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Abstract. This survey is devoted to popular simulators supporting rough terrain for unmanned
vehicles, namely, Gazebo, CARLA, AirSim, NVIDIA lIsaac Sim, and Webots. Their main capa-
bilities related to terrain modeling, motion physics, and support for sensors and weather condi-
tions are described. Particular attention is paid to the creation of realistic rough terrain scenes, the
complexity of importing real maps, and interaction with other software platforms, such as Robot
Operating System (ROS) and artificial intelligence (Al) systems. The main drawbacks of each
simulator are analyzed: the labor intensity of creating detailed terrain and vehicle models, the
high complexity of integrating real maps, and the dependence on powerful hardware. The survey
also notes the complexity of interaction with various software solutions and the required
knowledge of 3D modeling. Gazebo and Webots are remarkable for their good integration with
ROS but require more effort to work with rough terrain. CARLA and AirSim provide high-
quality visualization but have higher requirements for creating landscapes. NVIDIA Isaac Sim
stands out for Al simulation support but is resource-intensive. The authors’ experience in map-

ping vehicle trajectories and orienting in some simulators is presented.
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INTRODUCTION

The development and testing of unmanned vehicles
is one of the most difficult and urgent tasks of modern
robotics and the automotive industry. To ensure the
safety and reliability of autonomous systems, it is nec-
essary to conduct large-scale tests in various condi-
tions, including complex scenarios of interaction with
the environment and other road users. However, con-
ducting such tests in the real world leads to several
challenges, including high costs, safety risks, and lim-
ited repeatability of experiments [1-3]. Simulators
have long been an important tool in engineering and
computer science. The first full-fledged vehicle simu-
lators appeared as early as the 1990s and were intend-
ed to study particular aspects and characteristics of
vehicle motion. With the development of computing
power and modeling algorithms, simulators gradually
became more sophisticated and realistic, allowing one
to reproduce road conditions and interactions with
other vehicles, pedestrians, and infrastructure.

In recent years, the development of open-source
(OS) software communities has further contributed to
the availability and flexibility of simulators. Platforms
such as CARLA, Gazebo, and AirSim have become

widespread due to their open-source nature and strong
support from the development community. OS simula-
tors allow researchers and engineers to customize and
modify the simulation environment in accordance with
the particular requirements of their projects, greatly
accelerating the development and testing processes.
Before the extensive evolution of OS simulators, some
researchers used relevant computer games such as
GTA [4].

This paper aims to review modern simulators used
for the development and testing of unmanned vehicles,
with a special focus on OS solutions supporting rough
terrain simulation. We discuss different types of simu-
lators and the fields of their application in the context
of unmanned vehicles, particularly unique off-road
transport platforms with electric drive of different lay-
outs (wheel-tracked and ski-tracked, see Fig. 1). Sig-
nificant datasets have already been collected to ana-
lyze the motion models of such mobile platforms with-
in validating the elements of a conceptual distributed
network of testing grounds for practicing the applica-
tion scenarios of heterogeneous groups of electrically
driven vehicles in difficult climatic and landscape
conditions [5]. Based on these datasets, we plan to
design autonomous motion control algorithms using
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Fig. 1. Tracked platforms: (a) wheel-tracked and (b) ski-tracked.

the 2D path planning methods proposed in [6], with a
suitable adaptation to rough terrain.

1. THE MAIN TYPES OF SIMULATORS

Modern autopilots are extremely complex systems
consisting of many interconnected modules, each per-
forming definite functions. These systems include
modules for localization, obstacle detection and track-
ing, traffic flow analysis, path planning, and path fol-
lowing. Each module requires a separate approach to
development, testing, and optimization, making the
use of simulators an integral part of the process of cre-
ating and improving autonomous vehicles. Different
types of simulators are used to effectively model and
test different operational aspects of autopilot systems,
each focusing on particular tasks. Traffic flow simula-
tors are intended to model and analyze vehicle interac-
tions in urban and suburban environments; vehicle
dynamics simulators focus on the physical behavior of
a vehicle; sensor and perception simulators serve to
model data from cameras, lidars, and other sensors. In
addition, there are simulators for creating complex
motion scenarios; they allow testing decision algo-
rithms in various road situations.

In this section, we discuss the main types of simu-
lators used to develop and test autopilot systems, their
key features, and examples of the most popular solu-
tions in each category.

1.1. Traffic Flow Simulators

Traffic flow simulators are intended to model the
motion of multiple vehicles on roads, including their
interactions, in order to analyze and optimize transpor-
tation systems. These simulators help to study the dy-

namics of traffic flows, the impact of different scenar-
ios on congestion, the effectiveness of various road
infrastructures, and the behavior of road users in dif-
ferent situations [7].

Key features:

e motion modeling for a large number of vehicles;

e support for different types of road networks and
SCenarios;

o the ability to integrate with transportation man-
agement systems (e.qg., traffic lights);

o the analysis and visualization of traffic flows and
congestion.

Examples of simulators:

e SUMO (Simulation of Urban Mobility) is one of
the most widespread simulators for modeling traffic
flows in urban environments. It supports the modeling
of large urban networks and integration with other
simulators [8].

e AIMSUN is a commercial simulator used for
traffic flow analysis and management, with support for
complex vehicle-to-vehicle interaction models [9].

1.2. Vehicle Dynamics Simulators

These simulators focus on modeling the dynamic
performance characteristics of individual vehicles.
They are used to analyze vehicle behavior in different
conditions (acceleration, braking, steering on slippery
surfaces, and interaction with road irregularities). Such
simulators are important for the development and test-
ing of control systems, particularly stabilization and
autonomous driving systems [10].

Key features:

o the high-accuracy modeling of physical process-
es (chassis, suspension, engine, and brake system dy-
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¢ modeling of vehicle-road surface interaction;

e support for different types of vehicles, including
cars, trucks, and motorcycles;

o the ability to simulate extreme conditions (acci-
dents).

Examples of simulators:

e CarMaker is an industry standard for vehicle dy-
namics modeling. It supports the testing of advanced
driver-assistance systems (ADAS) [11].

e TruckSim is a special-purpose simulator for
modeling the dynamics of heavy vehicles (trucks and
buses) [12].

1.3. Sensor and Perception Simulators

These simulators focus on modeling the sensors
used in autonomous vehicles (cameras, lidars, radars,
and ultrasonic sensors). The main purpose of such
simulators is to reproduce sensor data realistically,
which can be used to develop and test perception and
decision algorithms [13].

Key features:

o realistic modeling of sensor data in different en-
vironmental conditions;

e support for multiple sensor types and combina-
tions;

e the ability to integrate with image and signal
processing algorithms;

e testing and debugging perception systems in
complex scenarios (poor weather conditions or poor
lighting).

Examples of simulators [14]:

e CARLA provides a wide range of sensors and
models for testing perception systems in urban envi-
ronments.

e AirSim is a Microsoft simulator that supports the
realistic modeling of sensor data and is used to devel-
op autonomous drones and ground vehicles.

1.4. Complex Simulators

These simulators are intended to create and test
complex traffic scenarios involving autonomous vehi-
cles. They allow the modeling of various traffic situa-
tions and the interaction of an autonomous vehicle
with other road users, which is especially important
for developing decision systems. As a rule, they in-
clude a certain implementation of other types of simu-
lators or have the possibility of integrating third-party
solutions [15, 16].

Key features:

e support for creating complex scenarios with mul-
tiple vehicles and pedestrians;

e integration with decision and traffic control algo-
rithms;

e the ability to simulate rare and extreme situations
such as accidents or sudden obstacles;

e analysis and visualization of decisions made and
their consequences.

Examples of simulators:

e CARLA is a flexible and extensible platform for
training, testing, and validating autonomous driving
systems; built on the Unreal Engine visualizer, CAR-
LA offers highly accurate environments, realistic
physics, and a full suite of sensors, including cameras,
lidars, and radars [17].

e PreScan is used for the development and testing
of ADAS systems and autonomous vehicle systems,
including the modeling of complex scenarios and traf-
fic situations.

e LGSVL Simulator supports the modeling of var-
ious scenarios and integration with autonomous con-
trol development platforms (Apollo and Autoware)
[14].

e AutoDRIVE Simulator is a high-accuracy simu-
lation platform developed using the Unity game en-
gine; it includes a vehicle model equipped with a
comprehensive set of sensors and actuators to facilitate
research and training in autonomous vehicle technolo-
gies [18].

2. WORKING WITH ROUGH TERRAIN SCENES

The tasks set before modern unmanned vehicles
require them to move on smooth, asphalted, and
marked roads and, moreover, on rough terrain with
different types of surfaces, ranging from dirt to snow
[19]. To practice control, navigation, and localization
algorithms, an appropriate simulator is required to im-
plement motion over challenging terrain with a set of
typical obstacles. Since the use of unmanned vehicles
is not yet widespread, the number of appropriate simu-
lators is significantly limited. Note the additional re-
quirements for such simulators compared to those in-
volving asphalted roads:

e The physical terrain model. It must support ter-
rain with unevenness, different types of ground (grav-
el, sand, rocks), water, and other natural obstacles.
This allows one to test the vehicle’s response to slip-
pery or loose surfaces as well as uphill and downhill
slopes.

e Detailed vehicle models. It is important to con-
sider the characteristics of different types of vehicles,
whether they are autonomous cars, tracked vehicles,
wheeled robots, or even drones capable of moving
over difficult terrain. Simulators must accurately mod-
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el suspension, grip, dynamometry, and other important
aspects.

e Environment. Simulators must include various
terrain types and simulate weather conditions (snow,
fog, and wind) that can strongly affect vehicle han-
dling. In the simulators discussed below, different
weather conditions affect only the visual series ac-
quired by sensors; the impact of these factors on grip,
if possible, is explicitly shown in the simulator speci-
fications.

The next subsections describe in detail several
simulators that can be used to model motion over
rough terrain.

2.1. Gazebo

This is one of the most popular simulators of ro-
bots and unmanned vehicles, supporting realistic phys-
ics and a high degree of customization. Due to its
open-source code, the simulator is used in research
and educational projects, as well as in commercial de-
velopments [20, 21]. It represents an open platform to
integrate various physics engines (ODE, Bullet, Sim-
body, and others).

Advantages:

¢ Realistic physics. Gazebo supports challenging
terrain with bumps, hills, rocks, and even water, al-
lowing one to simulate scenarios of autonomous vehi-
cle motion over rough terrain.

e Grip and suspension simulation. It is important
for tracked or wheeled vehicles operating on rough
terrain; one can accurately simulate how the vehicle
will behave over challenging terrain.

o Support for different surface types. The simulator
can simulate different types of ground, including slip-
pery or loose surfaces (sand, gravel, and mud).

e Environment. One can add effects (rain, wind,
and snow) that influence motion conditions over rough
terrain.

e Integration with Robot Operating System (ROS).
Gazebo is actively used in conjunction with ROS,
which makes it convenient for developing and testing
autonomous systems in real-world conditions.

Drawbacks:

e Scene creation. Although Gazebo provides tools
for creating scenes, developing detailed rough land-
scapes can be time-consuming. Users often face the
need to manually model challenging terrain elements.

e Map import. Maps can be automatically imported
from real data (e.g., satellite data) via additional plug-
ins, but this requires additional customization and does
not necessarily provide sufficient detail for challeng-
ing terrain.

e The complexity of model creation. Creating de-
tailed 3D vehicle models requires knowledge of 3D
modeling and physical simulation. This process can be
challenging for users unfamiliar with such tools.

e Integration with other systems. While Gazebo in-
tegrates well with ROS, integration with other frame-
works may require additional effort. For example, the
use of other physics engines or control interfaces may
be limited without manual configuration.

Complexity: medium. Gazebo is oriented toward
researchers, so a good understanding of ROS and sim-
ulation basics will be required to create and set up
complex scenes.

2.2, CARLA

This is an open-source simulator developed for
testing autonomous vehicles in urban environments
[22]. However, it can be adapted to rough terrain, as it
provides sufficient capabilities to create nonstandard
landscapes [23].

Advantages:

e Environment customization. CARLA provides
tools to create custom maps, allowing one to build
challenging terrain with rough elements.

e Support for realistic motion physics. CARLA can
simulate vehicle dynamics over rough terrain, includ-
ing speed, grip, and stability control.

e The ability to work with different types of sur-
faces. Despite its urban orientation, CARLA can simu-
late grass, dirt, sand, and other types of surfaces.

e Weather conditions. Various weather conditions
affecting grip and visibility can be simulated.

Drawbacks:

e Scene creation. CARLA is intended primarily for
urban environments, and creating rough terrain scenes
may require manual customization. The built-in maps
do not include rough terrain, so it is necessary to im-
port user maps and manually customize terrain.

e Map import. Importing real maps requires addi-
tional tools and modules, as well as skills in working
with 3D graphics and geospatial data. Despite the de-
clared support for rough terrain [24], no examples or
publications on the application of this functionality
have been found so far, making adaptation to rough
terrain difficult.

e The complexity of model creation. CARLA con-
tains ready-made vehicle models, but third-party tools
such as Blender or Maya have to be used to create
unique models. This can be challenging, especially if
one needs to detail suspension and motion dynamics.

e Integration with other software solutions. This
simulator integrates well with Python API for script-
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ing, but interaction with other systems requires addi-
tional customization. There is no built-in ROS support,
which can be disadvantageous for ROS projects.

Complexity: high for rough terrain. Considerable
effort will be required to create detailed natural scenes
and integrate real maps.

2.3. AirSim

This simulator was developed by Microsoft for
drones and ground vehicles [25]. Its main advantage is
integration with Unreal Engine, which allows one to
create highly detailed 3D scenes, including rough ter-
rain [26].

Advantages:

¢ Highly detailed terrain. Owing to Unreal Engine,
AirSim can accurately simulate various challenging
terrain types, from mountainous landscapes to dense
forests.

e Support for realistic motion physics. Different
types of vehicles can be simulated in AirSim, includ-
ing wheeled and tracked platforms, allowing one to
test motion over challenging terrain.

e Sensor customization. The simulator enables one
to model various sensors (cameras, lidars, and GPS
trackers), which is especially useful for testing opera-
tion in rough terrain conditions with low-level signals.

e Weather and lighting conditions. It is possible to
simulate various weather conditions (rain, snow, and
fog), which considerably complicate navigation over
rough terrain.

Drawbacks:

e Scene creation. Since AirSim involves Unreal
Engine, creating a scene requires working with the
game engine’s tools. Despite its visual power, Unreal
Engine has a fairly high entry threshold for beginners.
Creating complex landscapes and environments can be
time-consuming and require serious 3D modeling
skills.

e Map import. AirSim has no direct option for im-
porting real geodata. Third-party tools are available,
but their setup is complicated.

e The complexity of model creation. One has to
use Unreal Engine or third-party 3D modeling pro-
grams to create detailed vehicle models. The process
of integrating new models with physical simulation
can be labor-intensive.

e Integration with other software solutions. AirSim
provides API for working with Python and C++, but
interaction with ROS or other systems will require
additional effort. Integration with other frameworks is
limited compared to Gazebo.

Complexity: high. Despite powerful visualization
capabilities, the complexity of creating scenes and
working with real maps makes AirSim more time-
consuming for academic or commercial projects with
rough terrain.

2.4. NVIDIA Isaac Sim

This robot simulation platform from NVIDIA is in-
tended to support complex tasks of robotics and au-
tonomous transportation. Based on the capabilities of
the graphics processing unit (GPU), it allows one to
simulate complex scenarios, including rough terrain.
Also, custom extensions can be implemented with
flexible functionality [27-29].

Advantages:

e Photorealistic environment. The PhysX engine
and GPU acceleration allow accurately simulating ve-
hicle motion physics over challenging terrain and var-
ious surfaces.

e Integration with real-world algorithms. Isaac Sim
supports integration with deep learning and path plan-
ning algorithms to model and test complex scenarios
over rough terrain.

e Support for different robot types. The simulator
can model both wheeled vehicles and tracked robots or
drones, thereby being versatile for autonomous motion
tasks over rough terrain.

e Sensors. The simulation of complex sensor sys-
tems, including cameras, lidars, and GPS trackers, is
supported to test robot performance in rough terrain
conditions.

Drawbacks:

e Scene creation. Although lIsaac Sim provides
tools for creating complex scenes, modeling rough
terrain will require considerable effort. The platform is
oriented toward high-performance computing using
GPUs, which can make development difficult for users
without powerful hardware.

e Map import. It is possible to integrate real map
models into Isaac Sim through 3D modeling, but the
process involves third-party tools and can be quite
complex, especially for the realistic simulation of ter-
rain and natural conditions.

e The complexity of model creation. Creating new
vehicle models and adapting them to motion physics
requires extensive training and knowledge of 3D
graphics. Incorporating suspension dynamics and
complex mechanisms can be challenging for non-
professionals.

e Integration with other software solutions. The
platform integrates well with NVIDIA Al tools, but
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integration with ROS or other autonomous systems
may require additional modules and customizations.
This can be difficult for projects expecting quick and
easy integration.

2.5. Wehots

This free open-source robot simulator is used for
educational and research purposes [30, 31]. It supports
a wide range of robotic systems, including unmanned
vehicles.

Advantages:

o Flexible terrain modeling. In Webots one can
create custom models of challenging terrain, including
mountains, hills, canyons, and other natural objects.

e Support for various vehicles. Webots can simu-
late the operation of both wheeled and tracked vehi-
cles, allowing one to test motion algorithms over chal-
lenging terrain.

e Sensor modeling. Webots supports a wide range
of sensors, therefore being suitable for testing auton-
omous systems over rough terrain using cameras, li-
dars, and GPS trackers.

e Weather conditions. One can simulate different
weather conditions (rain, fog, etc.) that affect visibility
and grip.

Drawbacks:

e Scene creation. Webots has a user-friendly inter-
face for creating simple scenes; however, when it
comes to complex rough terrain, one has to customize
reliefs and surfaces manually. This can be a limitation
compared to other (more advanced) simulators.

e Map import. Importing real maps is not directly
supported: one has to use third-party tools to create
complex reliefs and challenging terrain. Therefore,
rough terrain modeling will be much more difficult
compared to more powerful simulators.

e The complexity of model creation. Webots has a
library of standard robots, but creating custom models
requires using third-party 3D modeling tools. Built-in
modeling tools are limited, which complicates work
with unique vehicles.

e Integration with other software solutions. Webots
supports integration with ROS and other popular
frameworks. However, more complex tasks, such as
deep integration with external Al systems, may require
the development of additional modules.

2.6. Blender with OpenDroneMap photogrammetry

Blender is an editor for creating 3D computer
graphics, including modeling, sculpting, animation,
simulation, rendering, post-processing, and sound vid-

eo editing. OpenDroneMap is a set of photogrammetry
tools based on aerial images, which generates 3D
maps of the captured terrain [32].

Advantages:

e Modeling. The platform provides almost unlim-
ited capabilities for modeling and simulation of pro-
cesses: there is a rich set of tools, from basic to highly
specialized, to build a custom simulator [33].

e Map import. Plug-ins are available to import
maps and project satellite images onto public elevation
data.

¢ Animation. This platform has flexible options for
creating animation and access to the Python API,
where any properties can be changed.

o User-friendly interface. After creating the neces-
sary auxiliary tools, the tasks of importing sensor rec-
ords are reduced to one-button solutions with quick
debugging of the results.

Drawbacks:

e Modularity. It is necessary to search (create, as-
semble) all parts of the simulation.

e GNSS support. There is no built-in binding of the
3D-editor base space to geographic coordinates: all
work with real data requires the careful recalculation
of coordinate frames and the preliminary preparation
(processing) of records.

e Interaction physics. Note the complexity of simu-
lating the physical interaction between vehicle and
terrain. Blender is primarily intended for animation; its
built-in physics emulation tools are often used to sim-
plify the realization of artistic intent rather than to cal-
culate physical loads.

Complexity: high. Despite powerful visualization
capabilities, the primary complexity of creating scenes
and working with real maps makes the simulator diffi-
cult to use in academic or commercial projects with
rough terrain.

2.7.NVO73

This is a 3D simulator developed at the Trapezni-
kov Institute of Control Sciences, the Russian Acade-
my of Sciences, based on Unreal Engine 5.2 and Air-
Sim to simulate the joint operation of a group of un-
manned ground, underwater, surface, and aerial vehi-
cles [34]. Using AirSim as the core inherits all its ad-
vantages and drawbacks. There is an adapted and sim-
plified assembly for viewing the records of electric
vehicle paths, along with the operational characteris-
tics of the power unit.

Advantages:

e Easy viewing control. There are a convenient
slider with a timeline and start/stop buttons.
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e Support for heterogeneous vehicles. The plat-
form supports four types of unmanned vehicles:
ground, aerial, surface, and underwater.

e The variety of animations. One can visualize en-
gine revolutions through wheel rotation animation as
well as change lighting and weather conditions.

e Simplified run and import of records. The entire
environment runs with a single executable file and
reads the prepared record file from a predefined folder.

e A built-in algorithm corrects the path record by
elevation, linking the motion to the map surface.

Drawbacks:

¢ No ability to add terrain models. New maps can
be added only with developer involvement.

¢ No display of the entire path. For each time in-
stant, only the current position of the vehicle is shown,
making it difficult to assess the whole record.

e Surface referencing ignores recorded elevation
data, making the simulation highly dependent on the
quality of the terrain model.

e No documentation. All information about the
simulator can be obtained only from several papers or
directly from its developers, which causes difficulties
during the installation procedure and further use.

2.8. Comparison of the Simulators Considered

Each of the above simulators provides some rough
terrain modeling capabilities. Which simulator should
be chosen? The answer depends on the specifics of the
simulation project. Gazebo and AirSim are suitable for
the highly detailed simulation of physical conditions;
CARLA can be adapted for nonstandard tasks; NVID-
IA Isaac Sim offers powerful GPU simulation capabil-
ities; Webots is a simple and flexible tool for educa-
tional purposes. Gazebo and Webots are easier to inte-
grate with ROS but may require more manual work to
create complex natural landscapes. In turn, CARLA
and AirSim are good for high-quality visualization but
require significant effort to create rough terrain scenes
and import real data. NVIDIA Isaac Sim offers strong
support for Al simulations but requires high-
performance resources and complex customization to
create a scene. Building a terrain model with Open-
DroneMap and simulating motion records in Blender
are suitable for visualizing terrain and paths but pro-
vide no ready-made tools for simulating physical in-
teractions. Most of these simulators support interaction
with external tools, making it possible to reproduce the
behavior of a real object in a simulation environment.

To select the simulator, we define the main pa-
rameters under comparison.

¢ RTF (Real-Time Factor), an index to evaluate
the speed of simulation relative to real time. It is wide-
ly used in robotics and autonomous transportation sys-
tems to analyze performance and computational effi-
ciency.

¢ Sensor refresh rate, representing the frequency of
updating the readings of sensors (lidars, cameras, and
GPS trackers). The higher this rate is, the more accu-
rate the simulation process will be (of course, at the
cost of increasing the load on the processor and
graphics units).

e Graphics engine. It is responsible for rendering
images. Unreal Engine and Omniverse RTX provide
high-quality graphics but require powerful hardware.
OGRE and OpenGL are simpler and more lightweight.

e Physics engine. It is responsible for simulating
motion dynamics, collisions, friction force, suspension
reactions, and other physical effects. The more power-
ful the engine is, the more realistically the objects will
behave.

e The maximum number of vehicles (robots). It
shows how many objects can be modeled simultane-
ously. This number is limited by the computing power
of the processor and video adapter.

The simulators considered in the survey are com-
pared by these parameters in Table 1.

The final expert assessment of the capabilities and
technical specifications of the simulators is given in
Table 2; scores 1, 2, and 3 correspond to the least
complicated, medium, and most complicated ones.
According to Table 2, it seems impossible to identify a
simulator excelling than the others by all parameters.

3. PRACTICAL APPLICATION OF SIMULATORS

We have to simulate the motion of wheel-tracked
and ski-tracked platforms (Fig. 1), primarily to analyze
their application scenarios in the sections of a distrib-
uted network of testing grounds located in the moun-
tainous areas of the Murmansk region and the Cauca-
sus [5]. To solve scientific and applied tasks, the simu-
lator must satisfy the following requirements:

» support for rough terrain motion, including vari-
ous types of surfaces (dirt, snow, and sand);

+ the availability of ready-made vehicle models,
close by characteristics to those in Fig. 1, or the possi-
bility of adding a custom model;

* Python integration;

» shareware (no need to purchase a license);

« the ability to display motion based on real vehicle
data.
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Table 1
Simulators for unmanned vehicles: a comparison of characteristics
Characteristics Gazebo CARLA AirSim/NVO73 NV DSII'?T] Isaac Webots
Physics ODE, Bullet, Sim- Unreal Engine Unreal Engine NVIDIA PhysX ODE
engine body, DART PhysX PhysX
RTF 1.0-2.0 ~1.0 ~15 1.0 1.0-3.0
(depends on (depends on set- (high GPU (lightweight)
the video adapter) tings) demands)
Sensor refresh 100-1000 Hz ~100 Hz (cameras, 120 Hz (lidars), 240 Hz (lidars), ~100 Hz
rate lidars) 30-60 Hz 60 Hz (cameras)
(cameras)
Graphics OGRE (basic) Unreal Engine 4 Unreal Engine 4 Omniverse RTX Built-in
engine (5.2 in the case of (high detail) OpenGL-based
NVO73)
The maximum 50+ ~20-50 10-30 100+ 10-50
number of vehi- (optimized) (depends on set- | (depends on GPU) | (with RTX accel- (optimized for
cles tings) eration) mobile robots)

Table 2

Simulators for unmanned vehicles with rough terrain support: expert assessments
(a lower score corresponds to a higher priority)

Criterion Gazebo CARLA AirSim/NVO73 NVIDSIi/ﬁ; 2R Webots ODM-+Blender
Scene creation 2 3 3 2 1 2
Map import 2 3 3 3 3 2
The complexity of 2 3 3 3 1 2
model creation
Integration with 1 1 1 2 2 1
other software
solutions
Rough terrain 1 3 1 1 2 1
support
Display of real ob- 1 1 3 2 1 2
ject’s logs
Equipment re- 1 2 3 3 1 2
quirements

According to the survey results and Table 2, it is
impossible to identify one simulator excelling the oth-
ers in all parameters. The most suitable simulators are
Webots, Isaac Sim, and Gazebo. However, Isaac Sim
requires high-performance video adapters; Gazebo
leads by all parameters, except for the complexity of
creating scenes (being inferior to Webots). We do not
care so much about the ability to create custom scenes,
so further experiments and testing will be done using
Gazebo. This simulator offers tools for modeling the
physical behavior of a vehicle, working with sensors,
and visualizing the collected data. The tracked plat-
forms under consideration have complex dynamics,
especially when moving on rough terrain. Therefore,

Gazebo with its realistic physics engine allows testing
important aspects such as track grip, suspension be-
havior, and the effects of different types of ground
(sand, dirt, and rocks) [35].

We tried two different tools to display real data
recorded on a motorcycle or tracked platform:

— the NVO 73 simulator based on Unreal Engine
[34, 36];

— Blender with OpenDroneMap photogrammetry.

The functionality of NVO 73 is still very limited,
which prevents it from satisfying all the requirements
for visualization tools. However, it is possible to re-
produce motion from a pre-recorded log file. The in-
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Fig. 2. The interface of the NVO 73 simulator.

Rendering motion paths on terrain models from
OpenDroneMap in Blender turns out to be quite visual
(Fig. 3), also demonstrating the record of body move-
ments. However, the synchronization of records is
very labor-intensive, as it requires manual corrections
for all initial positions (the terrain model and satellite
navigation coordinates, and the mutual location of the
vehicle and body) [36]. Without developing a physical
motion model and binding the vehicle to the ground
surface and the body to the vehicle, the reconstruction
process yields periodic significant discrepancies with
the control video record: the vehicle flies into the sky
or falls under the ground, whereas the body turns and
shifts in different directions.

Fig. 3. Rendering motion in Blender with ODM.

CONCLUSIONS

This survey has been devoted to popular simulators
for modeling various aspects of autonomous vehicles.
Special attention has been paid to simulators support-
ing rough terrain: Gazebo, CARLA, AirSim, NVIDIA
Isaac Sim, and Webots. Each of these simulators has
unique capabilities, suitable for different applications,
and some limitations as well.

For example, Gazebo and Webots stand out for
easy integration with ROS and low hardware require-

ments but, at the same time, need significant effort to
create complex rough terrain scenes. CARLA and
AirSim offer high-quality visualization and flexibility
for custom scenarios; however, the complexity of set-
ting up rough terrain and high hardware load can be
limiting factors for these platforms. In turn, NVIDIA
Isaac Sim demonstrates outstanding Al and GPU-
accelerated simulation capabilities but has high com-
putational demands and complexity of customization.
The final choice of an appropriate simulator depends
on project goals, available hardware, and the level of
simulation detail required. Regardless of the choice,
the use of simulators significantly accelerates the de-
velopment and testing of autonomous systems, mini-
mizing the risks and costs of real-world testing. For
tasks involving rough terrain, one should consider the
simulator’s capabilities and, moreover, the complexity
of integrating real data (relief and motion records),
which is especially relevant for research and optimiza-
tion of autonomous control algorithms.
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