteria
to assess each aspect. An overall ranking of the simulators
is not present because the weights assigned to each of the
requirements heavily depend on the research question at hand
and the performance is subject to change.

III. RESULTS AND DISCUSSION

The results of our paper are a list of potential simulators
in Section III-A, the derived requirements for an optimal
simulator in Section III-B and the evaluation of the top three
simulators in a comparative analysis in Section III-C.

A. List of Autonomous Vehicle Simulators

In the 2D domain, we examined the following simulators:
highway env [7], CARLO [8], SUMO [9], the MIT Race
Simulator [10], and Arena-Rosnav [11] which is based on
Flatland [12]. For 3D Simulators, we analyzed the Unreal
Engine-based CARLA [13], AirSim [14] and Deepdrive [15].
Based on the Unity game engine [16], we examined the
AWSIM [17], the LGSVL Simulator [18] and AutoDRIVE
[19]. The Gazebo-based [20] simulators analyzed were Auto-
CarROS2 [21], OSRF Car Demo [22] and Arena-Rosnav-3D
[23]. Additionally, we analyzed VISTA [24], DuckieTown
Simulator [25], Webots [26] and TORCS [27]. Despite the
extensive list of analyzed simulators, it remains possible
that we overlooked some simulators, which might have
influenced our study results. We did not consider closed-
source simulators like Beam NG, MathWorks Automated
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Driving Toolbox, CarMaker, Vector, Hexagon, MORAI Sim
Drive, Nvidia Drive and Isaac Sim.

B. Requirements for an Autonomous Micromobility Simula-
tor

The rapid advancement of autonomous micromobility so-
lutions has highlighted the need for a comprehensive sim-
ulator to facilitate the development, testing, and validation
of these cutting-edge technologies. A robust autonomous
micromobility simulator must encompass a range of critical
requirements, including realistic vehicle dynamics, accurate
sensor modeling, and authentic pedestrian behavior repre-
sentation. Additionally, it should offer a high degree of
customizability, scalability, and determinism, along with a
rich library of pre-built scenarios and vehicle models to
streamline the development process. By addressing these
requirements, an autonomous micromobility simulator can
provide an essential tool for researchers, engineers, and de-
velopers, enabling them to optimize the safety, efficiency, and
usability of emerging micromobility solutions in complex
urban environments.

1) Vehicle Dynamics: In autonomous micromobility, ac-
curately modeling vehicle dynamics is essential for ensuring
that control algorithms developed in simulation transfer to
real-world performance. As micromobility vehicles exhibit
unique dynamics compared to larger vehicles, a simulator
must capture these characteristics accurately. Simulating
various micromobility vehicle concepts from a dynamics
perspective aids in optimizing design as well as enhancing
safety, efficiency, and usability.

An ideal simulator for realistic vehicle dynamics should
include key features such as realistic tire and road interaction
models, multi-body dynamics, accurate actuator and pow-
ertrain modeling, integrated control system modeling, and
vehicle parametrization and customization. These features
enable the development and testing of advanced control
strategies and allow users to evaluate different vehicle de-
signs and configurations, enhancing the utility of the simu-
lator in developing autonomous micromobility vehicles.

2) Sensor Models: Accurate sensor modeling is vital
for developing autonomous micromobility vehicles, which
heavily rely on sensors to perceive their environment and
make informed decisions. An ideal simulator should accu-
rately model various sensors, such as LiDAR, cameras, radar,
ultrasonic, GPS, and IMU, to ensure perception algorithms
designed in simulation perform well in real-world scenarios.

Key features for accurate sensor modeling include realistic
representation of sensor characteristics, sensor noise and
error modeling, sensor occlusion and visibility modeling, and
simulation of environmental effects, such as lighting con-
ditions, weather, and road surface properties. Additionally,
an ideal simulator should provide output data in formats
compatible with industry standards, ensuring seamless in-
tegration with existing tools and frameworks. Validation and
benchmarking tools should also be available, enabling users
to evaluate the performance of perception algorithms under

various sensor configurations and conditions. By incorporat-
ing these features, a simulator can effectively support the
development and testing of robust perception algorithms for
autonomous micromobility vehicles.

3) Pedestrian Models: Realistic pedestrian behavior mod-
eling is essential for evaluating the safety and performance
of autonomous micromobility vehicles. An ideal simulator
should accurately model pedestrian motion, complex inter-
actions, decision-making processes, and pedestrian-vehicle
interactions. Additionally, it should consider varying pedes-
trian behavior based on factors like age, gender, culture, and
disability, as well as the influence of environmental factors
on pedestrian movement patterns.

Customizability and scenario generation should be in-
cluded, allowing users to create diverse pedestrian scenarios
to test autonomous micromobility vehicle performance under
different conditions. The simulator should also provide tools
for assessing pedestrian safety, such as collision risk, near-
miss incidents, and safety margins.

4) Customizability: Customizability is crucial for simula-
tors of autonomous micromobility vehicles, enabling users
to simulate various scenarios and test different algorithms
and strategies. An ideal simulator should offer flexible en-
vironment and scenario creation, seamless integration with
popular third-party software tools, and compatibility with
machine learning frameworks. Modularity and extensible
software architecture are essential, allowing users to develop
and integrate custom plugins, models, and algorithms to
address specific research needs.

An intuitive user interface should enable users to manage
simulation scenarios, environments, and parameters easily,
while import and export functionalities should facilitate
integration with external data sources and sharing simulation
results. Lastly, a simulator should support the design and ad-
justment of dynamic traffic scenarios, including varying vehi-
cle types, densities, and pedestrian and cyclist interactions, to
assess autonomous micromobility vehicle performance and
safety under a wide range of conditions and scenarios.

5) Scenario and Vehicle Library: A scenario and vehicle
library is essential in simulators for autonomous micromobil-
ity vehicles, as it streamlines the simulation process, reduces
implementation time and effort, and fosters collaboration
and knowledge sharing. An ideal simulator should provide
diverse and realistic scenarios, as well as a comprehensive
set of predefined vehicle models with various sensor config-
urations and control algorithms.

Import and export functions should be available for sharing
custom designs and incorporating external resources. User-
friendly editors should enable easy creation and modification
of scenarios and vehicle models. Finally, scenario and vehicle
validation tools should ensure compatibility with the simu-
lator and adherence to specified constraints, contributing to
a more robust and reliable simulation environment for the
development and evaluation of autonomous micromobility
vehicles.

6) Scalability: In autonomous micromobility vehicle de-
velopment, a scalable simulator is essential for understand-
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ing performance in crowded urban environments. A high-
performance simulator should handle large numbers of vehi-
cles, pedestrians, and traffic participants without compromis-
ing accuracy. Parallel and distributed computing techniques,
leveraging multicore processors, GPUs, or cloud resources,
should be incorporated to improve performance in large-scale
simulations.

An adaptive level-of-detail approach can ensure efficient
resource utilization, while efficient data management and
storage techniques handle the large volume of generated data.
Offering both real-time and faster-than-real-time simulation
capabilities allows users to choose the most popular mode
for their needs. Robustness and resilience are crucial for
maintaining stability and accuracy in complex scenarios or
unexpected events. A simulator with these features signif-
icantly contributes to the development and evaluation of
autonomous micromobility vehicles in various conditions and
scenarios.

7) User-Friendliness: User-friendliness is key for au-
tonomous micromobility vehicle simulators, fostering effec-
tive use by researchers and developers. This entails clear
documentation, engaging tutorials, streamlined setup, cus-
tomization options, open-source approach, determinism, and
result visualization tools.

Well-structured documentation and tutorials, along with
responsive support, simplify user understanding of the simu-
lator. Ease in installation and setup, alongside customizable
simulation parameters, enhance user experience and enable
tailored simulations to individual requirements.

An open-source approach encourages collaboration and
continuous improvement. Determinism, providing consistent
results for the same input, simplifies debugging, testing,
validation, and performance comparison. Visualization tools
are crucial for result analysis and communication to stake-
holders, contributing to successful development, testing, and
deployment of autonomous micromobility vehicles.

C. Evaluation of Potential Simulators for Autonomous Mi-
cromobility Vehicles

In accordance with the requirements delineated in Section
III-B, we conducted a thorough evaluation of each simula-
tor discussed in Section III-A. In this section, we present
the findings for the top three open-source candidates, i.e.,
CARLA, AWSIM and Arena-Rosnav-3D. It is important to
note that we focused solely on open-source simulators for
the final assessment, as their reproducibility and shareability
are particularly advantageous for academic purposes. Figure
1 shows the final evaluation results in a radar diagram. Each
axis represents one of the aforementioned requirements, and
the simulators were graded from 0 to 10.

1) CARLA: CARLA is an open-source simulator for
autonomous vehicles based on the Unreal Engine [13].
Launched six years ago, it is supported by Intel, Toyota,
and NVIDIA, making it one of the most actively developed
open-source simulators for autonomous vehicles.

The vehicle dynamics in CARLA are based on the
NVIDIA PhysX engine. However, the documentation for

PhysX and its integration in CARLA has significant gaps.
While car-like vehicles have their own class, accurately
modeling micromobility vehicles with specific dynamics is
not well-supported. Overall, the vehicle dynamics in the
Unreal Engine receive a rating of 6/10.

The sensor models in CARLA are comprehensive, in-
cluding sensor occlusion, noise, and lighting conditions.
However, validation of sensor models is not explicitly sup-
ported, resulting in a score of 9/10. The pedestrian models
offer detailed customization options, such as various gaits,
sizes, movement sequences, and appearances. The behavior
is modeled using Recast & Detour, but there is limited
literature discussing the accuracy of this software. With
global path planning and local collision avoidance available,
the pedestrian models receive a score of 7/10.

The Unreal Engine and CARLA, both being open-source,
provide significant customizability. However, their build tool
chain is intricate and may exhibit fragility. A ROS bridge
facilitates the interface between the Python API and both
ROS 1 and 2. While tools for importing new vehicles, maps,
and assets are accessible, most adaptations come with their
distinct challenges, leading to a customizability rating of
7/10.

The scenario and vehicle library, featuring approximately
ten different towns, is extensive. However, not all scenarios
are directly applicable to micromobility vehicles and may
require adaptation to increase sidewalk detail levels. Overall,
the available scenarios score 8/10.

CARLA’s complexity, level-of-detail, and computational
intensity limit its scalability. Although, the server-client
architecture helps balance loads, a recent update enables
scenarios with varying levels of detail, and dockerization
supports cloud computing; not everything works seamlessly
out of the box. Consequently, CARLA’s scalability score is
5/10.

CARLA offers user-friendly features, as evidenced by
its comprehensive documentation, a wealth of instructional
tutorials, an active development community, and ongoing
enhancements. However, there are a few points of concern.
Firstly, it does not assure determinism across all simula-
tion aspects. Secondly, it has approximately 800 unresolved
GitHub issues. A particularly limiting factor is its official
support being restricted to Ubuntu 18.04, a version which
has reached its end-of-life status. Given these considerations,
we rate CARLA’s user-friendliness as 4 out of 10.

AirSim, developed by Microsoft, is another simulator
based on the Unreal Engine, but its development has been
discontinued, leading to its exclusion from further consider-
ation in this study. However, Microsoft has announced plans
to develop a successor to AirSim. Deepdrive 2.0 is also
developed based on the Unreal Engine, but did not receive
an update within the last three years.

2) AWSIM: The AWSIM Simulator, developed by Tier4,
employs the Unity engine and primarily supports Autoware
simulation [17]. Previously, Autoware utilized the LGSVL
Simulator, but its development was discontinued. AWSIM,
first released in 2022, lacks the extensive development his-
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Fig. 1. Evaluation of CARLA, AWSIM and Arena-Rosnav-3D for the Simulation of Autonomous Micromobility Vehicles

tory of CARLA. Its sparse documentation contributes to the
uncertainty in our assessment.

Vehicle dynamics in AWSIM are based on Unity, which
uses NVIDIA’s PhysX for 3D simulation, resulting in a
similar score to CARLA at 6/10. Sensor models are more
limited, offering only LiDAR, camera, IMU, and GNSS
sensors, without error or noise simulation, thus receiving a
score of 3/10. The pedestrian model is available, but lacks
documented behavior, leading to a score of 2/10.

Though Unity itself is not open-source, it is well-
documented. Combined with AWSIM’s open-source code,
customizability is reasonable. A native ROS 2 interface
is available, but further customization options are limited,
yielding a score of 4/10. The scenario and vehicle library
is considerably limited compared to CARLA, with only one
scenario presented in the documentation. The scenario library
scores 2/10, as existing Unity assets can still be imported.

Unity and Unreal Engine typically exhibit similar compu-
tational performance, but AWSIM has not yet implemented
any scaling features. Consequently, scalability is rated as
2/10. As AWSIM is a recent development, documentation
is limited, the community is smaller, and few tutorials are
available, resulting in a user-friendliness score of 3/10.

3) Arena-Rosnav-3D: Arena-Rosnav-3D is a 3D naviga-
tion platform constructed on the Gazebo 3D ROS simulator
and integrated with a modified Pedsim Simulator [23]. This
platform offers realistic dynamic 3D scenarios for evaluating
and benchmarking ROS navigation approaches on various
robot platforms. The repository encompasses local planners
for dynamic obstacle avoidance, task generators, multiple de-
tailed scenario-worlds, and robot models. Additionally, it fea-
tures automated creation of random 3D worlds with static and
dynamic obstacles, realistic behavior patterns for obstacles,

and intermediate planner classes. The platform seamlessly
converts randomly generated ROS maps to Gazebo worlds
and supports a ”random world” task mode that loads a new
Gazebo world with each task reset.

Vehicle dynamics are simulated in Gazebo, which sup-
ports four different physics engines: ODE, Simbody, Bullet,
and DART. The broad array of physics simulators suggests
potential improvements in the accuracy of Gazebo’s physics
simulation. Consequently, Arena-Rosnav-3D receives a score
of 8/10 for vehicle dynamics.

Sensor models currently include only LiDAR and local-
ization, but additional models could be implemented through
Gazebo. However, the current state warrants a rating of 4/10.

Pedestrians are modeled using the Pedsim Framework,
which employs the Social Force model, a commonly used
approach for pedestrian simulation. Thus, the pedestrian
models receive a score of 8/10.

Customizability is satisfactory. Arena-Rosnav-3D,
Gazebo, and several extensions used in the simulator are
open-source. However, everything is designed to utilize
ROS 1 exclusively, not ROS 2, resulting in a customizability
score of 7/10.

The scenario and vehicle library feature nine different
maps, but all maps are indoor environments. No city environ-
ments are implemented, suggesting significant development
is needed for micromobility vehicles in a representative
environment. The score is evaluated to be 2/10.

Scalability is decent since execution in Docker is sup-
ported, and Gazebo is not as computationally intensive as
the Unreal Engine, earning a score of 6/10.

User-friendliness is suboptimal due to the smaller commu-
nity, unclear development goals, fewer tutorials, and gaps in
documentation. User-friendliness is rated 2 out of 10.
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D. Interpretation and Discussion
The comprehensive list of simulators presented in Section

III-A illustrates the complexity involved in selecting the most
suitable simulator tailored to a specific research question.
Notably, none of the reviewed simulators have been explicitly
designed for the development of autonomous micromobility
vehicles.

The optimal simulator requirements, from our perspective,
are outlined in Section III-B. Addressing these require-
ments can expedite the evaluation and adaptation of existing
simulators for the simulation of autonomous micromobility
vehicles. However, potential biases may exist in these re-
quirements, and they should be applied cautiously.

Section III-C assesses three potential open-source sim-
ulator candidates for autonomous micromobility vehicles.
Each candidate offers distinct advantages and limitations.
The implications of selecting a particular simulator must
be evaluated individually, as no universal answer can be
provided for all research scenarios.

IV. CONCLUSION

This paper highlights the necessity for a more advanced
simulator tailored to autonomous micromobility vehicles. It
presents an array of compelling simulators for autonomous
vehicles and delineates the requirements for simulating
autonomous micromobility. Subsequently, three promising
candidates are evaluated based on their ability to fulfill these
requirements. A crucial conclusion drawn from this study
is the need for enhancing existing simulators to optimally
simulate autonomous micromobility vehicles.

The benefits of this work include the provision of a well-
defined list of requirements that future research can address
and improve upon in specific categories to develop more
suitable simulators. Additionally, the paper presents a list
of potential candidates for researchers to consider. However,
potential shortcomings include biases in the requirements,
the possibility of overlooking a simulator in our review, or
a lack of knowledge regarding the full potential of a given
simulator.

Future research areas involve the improvement of existing
simulators and an examination of their adaptability to the
specified requirements. Moreover, further investigation is
needed to identify any unmentioned requirements and to
assess the significance of each requirement.
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