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Abstract. The Robot Operating System (ROS) is a widely adopted
collection of software libraries and tools for designing and implementing
robot control software. Its rapid growth has been driven by an active com-
munity that maintains an extensive ecosystem of reusable components,
increasingly positioning ROS as a unifying framework bridging academic
research and industrial applications. ROS 2 importantly enables decen-
tralized, peer-to-peer communication, making it well suited for scalable
and reliable multi-robot systems. Simulations play a critical role in the
design and implementation of robotic systems prior to their real-world
deployment. For large-scale robotic systems, simulation scalability, that
is, the efficient simulation of many robots, is essential. However, existing
ROS-based simulators are unable to scale to large numbers of robots,
while highly scalable simulators lack integration with the ROS ecosys-
tem. We introduce the ROS-2-ARGoS Bridge, a framework for simulat-
ing large-scale robotic systems running software based on ROS 2. We
showcase its scalability through experiments with up to 1280 simulated
robots that locally interact and coordinate their actions. As industries in-
creasingly seek to scale up their robotic infrastructures, our open-source
framework offers a timely and practical solution for simulating and de-
signing large-scale multi-robot and swarm systems.

1 Introduction

Scalability is both a feature and a challenge in swarm robotics [10]. The decen-
tralized coordination of robot swarms avoids bottlenecks and allows for maxi-
mally scalable system design. Reported swarm experiments involve up to N =
102 robots [30,9]. Scalability is still a challenge when swarm densities (i.e., num-
ber of robots per area) are critically high, shared resources (e.g., space or com-
munication bandwidth) deplete and the system performance is decreased due to
congestion or deadlocks [14,11].
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Fig. 1. A swarm of 320 simulated TurtleBot 3 robots flocking towards a light source.

Swarm robotics also has demanding requirements for the applied tooling.
Commonly, swarm algorithms are iteratively developed, prototyped, and tested
in robot simulators because for humans it is hard to anticipate the effects of many
robot-robot interactions. This requires a ‘meta-scalability,” that is, simulators of
robot swarms also need to scale. Achieving system size scalability with state-of-
the-art robot simulators is challenging [6]. Depending on simulation detail (e.g.,
robot model, physics engine), common limitations can be as low as swarm sizes
of N =5 or N = 50 robots [27]. Detailed simulations of many sensors and pair-
wise robot interactions increase computational costs. In addition, common robot
simulators do not always allow for easy parallelization on multi-core machines.

The demand for scalable tools is growing as industry increasingly adopts
concepts from swarm robotics. Although swarm robotics research emerged over
20 years ago [3], large-scale robotic systems have only seen their real-world ap-
plication in recent years. For example, they are employed in warehouse automa-
tion [12] and last-mile delivery [32]. Driven by economies of scale, we anticipate
further efforts to scale up future robotic systems. However, the limitations of
state-of-the-art robot simulators hinder development and add overhead by ne-
cessitating custom tool implementations for each use case.

Key tools besides simulators are software frameworks that provide a modu-
lar approach, hardware abstraction, and facilitate code sharing and reuse. For
robotics, ROS 2 (Robot Operating System 2) is widely adopted [16] due to
its distributed, message-based software architecture. Its modular design enables
seamless substitution of simulated robots with real robot hardware without al-
tering the underlying control logic, thus ensuring portability. Moreover, ROS 2
is also well-established in industry [18], bridging the gap between research and
practical applications. Hence, there is a need for a scalable robot simulator that
integrates ROS 2.

We address this technological gap by integrating ROS 2 with ARGoS 3 [26],
one of the most scalable robot simulators [27]. Our ROS-2-ARGoS Bridge enables
efficient large-scale simulations of robotics systems (see Fig. 1). Our software al-
lows running the robot control software (i.e., robot algorithm) using ROS 2
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libraries and executing physics-based simulations in ARGoS. ARGoS simulates
sensor data acquisition and updates robots’ physical states (e.g., robot posi-
tion) as a consequence of robots’ actuation and interactions with each other
and the (potentially dynamic) environment. ROS2-based control software up-
dates robots’ internal states (e.g., algorithm variables) and computes the next
actions (actuation activation) based on sensor data and internal state. Our ROS-
2-ARGoS Bridge enables an efficient and scalable interaction between the two
components. This integration supports broader adoption of scalable simulation
tools within multi-robot research and may even provide industry with a coher-
ent substitute to ad-hoc software solutions for modern large-scale multi-robot
systems.

In Sec. 2, we give an overview of existing simulation platforms. In Sec. 3, we
describe the bridge implementation, its components, and its main features. Sec. 4
details the available robotic platforms in ARGoS, and the integration of sensors
and actuators with the ROS-2-ARGoS Bridge. In Sec. 5, we test the scalability
of the proposed system with a series of experiments with up to 1280 simulated
robots. We show that our ROS-2-ARGoS Bridge allows efficient simulation of
large-scale robotics, making it a promising technology for future multi-robot and
swarm robotics research, as described in the concluding Sec. 6.

2 Related Work

The field of multi-robot simulator development has witnessed significant ad-
vancements in recent years, driven by the need for scalable, efficient, and portable
solutions to support complex robotic systems. As the scale of robotic applica-
tions grows, the ability to simulate thousands of robots while maintaining high
performance (i.e., quick simulations) and ensuring realism (useful for seamless
transition from simulation to real-world deployment) has become a critical chal-
lenge. In this section, we review the state of the art in multi-robot simulation,
focusing on two key aspects: scalability and development/deployment challenges.

2.1 Scalability

In multi-robot simulation, the choice of the physics engine has a decisive im-
pact on the simulation scale and performance. Currently, mainstream simulation
software, such as Gazebo [13], Webots [19], and CoppeliaSim (previously known
as V-REP) [29], relies on mature 3D physics engines [33] (e.g., ODE, Bullet),
which are powerful but may face performance bottlenecks when dealing with
thousands of robots. PyBullet is a simulator based on the Bullet physics en-
gine and supports GPU acceleration, which can efficiently deal with large-scale
physics computation but may still be limited by computational resources for the
simulation of thousands of robots [7]. Stage is a lightweight simulator limited to
2.5 dimensions (thus supporting only a restricted number and types of sensors),
although it offers high simulation speed [37]. In recent years, GPU-based physics
engines have become a new trend in large-scale simulation. For example, AirSim
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and Genesis utilize GPU-accelerated physics engines that can efficiently handle
complex 3D physical interactions and are suitable for large-scale multi-robot
simulation [31,38]. However, these tools usually demand high-end computing
hardware and require complex configuration and parameter optimization. AR~
GoS [25] is a simulator that can run quick large-scale simulations through a
spatial partitioning parallel mechanism, dividing three-dimensional space into
non-overlapping sub-regions assigned to independent physics engines. The sys-
tem currently integrates four categories of physics engines (3D dynamic engines,
3D particle engines, 2D dynamic engines, and specialized engines), orchestrated
by a unified entity state management interface. This architecture enables AR-
GoS to run rapid simulations of thousands of robots while fulfilling high-precision
physical modeling requirements in specific scenarios [26].

Parallel computing is a key technology to support large-scale multi-robot
simulation. Stage has high performance thanks to its lightweight 2.5D design,
but it lacks support for parallel computing [37]. CoppeliaSim and MORSE’s
parallel computing capability mainly relies on the physics engine, leading to a
marginal performance improvement [8,23]. Gazebo and Webots can benefit from
both multi-thread and multi-device computation thanks to their integration with
ROS 2 [17]. However, due to the constraints of their physics engine, parallel com-
puting improvement remains limited and does not allow these simulators to scale
to large numbers of robots. PyBullet supports multi-threading and GPU acceler-
ation, which can efficiently handle large-scale physics computation, but it needs
to rely on custom scripts for distributed simulation [7]. AirSim and Genesis ex-
cel in parallel computing, however, their configuration complexity and hardware
requirements limit their wide adoption [31,38]. ARGoS has a significant advan-
tage in multi-threaded and distributed computing as it can allocate simulation
tasks to multiple CPU cores or computers, significantly improving simulation
efficiency. ARGoS’s event-driven mechanism further reduces unnecessary calcu-
lations, and its modular design and flexible configuration options make it easily
adaptable to different speed and realism needs [27].

2.2 Simulated robotic platforms

ARGoS performs well in large-scale multi-robot simulation and, thanks to em-
bedded cross-platform compilation, allows fast migration from simulation to real
robots. However, such a high degree of consistency is mainly focused on a limited
number of robotic platforms (e.g., Foot-bot, Kilobot, e-Puck, Thymio II, Turtle-
Bot 3), resulting in the need to develop additional adaptation layers when mi-
grating to other types of robots. Gazebo, Webots, and PyBullet, thanks to their
ROS interface, leverage ROS’s large community support and rich set of hardware
drivers available to access a wide range of commercially available sensors and ac-
tuators [2,21]. At the same time, ROS provides a complete tool chain (rviz, rqt,
rosbag, etc.) that significantly simplifies debugging, testing, monitoring, and data
playback. Its standardized communication mechanisms for topics, services and
actions also offer efficient communication and coordination between (potentially
heterogeneous) robots. We believe that our ROS-2-ARGoS Bridge framework
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Fig.2. An overview of the ROS-2-ARGoS Bridge framework. The ROS-2-ARGoS
Bridge launches two ROS nodes for each simulated robot: one node is executed within
ARGoS (blue rectangles on the bottom) and the other node is launched on the ROS
side to execute the robot controller (green rectangles on the top). The two nodes of
each robot exchange data through multiple ROS topics, one for each sensor and actu-
ator that the robot is equipped with.

can foster the adoption of ARGoS as a simulator for large-scale robotics and,
in turn, spawn the integration in ARGoS of several new robotic platforms for
multi-robot and swarm robotics applications.

3 Methods

The ROS-2-ARGoS Bridge handles efficient bidirectional data flow between the
ARGoS simulator and the ROS 2-based controllers of each robot through a mod-
ular architecture. We first give an overview of the framework, then we describe
the temporal workflow of the simulation, and finally, we give more details on the
most critical system components.

3.1 System Architecture

The overall architecture of the system is illustrated in Fig. 2. The ARGoS simu-
lator (blue component at the bottom) updates the 3D simulated space compris-
ing robots (with their sensors and actuators) and environmental entities (e.g.,
walls, lights, objects) with potentially time-varying characteristics (e.g., changes
in light intensities). The ROS-2-ARGoS Bridge launches two ROS nodes (i.e.,
two processes) per simulated robot: one runs within ARGoS, while the other
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executes the robot controller on the ROS side. The two nodes exchange data via
the ROS’s DDS (Data Distribution Service), more precisely, through dedicated
ROS topics, one for each sensor and actuator that the robot is equipped with.
Sensor topics are used to transfer sensor reading data from ARGoS to the robot
controller, while actuator topics are used to transfer actuation control commands
from the controller to ARGoS.

In the DDS, the primary mechanism for having different logical networks
share a physical network is known as the ROS Domain ID. ROS 2 nodes within
the same Domain ID can discover and communicate with each other, whereas
ROS 2 nodes in different Domain IDs cannot. For each Domain ID, the DDS com-
putes the UDP ports used for discovery and communication. Because each ROS 2
node uses two UDP ports, running several nodes in a single Domain ID may sat-
urate the number of available ports on the computer. To avoid this limitation,
robot nodes are distributed across multiple ROS Domain IDs. he assignment
can be configured manually or automatically balanced by the framework across
available Domain IDs. In our experiments, robots were automatically distributed
with 50 robots per Domain ID, that is, (i.e., 100 nodes, each using two UDP
ports). This strategy allows the system to scale up to large-scale simulations in
the order of 103 robots, without requiring manual per-robot configuration.

Additionally, the ROS 2 DDS provides a distributed communication protocol,
enabling the robot controllers to run on different computers or cluster nodes
while interacting with the ARGoS simulator over the same ROS 2 network.
Distributing the computation among different machines can potentially increase
the simulation speed.

3.2 Temporal Workflow

The temporal workflow of a simulation is illustrated in Fig. 3, where we illus-
trate how various operations are executed by the three main system components
(ARGoS, the Bridge, and ROS 2) and how data flows between them as time
progresses (on the vertical axis, from top to bottom). The left column shows the
typical sequence of phases of a simulation. The simulation is initialized (Init)
by launching ARGoS and ROS 2, which loads the simulation environment and
configures the ROS Domain, respectively. In the Setup phase, ARGoS starts the
ROS-2-ARGoS Bridge, which is implemented as an ARGoS loop function. The
bridge launches the robots’ ROS nodes and configures the respective ROS topics.

The simulation then starts the Control Loop macro-phase, which repeats the
two phases of Sensor Data Collection (SDC) and Control Command Execution
and State Update (CCE&SU). During the SDC phase, ARGoS computes the
simulated sensor readings, which are transmitted by the bridge to the ROS 2
controller via dedicated topics. The bridge also orchestrates time synchroniza-
tion between ARGoS and ROS 2 by exposing the ARGoS simulation clock on
a dedicated /clock topic and by gating the advancement of each simulation tick
on the completion of the corresponding ROS callbacks. ROS 2 controllers, there-
fore, perceive the same notion of time as ARGoS: the simulator pauses after
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Fig. 3. Temporal workflow of a simulation where the ROS-2-ARGoS Bridge handles
data exchange between the ARGoS simulator and the ROS 2 robot controller. Key
phases include Init (initialization), Setup (configuration), SDC (sensor data collection,
CCE&SU (control command execution and state update), and Stop (termination of
the simulation).

providing sensor readings, waits for the controllers to process them and pub-
lish the resulting commands, and only then proceeds with the CCE&SU phase.
Suppose a controller fails to respond before a configurable watchdog expires.
In that case, the bridge records the violation, injects a safe fallback command
(e.g., zero velocities, previous commands), and resumes the simulation to prevent
the system from stalling. This mechanism guarantees deterministic replay, keeps
ARGoS’ clock authoritative even when ROS 2 nodes misbehave, and allows ex-
periments to progress without manual intervention. In the CCE&SU phase, the
bridge maps the received commands into ARGoS primitive types and forwards
them to ARGoS for execution. Finally, ARGoS updates the state of the robots
and the environment by executing the actuation commands (e.g., update robots’
position) and any simulated temporal dynamics of the environment.

Eventually, when the termination condition is met (e.g., maximum simulation
time is reached), ARGoS stops the simulation, the bridge halts data exchange,
and ROS 2 shuts down (Stop phase).
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3.3 Inter-robot Communication

In certain collective robotics application scenarios, especially in swarm robotics,
it can be relevant to investigate the system dynamics when robots can only
locally communicate. Such robots can only exchange messages with other robots
(neighbors) located at a distance shorter than a given communication range. For
example, robots may only be able to exchange messages by transmitting infrared
signals to robots closer than 50 cm. Such local communication can improve
the robotic system’s scalability as saturation of the communication channel is
prevented. However, because ROS 2 communication is handled through the DDS,
robots (ROS nodes) in the same ROS Domain ID can always exchange data.
Therefore, simulating distance-based inter-robot communication with traditional
ROS-compatible simulators (e.g. Gazebo) can be complicated.

The ROS-2-ARGoS Bridge enables the seamless execution of ROS 2-based
robot controllers with local inter-robot communication. During simulation, com-
munication is handled analogously to sensors and actuators, exploiting distance-
based neighbor selection. At each simulation step, ARGoS determines neighbor-
ing robots according to the communication device characteristics (e.g., Euclidean
distance or line of sight), and copies the transmitted messages into the sensor
data of those neighbors. The implementation of inter-robot communication medi-
ated by ARGoS enables the simulation of both local and global communication,
depending on application requirements and robot constraints.

4 Simulated Robotic Platforms

To run ROS-2-ARGoS simulations, the virtual model of the robot must be im-
plemented in ARGoS. Each robot type is characterized by a specific set of sen-
sors and actuators, which determine the external information accessible to the
robot (e.g., environmental state) and how it changes its state (e.g., its positions)
through physical interactions with the environment. The environment is simu-
lated using a physics engine, and each robot’s sensing and actuation must be
modeled in the simulator. Like in any simulators, including realistic sensing and
actuation noise requires dedicated tests to quantify such errors. Additionally,
video visualization of the simulation requires a 3D model of the robot.

ARGoS already includes a bunch of models for popular robotics platforms,
especially relevant for swarm robotics research. In addition to the Foot-bot [5],
which is natively included in ARGoS, various plugins® allow simulating a vari-
ety of other popular robots, including Thymio IT [28], Khepera IV [34], Turtle-
Bot 3 [1], Kilobot [24], E-puck [20], and Crazyflie [35]. In our experiments, we
used the TurtleBot 3 [1], which is a robotic platform widely used in several re-
search laboratories studying collective robotics, and is supported in both ARGoS
and Gazebo, allowing us to compare the performances of the two simulators.

Robot models that are implemented in ARGoS can be interfaced with ROS 2
through a robot-specific ROS-2-ARGoS Bridge. As shown in Fig. 2, the only ex-
changed information regards sensors and actuators. Hence, our framework can

4 https://www.argos-sim.info/extensions.php


https://www.argos-sim.info/extensions.php

ROS-2-ARGoS Bridge 9

be extended by mapping the data exchanged between ARGoS and ROS 2. More
specifically, ARGoS’s sensor data map to ROS 2’s controller sensor input, and
ARGoS’s actuator input parameters map to ROS-2 actuation output. In each
simulation, each robot can be configured by including the set of sensors and
actuators needed for the given application scenario. In our open-source code,”
we implemented ROS-2-ARGoS Bridge for a few relevant sensors and actuators:
colored blob perspective camera sensor, infrared (IR) proximity sensor, ground-
color sensor, light sensor, differential wheels, LED, range-and-bearing local com-
munication, and LiDAR. We configured them for the Foot-bot and TurtleBot 3
robots. These same sensors and actuators, with different parameters and noise
levels, can also model other robotic platforms, e.g., the Thymio II robot [28].

5 Simulation Experiments

We test the performance of our simulation approach in a classical swarm robotics
task: flocking [36] (see a simulation screenshot in Fig. 1). This scenario has
been widely studied in the literature and can be used as a building block for
various applications, such as environmental monitoring, distributed sensing, and
collective transport [4,39]. To implement flocking, where a group of robots flock
in a hexagonal lattice towards a light source placed in the task environment,
we use a generalization of the Lennard-Jones potential parameterized with the
same values of [26] (code available in the same repository®).

We evaluate the scalability of our proposed framework using simulated Turtle-
Bot 3 swarms of size N € {3,5, 10, 20,40, 80, 160, 320, 640, 1280} performing
flocking. On Linux systems, the ROS-2-ARGoS Bridge framework can theoreti-
cally support up to 7200 robots due to ROS 2 constraints.® Specifically, ROS 2
provides 120 Domain IDs, each supporting up to 120 processes; since each robot
requires two processes, this limits the total number of robots. Here, we run our
tests with up to 1280 robots as a proof of concept. For all experiments, we per-
formed 10 independent trials, each consisting of 600 simulation time steps. With
a step size of 0.1 s, each trial corresponds to one simulated minute. We measured
the time taken to run the simulation, as well as CPU and memory usage. As AR-
GoS supports multi-threaded execution, we ran our experiments both with and
without multi-threading enabled. Because the simulation were run on a 12-core
machine, ARGoS was configured to use 12 threads.

In our experiments, ROS 2 nodes were initialized with 100 ROS 2 nodes per
ROS Domain ID, comprising 50 ARGoS nodes and 50 controller nodes. This
setting was adopted to avoid conflicts with ephemeral ports at large population
sizes. We used the default Eclipse Cyclone DDS settings for all experiments.

All simulations were conducted on a computer running Linux Ubuntu 22.04.5
LTS, equipped with an AMD® Ryzen 9 7900 processor featuring 12 cores, each
supporting 2 threads for a total of 24 threads, as well as 32 GB of RAM.

® https://github.com/CPS-Konstanz/argos3-ros2-bridge
5 https://docs.ros.org/en/jazzy/Concepts/Intermediate/About-Domain-1ID.
html
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We compare the performance of the proposed simulation framework with the
most popular ROS 2-based simulator, Gazebo 11. We tested Gazebo’s scalability
by launching the simulator with an increasing number of TurtleBot 3 robots.
We repeated each experiment 100 times and counted how many robots were
successfully spawned after one minute. Figure 4 shows that Gazebo becomes
unreliable beyond 3 robots and never succeeded in spawning 20 robots. Due to
Gazebo’s poor scalability performances, Gazebo experiments were restricted to
the swarm sizes N € {3,5,10}.

Figure 5 shows the average wall-clock time, CPU usage, and memory con-
sumption for the flocking simulations with up to 1280 robots. The black dashed
horizontal line denotes the real-time threshold (60 seconds), marking the point
at which simulation time equals real-world time. Both Gazebo and our frame-
work support simulation quicker than real-time (i.e., one simulated minute takes
less than one real-world minute to be executed). However, for the same swarm
sizes, Gazebo requires approximately eight times more execution time than our
framework. ARGoS achieves faster-than-real-time performance for fewer than
30 robots (or 50 with multithreading). Overall, ARGoS’s execution time scales
approximately linearly with the swarm size N.

Gazebo uses more computation (linear increase) than our ARGoS framework,
which shows sublinear scaling of CPU usage with increasing N. However, our
framework uses more memory than Gazebo for the same swarm sizes. Interest-
ingly, Gazebo’s memory consumption decreased sharply for the largest swarm
size (10 robots). On the other hand, our framework maintains a linear increase
with N of the memory usage.

6 Conclusion

This work presents the ROS-2-ARGoS Bridge, a scalable framework for large-
scale multi-robot simulation. By bridging the high-performance, multi-threaded
ARGoS simulator with the widely adopted ROS 2 ecosystem, our framework
enables efficient and scalable simulation of large robot swarms.

Our results demonstrate that, in terms of scalability, our framework largely
outperforms the state-of-the-art simulator for ROS-based robots, Gazebo. The
proposed framework is computationally efficient and scales linearly with increas-
ing swarm sizes, allowing physics-based simulations with over a thousand robots.
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Fig. 5. Average wall clock time, CPU usage, and memory consumption for the ROS 2-
based flocking simulations. (Top row) Performance comparison between Gazebo and
the proposed simulation framework—ARGoS with ROS 2 Bridge with/without multi-
threading. (Bottom row) Scalability performance of ARGoS in large-scale simulations.

We anticipate that the ROS-2-ARGoS Bridge will reduce development complex-
ity, enhance code reusability, and streamline the transfer of swarm robotics al-
gorithms from simulation to real-world applications. The proposed framework
aims to accelerate the design, implementation, and testing of large-scale robotic
systems beyond controlled lab environments, for example in automated ware-
houses and agricultural fields. Our approach supports the rapid expansion of
real-world applications of swarm robotics.

Future work will investigate consolidating ROS components within a single
process and leveraging intra-process communication to eliminate DDS-mediated
UDP transport [22]. This approach is expected to reduce communication over-
head and remove constraints such as limited UDP port availability, while pre-
serving multi-threading capabilities and enabling distributed deployment via one
ROS container per computer [15].
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