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ARTICLE INFO ABSTRACT

Dataset link: https://gitlab.u-angers.fr/botaren
a/ba_conception

This paper presents the design of an experimental hardware-in-the-loop platform for multiple mobile robots
that meets three criteria: cost reduction, modularity, and versatility. Inspired by structures like the Robotarium,
the BotArena aims to be a low-cost, open source, and open hardware version of an arena for multiple

Keywords:
Sw}::m robotics mobile robot experiments. The arena was mainly designed with a focus on research applications, to allow
Mobile robotic the implementation of algorithms and their experimental evaluations. However, it was also designed with

applicability to educational applications, for the training of future engineers in swarm robotics techniques and
methods. Finally, it was also designed for use in science popularization events. In a nutshell, this platform is
intended to be inclusive and appealing for introducing multiple mobile robot concepts. The paper details the
design, realization, and underlying principles of this tool. Finally, the performance of the arena (response time

Multi-agent
Hardware in the loop
Robotarium

Swarm arena

and localization accuracy) is quantified and discussed, and an ant-inspired application is presented.

1. Introduction
1.1. Context

Swarm robotics is a field of robotics that draws inspiration from
the self-organized behaviors of social organisms such as animals and in-
sects. Through simple rules and local interactions, swarm robotics aims
to achieve complex, robust, and flexible behaviors via the coordination
of a large number of robots [1]. The underlying idea is that tasks can be
collectively accomplished that would be unattainable for an individual
robot. Some bio-inspired examples, such as the ability of ants to find
the shortest path [2] or the organization of schools of fish, demonstrate
“collective intelligence”, based on simple local rules of interaction [3].

Swarm robotics is a relatively recent field of research inspired by
swarm intelligence applied to robotics [4]. Although research in this
topic has increased over the last two decades with significant progress,
real applications of robot swarms are still rare, as are experiments with
actual robots [5]. That is, applications can be observed [6] in medical
robotics, meteorology, or in the field of entertainment where swarms
of drones give rise to new large-scale entertainment.! Nevertheless,
the number of applications remains small compared to the numerous
applications for which swarm robotics is interesting:

» Tasks that require monitoring across a geographical area, such as
forest fires, pollutant leaks, or agricultural crop inspection;

« Tasks that are too dangerous for humans or for individual, com-
plex, and costly robots, such as clearing a mine corridor by
allowing robots to exhibit sacrificial behavior;

» Tasks that require scalability or redundancy.

Whether for research or educational purposes, there are few plat-
forms allowing experimentation for swarm robotics approaches [7,8].
A reference for this type of installation is the Robotarium [9,10], an en-
closure dedicated to research, which researchers from all countries can
use remotely. This is a platform with a swarm of simple and inexpensive
robots (around fifty dollars per robot) whose positions are processed by
a set of cameras. The robots communicate via Wi-Fi (Wireless Fidelity)
and perception information is provided by a supervisor. However,
although the robots are cheap, the Robotarium required a significant
investment of $2.5 million® and remains restricted to the world of
research. Faced with the development of swarm robotics, the need for
an experimental platform and the lack of available solutions, it was
decided to create a new low-cost and modular system for experimenting
with multiple mobile robots. This new platform, named “BotArena”, is
not designed for experiments with hundreds of robots (but rather small
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dozens), so it will be referred to as a multiple mobile robot system
instead of a swarm robot system.

This paper presents a proof of concept of a low-cost multi-robot
arena that can be used for education, popularization, and research.
The objective of this work is to enable research institutions to equip
themselves at low cost with an experimental platform that allows
for the implementation and evaluation of multiple mobile robot algo-
rithms. The authors believe that this platform can help to stimulate
research and demonstrations in the field of robotics, particularly in
swarm robotics. Furthermore, the authors contend that it is important
to train the next generations of engineers in this area and to raise
their awareness of swarm robotics. Finally, the authors assert that the
popularization of a given topic has a positive impact on the associ-
ated research field [11]. The availability of a demonstration platform
that can be easily moved and installed serves as an effective tool
for participation in popularization events. To the best of the authors’
knowledge, such a multi-robot platform represents a novel contribution
in comparison to existing platforms.

The following section presents the different constraints identified
during preliminary thinking and the adopted solutions.

1.2. Constraints and architecture of the arena

The project was built around three main constraints:

» Cost: The BotArena must remain financially accessible to most
research and academic institutions;

Modularity: Given the diverse contexts in which the BotArena will
be deployed (e.g., scientific experiments, educational activities,
demonstrations), it is crucial that the system’s dimensions can
be easily adjusted. Furthermore, as these use cases may occur in
different locations, the arena, either in whole or in part, must be
easily transportable;

Versatility: Given the wide range of potential use cases, the sys-
tem must be capable of addressing various challenges in mobile
robotics (e.g., exploration, mapping, swarm intelligence). The
robots must therefore be adaptable.

The overall system is based on a principle called hardware-in-the-
loop (HIL) [12,13]. HIL is a crucial methodology in engineering and
technology. In swarm robotics it integrates physical robotic agents
with computer simulations to form a dynamic and realistic testing
environment. This enables researchers and engineers to evaluate the
performance of robot swarms in simulated scenarios, encompassing
complex multi-agent coordination and environmental interactions. HIL
not only enhances the development and testing phases of swarm robotic
systems but also enables the validation of control algorithms and
hardware components. Additionally, it serves as an initial step toward
ensuring the reliability and efficiency of robotic swarms before deploy-
ment in real-world applications. More details about the HIL aspect of
the BotArena are presented in Section 2.3.

To satisfy the cost constraint, it was decided, similarly to the Rob-
otarium, to create “simple” robots. These robots are presented in
Section 2.1, although it is noteworthy that they do not have any sensors
but are equipped with visual markers allowing cameras to identify and
locate them. To locate the robots, the system relies on inexpensive cam-
era systems (Raspberry Pi.®> based) and free software tools (OpenCV,
Flask). The approach to identify and locate the robots is detailed in
Section 2.2 To satisfy the modularity constraint by allowing an easy
reconfiguration of the arena a simple and classical calibration process
is detailed in Section 2.2. Finally, a supervisor (another Raspberry Pi)
is used to manage everything. It processes the commands of the robots
according to simulated sensor data and the expected behavior for each
robot. This supervisor is presented in Section 2.3.

3 https://www.raspberrypi.org/
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The structure of the paper is as follows: Section 2 describes the
arena, the robots, and the localization process. Section 3 covers exper-
iments conducted with the BotArena to test the system performances
and present an use case, and Section 4 concludes the paper.

2. The arena: design and operation

The platform consists of three main components: the robots, the
cameras, and the supervisor. The robots are described in Section 2.1,
the cameras are discussed in Section 2.2, and the supervisor is ad-
dressed in Section 2.3.

The general concept of the arena is as follows: the cameras de-
tect the robots’ positions and orientations and transmit this data to
the supervisor. The supervisor then generates control commands and
transmits them to each robot. All system components communicate via
a Wi-Fi network.

Fig. 1(a) illustrates the hardware configuration. In the figure, only
two cameras are depicted, but this does not limit the system: cameras
can be added to scale the arena at will, in accordance with the modular-
ity criteria defined in Section 1.2. Fig. 1(b) provides an overview of the
general operation of the arena. This is a HIL approach as the sensor data
for the robots are simulated, and the behavior of the robots is computed
by the supervisor and not by the robots themselves as depicted in Fig. 2.
Thus, there is a simulated part and a hardware part.

2.1. Robots: design and operation

It has been decided to design new robots to meet the objectives of
the arena. Here are the defined constraints for the robots:

Low cost: when considering multiple mobile robots, the individual
cost of each robot is therefore relevant;

Reduced size: similar to cost, the individual size of each robot
is important when planning to deploy several robots in the same
arena;

Incorporating a top-mounted marker: necessary for detection by
overhead cameras;

Differential kinematics: enabling maximum mobility in a re-
stricted space;

Wi-Fi communication to facilitate interactions between the robots
and the supervisor.

The following sections detail the design process to meet these
constraints. The interested reader can check the dedicated GitLab repos-
itory.* The chosen materials (references and suppliers), mechanical
design (SolidWorks CAD - Computer-Aided Design), and electronic
design (Eagle CAD) are freely available. Fig. 3(a) shows the result of
the CAD design.

2.1.1. Hardware design

The robots are built around an ESP32 micro-controller, which in-
tegrates a standard micro-controller along with Wi-Fi and Bluetooth
communication capabilities. This choice was made to minimize the
final size of the robot. To facilitate programming the micro-controller, a
programmer was integrated directly into the robot, although the use of
an external programmer could have simplified the on-board electronics.
The academic context of the BotArena justified this choice, similar to
the approach taken with the Arduino platform, for example. Besides, it
can be noticed that the ESP32 can be programmed with the Arduino
IDE (Integrated Development Environment), as it can be for the robots
of the BotArena.

To fine-tune robot movements, encoders are used on each of the
two motors, and their data are processed by a digital PID controller
(Proportional-Integral-Derivative) implemented on the ESP32. Several

4 https://gitlab.u-angers.fr/botarena/ba_conception
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Fig. 1. The BotArena overview: The cameras locate the robots, send the poses information to the supervisor, the supervisor simulates sensor data, computes the robot’s commands,

and sends them to the robots, the robots move accordingly to the commands.
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Fig. 2. The HIL architecture of the Botarena.

methods exist to adjust the parameters of this type of controller; the
method used here is inspired by Astrém and Higglund [14].

For the choice of batteries to power the robots, a 900 mAh nickel-
metal hydride (NiMh) solution has been chosen and provides a min-
imum of 3 h of operation. The design team’s experience in mobile
robotics prompted the decision to discontinue the use of Lithium poly-
mer (LiPo) technology due to its instability over time, particularly
with respect to morphological changes, as highlighted in [15], which
are primarily caused by prolonged periods of inactivity. A detailed
overview and comparison of battery technologies can be found in [16].
When using a battery, a management system is necessary [17], here the
battery voltage is brought back via a divider bridge to an analog-digital
conversion input of the micro-controller.

Several non-optimal choices from a cost point of view were made
in order to increase the robustness of the robot. This is the case of the
H-bridges for controlling the motors which are oversized, as well as the
choices of a very robust USB connector, or the battery previously men-
tioned, which slightly increase the cost of the robot while remaining
correct. However, as the arena is open hardware, anyone could update
the robot components to meet their need.

To conclude with the mechanical design, it is possible to note the
use of angle gear motors in order to limit the bulk and facilitate
the positioning of the magnetic encoders. These motors are sized for
a maximum linear robot speed of 30 ¢m s~! and angular speed of
approximately 100 rpm. The differential kinematics of the robot is

modeled as:

ol _avl_ 12 L]V

HR SR i ]
with v, and v, respectively the rotation speeds of the right and left
wheels, V' and w the linear and angular speeds of the robot, L the
distance between the wheels and R the radius of the wheels (L = 10
cm and R = 3 ¢cm, schema on Fig. 3(b)). J corresponds to the Jacobian

@

of the system [18]. It is this relation (1) that is implemented in the
low-level functions for the mobility of the robot.

2.1.2. Embedded software

The commands of the robots are computed by the supervisor as
detailed in Section 2.3. Thus, the only information the robots receive
are linear and angular speeds. This behavior makes it possible to
simplify the programming of robot behaviors, but could very well be
modified to directly integrate the decision algorithms into the robots
(this is not the purpose of this article).

At the robot level, the software can be seen as an extremely simple
loop composed of two operations depicted in algorithm 1.

Algorithm 1: Robot main loop

1 initialization;

2 while 1 do

3 LbotNetwork();
4

botOrganizer();

The function bot N etwork() gets the speed command over the net-
work via TCP sockets.

The commands received are not executed directly but are stored in a
linked list which is processed by the botOrganizer() function. The main
advantage of this architecture is its ability to easily create scenarios
that are executed according to a predefined timing.

This operation is non-blocking and reduces the individual cycle time
of the different functions, ensuring good responsiveness of the robots.
Furthermore, this allows “stacking” orders for further processing.

To the aforementioned architecture are added three low-level func-
tions, managed via interrupts to ensure accurate execution times. These
functions can be activated by an on/off type request and associated
parameters can be modified. Implemented using interrupts, these func-
tions remain fully transparent to the user:

+ A function managing the speed control (the most complex, and
thus presented here);

+ A function that enables a speed ramp with adjustable acceleration
and deceleration coefficients for smooth movement, avoiding jolts
that unnecessarily strain the mechanics;

» A watchdog, a security feature to stop the robot in the event of a
loss of connection.

To implement the speed control function, accurate motor rotation
speed measurements are required. These are gathered through the
encoder edges, which require two interrupts per motor. Each encoder
has two channels (A and B), and an interrupt is triggered on each edge.
The direction of rotation is determined by the state of the channels,
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while the speed is measured using a counter whose value corresponds
to the frequency of interruptions.

Calling the function that directly commands the servo-motors is
done through a timer generating an interrupt. The accuracy of this time
interval is crucial, as it is used in calculations for angular speed and
derivatives.

The angular velocity is computed according to Eq. (2):

counter X angular resolution x =

- 2
@ir d7 x 180 2

With w,, in deg s~!, and Ir the right or left wheel index. Angular
velocity is converted into linear velocity with Eq. (3):

Vi, =, X R 3

With ¥ the linear speed in m s~!. The error ec is thus defined by
the difference with the speed reference which allows the resolution of
the corrector Eq. (4):

d
Chia =K, X(ec+TL/ec><dt+T (etc)>, (©)]

with K; = =%, K; = K, X T,, C,;; the command (output of the PID
corrector) ana ec the error (difference between the expected speed — the
setpoint — and the measured speed). The main difficulty when imple-
menting a PID corrector it the adjustment of the coefficient values K,
K; and K. There are many methods to evaluate those parameters; the
one chosen here is the CHR method (Chien, Hornes and Reswick) [14]
that evaluates each coefficient from the index response of the system,
an example is implemented in [19].

2.2. Localization system

2.2.1. Hardware and software architecture

In order to meet the low-cost and modularity constraints, a decision
was made to design a multi-camera system using low-cost cameras.
Raspberry Pi paired with PiCam® cameras were selected. Each con-
nected camera (that is, a Raspberry Pi board with a PiCam) is placed
high up to detect the markers attached to the top of the robots.
Consequently, the detected position and orientation of the markers
corresponds to the robots. Each camera module is connected to the
Wi-Fi network and runs a TCP/IP socket server (based on Flask). On

5 https://www.raspberrypi.com/documentation/accessories/camera.html
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X

(b) Kinematics

The robot.

request, the cameras send the positions and orientations of the visible
robots in JSON (JavaScript Object Notation) format.

Tracking via coded targets is a method frequently used in aug-
mented reality applications and robot localization that, in general, out-
performs methods based on natural descriptor extraction. It is easy to
implement, and many libraries such as ARTool-Kit [20], very popular in
the scientific literature, Cybercode [21], InterSense [22], ARTag [23],
ALVAR, or ArUco [24] provide the ability to detect these targets,
identify them, and easily estimate their pose (position and orientation).
ArUco markers were chosen for being more recent and natively im-
plemented in Open-CV, the library used here. Furthermore, according
to [25], ArUco markers provide an effective balance between speed,
flexibility, and accuracy in position and orientation detection.

The configuration of the cameras requires three typical steps: the
evaluation of the intrinsic matrix (to be done once for each camera),
the computation of the camera’s position relative to the global arena
reference (to be done each time the camera is moved), and the detection
and localization of the robots in the arena frame. These three steps are
detailed in the following subsections.

2.2.2. Calibration — intrinsic matrix and extrinsic matrix

The camera calibration involves two steps: the estimation of the
intrinsic matrix and the computation of the position of the camera
relative to the global arena reference (extrinsic matrix). The global
arena frame will be referred to as the world frame in the following
sections.

To compute the intrinsic matrix (as well as the distortion coeffi-
cients), the classic approach of OpenCV based on a chessboard is used.®
Since this calibration depends solely on the camera and not on the
scene, it can be performed once for each camera.

According to the pinhole model [26], the relationship between the
camera pixels and the world frame can be expressed as:

p=A[R,|t, IP,, )

where p = (u,v) are the coordinates of the pixel, A is the intrinsic
matrix, [R,[t, ] is the transformation matrix from the world frame
to the camera frame (with R, . being the rotation matrix and t,, . the
translation vector), and P, represents the coordinates of the object
in the world frame. Computing the extrinsic matrix (the pose of the
camera in the world frame) involves evaluating [R,, [t,, ]

6 https://docs.opencv.org/4.x/dc/dbb/tutorial_py_calibration.html
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Fig. 4. Example of pattern to compute the extrinsic matrix.

This estimation can be achieved through several approaches. For in-
stance, the poses of the camera could be predetermined using
computer-aided design (CAD) software and precise camera placement,
or one could measure those poses using precise external tools like
laser measurements. However, as previously mentioned, modularity is
a crucial criterion for the Botarena, as it must be adaptable in size
depending on user requests, location, or context of use. Therefore,
changes must be simple and quick: extensive calibration steps cannot
be considered. It has been decided to implement a fast estimation of
the camera poses by utilizing a printed marker pattern with known
poses (this can easily be done using drawing software like Inkscape, for
instance). An example of a pattern with 4 markers is shown in Fig. 4.
Thus, it is only necessary for a camera to locate 4 markers to estimate
its pose (position and orientation). Larger patterns with more markers
can be designed to calibrate cameras over a broader environment, as
long as the marker positions are known in the world frame and each
camera can locate at least 4 markers. This approach facilitates camera
calibration: the cameras are mounted facing downward to detect the
markers, the reference pattern is then placed in the arena so that each
camera can see at least 4 markers, and calibration is carried out for each
camera. Thanks to this method, the entire arena setup can be completed
in about 15 min, from mounting the arena structure to localizing the
robots in the world frame.

2.2.3. Estimate the robot’s positions

Once the calibration has been completed and the extrinsic matrix
has been computed, it is then possible to locate the robots (i.e., the
corresponding ArUco markers) in the world frame.

To achieve this, the first step is to detect the ArUco markers in the
image and estimate their positions. This is accomplished using built-
in OpenCV functions that provide a rotation vector and a translation
vector for each detected marker. It is assumed that a marker is at the
origin of its own reference frame: P{n = (0,0,0, DT, where P{n denotes
the position of marker j in its own frame. Using OpenCV, it is also
possible to compute R{M and t,’;,,c, which represent the rotation matrix
and the translation matrix, respectively, that allow transformation from
the marker frame to the camera frame (utilizing the results of the
calibration):

P/ =R/ |t} P/ ©
with Pé the coordinates of the marker j in the camera frame. Using the
extrinsic matrix it is possible to compute:

Pl = (X0 Vi 20)" = [RY |t 7 [RY, |t PT @)
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with P/, the coordinates of the marker j in the world frame and

X, X X,y X,Z >
m,w m,w Fmw mw
y.x .y Y.z y
J J -1 j J NTmw  Tmw  Tmuw tm,w
[Rw,c |tw.c] [Rm,c |tm,c] | %X z,y z,z 2 B (8)
rm,w rm,w rm,w m,w

0 0 0 1

with [R{w |tfv’C] the transform from the world to the camera frame and
[R{n,cltit,c] the transform from the marker to the camera frame. Thus it
is possible to compose the pose of the marker in the world frame (and
therefore the pose of the robot):

x/ X

V= Y ©)
i V.X X,X

o/ atan2(rm4’w, Ponw)

with (x/,)/) the position of the robot attached to the marker j in the
world frame and ¢ its orientation.

2.3. Supervisor

The supervisor is the central element of the platform. Fig. 5 depicts
the functional schematic of the Botarena. This centralized architecture
enables the platform to simultaneously meet the three constraints of
low cost, modularity, and versatility. The supervisor manages three
main tasks:

« Camera administration;

» Experiment configuration;

» Robot sensors and codes (i.e., the computation of the robot com-
mands).

The reader will notice that the BotArena has a centralized archi-
tecture that may differ from some decentralized concepts of swarm
robotics. Indeed, the supervisor controls the entire arena. However, this
configuration makes it possible to simulate a decentralized behavior
for the robots: within the supervisor, the commands of each robot are
processed separately as they would be in each robot. This choice has
been made to simplify robot programming while meeting the low-cost
constraint.

To facilitate the use of the arena, the supervisor relies on a web
server implemented with Flask.” This server runs on a dedicated Rasp-
berry Pi (referred to as the supervisor) and allows access to the various
functionalities of the system through any web browser, eliminating the
need for a heavy client. The three following subsections detail the three
points managed by the supervisor.

2.3.1. Camera administration

One of the requirements for the platform is modularity: it must
be possible to easily modify the configuration of the arena, including
its surface area, the number of cameras, and their placement. The
supervisor provides access to the cameras’ functionalities, such as the
calibration process detailed in Section 2.2.

To achieve this, the supervisor facilitates image retrieval from a
specified camera, records the necessary images for the calibration
process, computes the intrinsic matrix, stores the image to position
the camera within the world reference frame, computes the extrinsic
matrix, visually verifies the consistency of the computed matrices, and
checks the robots detected by the camera. All of this is done via TCP/IP
sockets.

7 https://flask.palletsprojects.com
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Fig. 5. Functional schematic of the BotArena. The cameras locate the robots, send the poses information to the supervisor. The supervisor processes those poses to simulate sensor
data and to compute the robot’s commands. The commands are sent to the robots and the robots move accordingly.

2.3.2. Experiment setup

To meet the constraint of modularity, it is essential to add or remove
cameras and robots with ease. The supervisor operates on configuration
files that specify the cameras in use, including their IP addresses
and port numbers, as well as the robots, such as their identification,
IP address, and port number. These configuration files are editable
through the web interface.

To satisfy the constraint of versatility, the robots are categorized
into groups, where each group has a defined behavior. The objective is
to enable multiple packs of robots with different behaviors to coexist
within the same application.

2.3.3. supervisor control loop and data management

Algorithm 2 presents the tasks done by the supervisor during an
experimentation run.

For each camera, the position and orientation of detected robots
are retrieved. Subsequently, this information is merged to generate
an overview of all the robots in the arena. This step corresponds to
the “Location/Orientation” in Fig. 1(b) and provides as output a table
with robot ID, location (x,y) and orientation # specified in the arena
reference frame. According to the position and orientation of the robots,
the sensor data for each robot are calculated (sensor simulation in
Fig. 1(b)).

Sensor simulation is not a pre-implemented callable function, but
rather a feature that must be customized by the user, allowing for
tailored adjustments. To simulate sensor data, the user must implement
a Python function which takes as input the marker identifier of the
considered robot, the positions and orientations of all the detected
markers, and the environment configuration. The function returns in
output a dictionary containing all the sensor data for a given robot. For
instance, to simulate a 2D LiDAR (Light Detection And Ranging), the
function could compute the intersection between the robot’s simulated
beams (given its position and orientation) and the other markers. A

Algorithm 2: Supervisor experiment loop

s foreach Camera do
6 L Open a TCP/IP socket;

7 foreach Robot do
8 L Open a TCP/IP socket;

9 while Experiment is running do
10 foreach Camera do

11 Get the position and orientation of all the detected
robots;

12 foreach Robot do

13 L Generate the sensor data;

14 foreach Robot do

15 Compute the command based on sensor data and the
robot’s data;

16 Update the robot’s data if needed;

17 foreach Robot do

18 L Send the command to the robot;

similar approach can be taken with conic beams to simulate ultrasonic
Sensors.

In addition to sensor data, each robot can maintain persistent data
(e.g., the values of a PID regulator or a local cost map). This data is
stored in a dictionary specific to each robot, which can be updated
during the processing of commands. Each group of robots may possess
different persistent data; however, they are initialized identically for
each robot within the same group.

Once the sensor data has been calculated, it is utilized together with
any necessary persistent data to compute the command for each robot.
This computation is performed using source code that returns the linear
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Main robots for swarm robotics compared to BotArena — mainly based on [30].

Robot/Feature Introduction date Developer Commercially available Open hardware Cost

Khepera IV 2015 K-Team (EPFL spin-off) v - USD 3200
E-puck 2004 Ecole Polytechnique Fédérale de Lausanne (EPFL) v - USD 1000
SMARTmBot 2022 Purdue University - v USB 210 (parts)
Thymio 2011 Mobsya (EPFL spin-off) v v USD 173
Kilobot 2010 Harvard University v v USD 130

Mona 2019 University of Manchester - v USD 129
BotArena 2022 University of Angers - v USD 110 (parts)
HeRoSwarm 2023 University of Georgia - v USD 100 (parts)
GRITSBot 2015 Georgia Tech - v USD 50 (parts)
Colias 2014 University of Lincoln - v USD 32

WsBot 2019 Universidade Tecnologica Federal do Parana - v USD 17 (parts)

and angular speeds to be applied to. While this code may vary across
different groups of robots, it remains consistent for each robot within
the same group.

Finally, the computed linear and angular velocities are transmitted
to their respective robots (TCP/IP sockets).

All these steps are illustrated in Fig. 5.

2.4. Synthesis

The BotArena is an open-source and open-hardware platform that
facilitates reproduction and modification. While it serves as an addi-
tional platform for multi mobile robots, it possesses unique character-
istics compared to existing systems. Some reviews of existing systems
can be found in [9,27,28]. It appears that the criteria for choosing a
test bench are multifaceted, as detailed in [29]. It is often necessary to
make trade-offs among various parameters. A system performing with
high localization accuracy (within centimeters) will be more expensive
due to the use of an opti-track system, for instance. Some systems
feature low-cost robots; however, they often utilize expensive cam-
eras. Furthermore, many do not consider the size of the experimental
area or the ease of transporting the test bench. In the following, the
evaluations carried out on the arena will therefore be difficult to
compare with existing arenas as the source data are fragmented and,
in many cases, absent from the original publications. The BotArena is
positioned within a distinctive cost segment (arena and robot), and
its originality lies in the ease with which the arena can be relocated
or the experimental area size can be adjusted. In addition to research
applications, the BotArena is also valuable for communication and
demonstration events. The ability to dismantle and reassemble it within
a quarter of an hour provides a significant advantage and facilitates
the promotion of this emerging segment of robotics. Representing an
exhaustive comparison of platforms in an orderly manner is beyond
the scope of this paper; however, a summary of the principal robots is
provided in Table 1, positioning the BotArena robot within the current
landscape of swarm robotics. It is noteworthy that this table is derived
from [30] and supplemented with more recent robots [31,31,32].

Overall, it is affordable by most institutes and can be reproduced in
numbers to be representative of swarm robotics [33]. The remainder of
this paper focuses on quantifying arena performance.

3. Experiments

This section assesses the performance of the arena. Initially, the ac-
curacy of the robot’s localization will be examined, followed by an anal-
ysis of the network and processing times. Finally, a brief application
simulating the behavior of an ant colony will be implemented.

3.1. Localization evaluation
Due to cost optimization, a Raspberry Pi SBC and its dedicated

camera have been selected; however, concerns regarding performance
are valid. The following experiments were conducted with a setup

of three cameras with overlapping areas. A reference pattern, visible
in Fig. 6, was printed in AO format. All positions, orientations, and
distances between markers are known, establishing a ground truth for
comparison with the data collected by the system.

3.1.1. Global localization performance

In this experiment, three cameras are positioned to detect the refer-
ence pattern. None of the cameras can view the entire reference pattern;
in particular, the first and third cameras do not share any overlapping
fields of view.

Fig. 7 has been generated using MATLAB’s boxplot tool. The oper-
ational canvas is as follows (excerpt from documentation®): for each
box, the central mark indicates the median, while the bottom and
top edges represent the 25th and 75th percentiles, respectively. The
whiskers extend to the most extreme data points that are not classified
as outliers, while outliers are represented individually using the '+’
marker symbol.

A jitter is observed in each position marker, which was anticipated.
Fig. 7 has been constructed to quantify the localization inaccuracy. The
localization jitter is computed based on the Euclidean distance from the
ground truth to the detected marker position.

From Fig. 7(a), the localization error is bounded within the interval
[+1; —1.5] cm. When compared to the arena dimensions (1.3 x 1.6 m),
this constitutes a reasonable range; however, considering the robot’s
size (8 cm), this interval corresponds to ~ 32% of the robot’s size, which
is a significant parameter. Given these inaccuracies and the robot’s
form factor, specifically the gap between the wheels and the body, the
robots should not operate too close to each other, in order to prevent
unintended physical locking. In terms of orientation (Fig. 7(b)), the
error is bounded within the interval [+6.7;—8.1] deg, primarily due to
one marker.

The following section will focus on each camera and analyze their
respective fields of view.

3.1.2. Decomposed location performance

In Fig. 8, overlapping areas are clearly visible: the spread measure-
ments are wider in these regions. To characterize this, the problem will
be addressed using clustering tools.

Many algorithms are available to evaluate cluster spreading. As the
number of clusters is known (number of markers) and the clusters
are distinct, K-means [34] appears to be a suitable algorithm for this
application. The algorithm output is the sum of the Euclidean distance
(d) between the centroid and each point of the cluster® defined as:

N. pi
Bss=7Y 3 |x,- ¢ 10
i=1 j=1

With i denoting the cluster index, N, denoting the number of clus-
ters, C; denoting the cluster centroid, X ; denoting the current sample

8 https://fr.mathworks.com/help/stats/boxplot.html
9 BSS - Between Cluster Sum of Squares.
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Fig. 6. AO Pattern for localization evaluation.
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from cluster i, and p; denoting the number of samples in the cluster.
Between Cluster Sums of Squares (BSS) will provide a quantification of
cluster dispersion. Fig. 9 presents the BSS of each marker according to
each camera’s detection and the overall detection.

When the marker is seen by only one camera, the overall BSS for
that marker matches that of the camera. That corresponds to 12 mark-
ers. For the rest, we can clearly see that the entire system has a greater
dispersion than the cameras taken individually. For applications, robots
are submitted to the entire system, so finally, we can conclude that
overlapping areas are less precise than others. To improve the precision,
one could update the calibration algorithm that computes the extrinsic
matrix.

The intrinsic matrix can also be evaluated with respect to the
BSS dispersion of a single camera. The analysis of individual view
fields reveals a constant: the fact that in the middle of the image, the
dispersion of markers is low while the periphery where it is high. To
try to highlight this, the order box is sorted by distance to the center
of the image.

Fig. 10 illustrates the sorted markers and demonstrates a trend
of increasing amplitude, particularly evident in the linear regression
of BSS data. Optical aberration are documented for raspberry cam-
era [35]; however, localization jitters are the result of the compromise

between price, simplicity, efficiency and, performance. That is, despite
the jitters, the arena can still be regarded as suitable for a wide range
of applications.

3.2. Timing evaluation

The BotArena is made of three parts: the cameras, the supervisor,
the robots. All of these components are evaluated in the subsequent
sections.

3.2.1. Camera processing time

During an experiment, the cameras continuously compute the poses
of the robots and, upon request, transmit the most recent known
poses to the supervisor. This section estimates the image processing
time required to compute the poses of the robots. To evaluate the
processing time of a given camera, time measurements were recorded
on the camera module based on the number of markers within the
field of view. For each quantity of markers, between 200 and 325
measurements were conducted. Fig. 11 summarizes these findings.

It can be noticed that the number of robot does not significantly
impacts the processing time. It is mostly contained between 60 to 80 ps.
Some unexplained outliers are observed but always in negligible time
for user.
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3.2.2. Supervisor response time
As depicted in Section 2.3, the supervisor manages several steps:

» Acquiring the poses of the robots from the cameras;

+ Updating the environment;

+ Simulating the sensor data for each robot;

» Computing the commands for each robot and, if necessary, updat-
ing the persistent data;

+ Finally, sending the commands to the robots.

For each of these steps, a time evaluation is conducted over 1500
samples for three different numbers of robots: 2, 4, 6 robots. This setup
utilizes three cameras to locate the robots. The results are depicted in
Fig. 12.

Here are some interpretations of the results:

» The time measurement in Fig. 12(a) does not appear to be affected
by the number of robots. This is expected, as the image processing
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is conducted independently to the supervisor; thus, the measured
time corresponds to the duration required to send the last updated
poses.

From Fig. 12(f), it can be observed that the mean response time is
approximately 50 ms (for 6 robots), resulting in a command rate
of 20 Hz for the robots, which is more than sufficient to ensure
responsive behavior.

The overall processing time is dependent on the number of robots.
This was predictable, as the supervisor must compute the sen-
sor data and the command for each robot. Consequently, the
command rate decreases as the number of robots increases.

In addition to this, outliers can be noted in the results: some
supervisor iterations took longer than others and could even be consid-
ered excessively long. Although this does not significantly impact the
average processing time, it could pose an issue during the experiment:
the robots may not receive command updates in a timely manner. To
prevent hazardous behavior, a watchdog has been implemented on the
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robots, as said in Section 2.1. These outliers seem to be primarily due
to network latency, occurring between the supervisor and the camera,
but mainly between the supervisor and the robots. This will need to be
investigated in the future.

Finally, based on these data, the maximum number of robots that
the arena can support can be extrapolated. Indeed, 12 robots were
constructed and considered in various experiments. However, the max-
imum number of robots that the arena can accommodate has not been
experimentally determined. That is, based on the results in Fig. 12(f),
utilizing a linear regression of the median values allows for the de-
termination of a trend. The intersection of this curve with the value
of the robots’ watchdog provides a theoretical estimate regarding the
maximum number of robots: 40 robots in this case. In order to accom-
modate 40 robots, it is assumed, based on the findings in [9], that each
robot requires an 8 cm safety buffer. Consequently, at least an arena
with dimensions of 2.60 x 1.04 m? is necessary. Given that each camera
possesses a field of view of 1 m?, only three cameras are required
under these conditions. This suggests that the current configuration is
feasible for this use case. However, to facilitate robot movement, it
may be advisable to increase the size of the arena by adding additional
cameras. Expanding the number of cameras will, in turn, increase the
duration of the pose retrieval process (Fig. 12(a)). This process is
presumed to scale linearly with the number of cameras, as it involves
a simple request/response mechanism via a TCP/IP socket, with each
camera transmitting the most recent detected poses. To explore the
possibility of using that many robots, an experiment with 40 markers
has been done (Fig. 13). Three cameras have been used to locate the
markers, and they managed to provide the detected markers positions
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at a frequency around 16 Hz. From those positions, it has been possible
to send 40 velocity commands at a 10 Hz frequency each, that is below
the watchdog. Even if those result supports the hypothesis of using 40
robots, further investigation is required to validate the possibility of
using that many actual robots.

It can be noticed that the theoretical limitation of 40 robots is not
particularly restrictive, as numerous recent studies in the field of multi-
robot systems do not involve such a larger number of robots [36-
39].

3.2.3. Robot timing

Finally, the robot’s cycle time is evaluated. It has been done by
simply including two time readings (Arduino micros() function) and
subtracting them. This gives an average value of 28 ps. Has the mea-
surement where highly constant, it has been decided not to plot the
results.

3.3. Application

The results presented in the previous section show that the localiza-
tion precision and timing of the system should allow the development
of applications involving multiple mobile robots.

One popular paper behind swarm robotics is the shortest path prob-
lem observed in ants [2]. This experiment was reproduced with robots
20 years later using light markers [40], and this is a key milestone in
swarm robotics, as group-level behavior was observed. The goal here
is to reproduce a version of it with the BotArena.
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(a) The 40 markers.

Mechatronics 106 (2025) 103295

3 Cameras

— =
—

Marker's
poses
|

TCP/ IP sockets Jf
x 4

Wi-Fi
network

b4 0

Velocity
commands

H
a...

40 Markers

(b) An overview of the experiment.

Fig. 13. Experimental setup with 40 markers.

Fig. 14. Ant test bench.

This experiment involves an ant colony that has 2 possible paths
to reach a food supply (Fig. 14). One of the paths is shorter than the
other, but the ants (robots) have no prior information about the shortest
one. At the crossroad, the ants randomly choose a path. Without any
additional information, the ants have a 50% chance of choosing the
shortest path.

While moving along the path, the ants deposit pheromones along
their route. This causes the random choice at the crossroad to be
influenced by the amount of pheromones on the path: i.e., the ants will
more often choose the path with the most pheromones.

The expected behavior is that, thanks to the deposited pheromones,
the ants will increasingly choose the shortest path.

With the BotArena, it is possible to set up such an experiment
using environment data to simulate the pheromone deposits. Fig. 14
represents the initial position of the test bench.

Fig. 15 shows two moments of the experiment. In this figure,
the black ants depict the pose of the robots (a group of 8 robots is
considered), and the blue cells represent the quantity of pheromone
on the path (the bluer the more pheromone). In Fig. 15(a), the ants are
using both paths equally, whereas in Fig. 15(b), the ants tend to prefer
the shortest path.

Fig. 16 depicts 55 choices made by robots during the experiment.
It appears that 69% of robots chose the shortest path, which is bet-
ter than the 50% expected without involving pheromones and thus
demonstrates swarm behavior.

Obviously, there is much more to be said regarding how to imple-
ment this example, but that is not the topic of this paper, which remains
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focused on the arena itself and its possibilities. The interested reader
can find some references on the Keller-Segel model for chemotaxis
in [41].

4. Conclusions and perspectives

As mentioned above, the objective of the BotArena is to provide
the community with an affordable tool for experimenting in the field
of mobile robot behavior. This arena integrates three primary crite-
ria that facilitate its adoption by a wide range of institutions: cost,
modularity, and versatility 1.2. This article delineates the architecture,
operation, and design of the arena and the robot. Through appropriate
experiments, the localization precision was quantified, along with an
evaluation of the operational and cycle times of the arena. This enables
readers to understand the arena’s limitations.

Eventually, the arena has been used in an experimental setup to
demonstrate its usefulness. The ant experiment has been showcased at
multiple science festivals (Fig. 17). Undoubtedly, this aspect of robotics
captivates the interest of the general public. The promotion of bio-
inspired, yet unpredictable behavior, elicits inquiries and stimulates
curiosity among a diverse audience.

Here is the future work for that platform:

+ Testing the Stag markers and comparing them with AruCO mark-
ers within the arena context. The Stag markers may offer im-
proved localization accuracy without increasing processing time;
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+ Investigating the erratic network latency that punctually slow
down the communication between the robots and the supervisor.
Offering comprehensive sensor simulation capabilities out-of-the-

box. This functionality can be implemented either as a plugin
for the user interface or provided as directly accessible source
code to simulate standard sensors such as LiDAR, IMU (Inertial
Measurement Unit), and others.

Testing the arena with a larger number of robots. To date, the

arena has been tested with a maximum of eight robots simulta-
neously. There are plans to build additional robots and test the
limits of the platform. As for the robots, the arena has been tested
with at most 3 cameras, there are plans to double the number of
cameras;
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- Integrating the ROS2 framework.! ROS2 is widely adopted in
academic robotic and its inclusion will facilitate the use of the
arena by the broader research community. Moreover, ROS2 offers
several tools for visualization and simulation that could be useful
for this platform;

Introducing fully holonomic robots. This would allow for the sim-
ulation of challenges related to maritime environments, including
elements such as wind and ocean currents;

Implementing online recovery in the event of network disconnec-
tion is currently lacking. At present, if a network disconnection
occurs, the robot’s watchdog is triggered, causing the robots to

https://docs.ros.org/en/humble/index.html
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stop. However, the system does not offer a mechanism to resume
the experiment once the network reconnects. To restore normal
operation, a complete system reboot is required. This will be
updated in the future;

Using the arena to validate theoretical results. The team is cur-
rently developing novel approaches for robot dispersion and plans
to use this platform to test those algorithms.

The arena is already usable, all designs, codes, tutorials are available
in open access.!! The team will be happy to have feedback in case of
reproduction.
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