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Abstract— Networked robotics is an area that integrates
multi-robot and network technology. The characteristics and
the reliability of the communication environment play a funda-
mental role shaping and affecting behavior and performance of
a mobile multi-robot system. In this context, two basic questions
arise: how much the overall performance is affected and how
can we investigate this influence? Addressing these two ques-
tions, in this paper we present the architecture of an integrated
simulation environment that allows for realistic simulation of
networked robotic systems. The proposed framework integrates
two simulators: a network simulator and a multi-robot simu-
lator. We present two implementations based on the ARGoS
simulator for the robotic side, and with ns-2 and ns-3 employed
as network simulators. We evaluate the proposed tools, both
in isolation and integration, and show that they are able to
efficiently simulate systems consisting of hundreds of robots.
Moreover, we use the proposed framework to demonstrate
the effects of communication on the performance of a mobile
multi-robot system performing distributed coordination and
task assignment. We compare realistic network simulation with
simplified communication models and we study the resulting
behavior and performance of the robotic system.

I. INTRODUCTION

A multi-robot system is a group of robots that cooperate
with each other in order to solve a shared task. The motiva-
tion behind the multi-robot approach is that usually a group
of cooperating robots can perform tasks more effectively
than an individual robot or a group of individually operating
robots. In particular, some task may be unreachable for
individual robots and require an explicit synergy of behav-
iors. For instance, this property lies at the roots of swarm
robotics [6], and other approaches to distributed robotics.

To unleash the full power of a cooperating multi-robot
system, especially of a mobile one, the used communication
tools and techniques need to be effective to support inter-
robot information exchange and coordination. Unfortunately,
in the real world communications are not fully reliable.
This is particularly true for ad hoc wireless communications,
which are the natural choice for multi-robot systems.

In the literature, there are two common ways of dealing
with the problem of unreliable communications. The first one
tries to avoid or limit communications as much as possible,
emphasizing the pure locality of interactions. This approach
is popular in swarm robotics, where indirect communication
via sensing or via interaction with the environment is heavily
used (see [2], [4] for a review of such approaches). This way
of proceeding, although it may increase the robustness of the

system as a whole, at the same time does not allow to fully
benefit from effective information dissemination and long-
range interactions that would be available from advanced
telecommunication techniques. Another typical approach is
to make idealized assumptions about communication. For
instance, in [24] authors assume that messages sent by robots
via broadcasting are immediately available to all other robots.
This approach allows to focus on other scientific issues, yet
makes the studies less realistic. Only a few works touch the
problem of the influence of unreliable communication on
the performance of robotic systems. In [11], the influence of
limited communication range is investigated, however this
is still far from realistic communication models that would
consider the operations of different network protocols, radio
interferences, etc. Similar approaches are further discussed
in Section II.

The above observations led us to the conclusion that there
is a strong need for investigating the actual influence of com-
munication on the operation of (mobile) multi-robot systems.
Such studies can be performed only on real robots or using
advanced simulation tools. Unfortunately, real testbeds are
costly and difficult to realize, other than being limited in the
amount of experiments that can be done. While there exists
no single tool that would offer advanced realistic simulation
of both robotic and communication issues.

The aim of this paper is precisely to propose a re-
alistic simulation tool to help understanding the relation
between the quality of communication and the operation
of a multi-robot system. We propose a general framework
that allows to combine physics-based multi-robotic simu-
lators with advanced network simulation tools. We apply
the proposed architecture and implement two integrated
simulation environments, both based on open source tools,
namely the ns-2 [13] and ns-3 [14] network simulators and
the ARGoS simulator, designed for swarm robotics [16].
The first environment combines ARGoS with ns-2, and
the second one combines ARGoS with ns-3. We perform
an extensive experimental study to evaluate the general
architecture and the instantiated simulation tools in terms
of computational performance, correctness, and generated
overhead. We show that our integrated framework is able
to efficiently and realistically simulate systems consisting of
hundreds of mobile robots. Finally, we employ our tool to
show the influence of different communication models on
the performance of a mobile multi-robot system solving a



distributed task-assignment problem. The aim is to point out
that using more or less realistic network simulations result in
different behaviors and performance, which, in turn, have a
clear impact on the final claims of a scientific work in swarm
and multi-robot systems.

The proposed integrated simulation framework not only
allows to perform more realistic simulations of existing
multi-robot systems, but also open new research perspectives.
In particular, the relation between robot control algorithms
and network control algorithms can be thoroughly and real-
istically investigated: how the capabilities provided by multi-
hop communications can help group of robots to obtain
the desired synergies, or, how robots can online adapt their
control policy in order to improve communication reliability
and connectivity during task execution.

The paper is organized as follows. In Section II we discuss
related work in simulation environments that provide realistic
communication models for robotic and other mobile systems.
In Section III we propose a general framework for integrating
robotic simulators with discrete-event network simulators.
Section IV demonstrates the application of the proposed
architecture in two integrated simulation environments. In
Section V we analyze the proposed tools in terms of per-
formance, correctness, and generated overhead. Section VI
shows how different communication models affect the op-
eration of a multi-robot team performing distributed task
assignment. Section VII reports conclusions and future work.

II. RELATED WORK

There is a relatively large of amount of work on robot
simulation, as well as on network simulation. Nevertheless,
none of the existing robotic simulators offers advanced
communication models, and none of the existing network
simulators flexibly support the simulation of autonomous
mobile robotic agents. A few works, however, try to combine
both tools in order to perform more realistic simulations.

PiccSIM [12] is a joint network and control simulation
tool that combines MATLAB and Simulink with the ns-
2 simulator. After extending it to support mobility, authors
of [18] applied PiccSIM to realistic simulations of a mobile
robot squad. The research focused on applying PiccSIM to
compare a single-path routing protocol with a multi-path
routing protocol in the considered scenario. Modelica [1]
is similar to PiccSIM, it combines ns-2 with a modeling
language for large-scale physical systems. However, this tool
has not been applied to robotic scenarios.

The authors of [23] proposed an integrated tool consist-
ing of the Arena robotic simulator (the precursor of the
Player/Stage [7]) and ns-2. The system is applied to compare
two communication strategies for a group of six robots
performing a resource transportation task.

In [21], the ARMS multi-robot simulator and a network
simulator for the DSDV ad hoc routing protocol, both
developed by the same authors of the paper, are combined to
study a multi-robot rescue system forming a network chain
to relay information to a base station.

MiNT-m [5] is a testbed platform devised to support
experimentation for mobile multi-hop wireless networks. It
enables reconfiguration on an experiment-by-experiment ba-
sis by putting each testbed node on a mobile robot centrally
controlled through a wireless connection. The central robot
navigation control is based on a vision system and a collision
avoidance-based trajectory planner.

There is also a dynamic research area related to simulating
vehicular networks. Despite many differences, the area cov-
ers similar issues to those faced in multi-robotic simulation.
In particular, there exists a strong need of combining realistic
vehicle traffic simulation models with accurate communica-
tion models [20]. There were many integrated tools proposed
that combine traffic simulators with network simulators such
as ns-2, ns-3 and OMNeT++ [17], [8], [19].

Although all these different approaches all contribute with
ad hoc solutions to specific problems, to the best of our
knowledge, a general framework for the integration of robot
and network simulation does not exist. Moreover, no dedi-
cated tools for multi-robot systems have proven to be able to
simulate networked scenarios with hundreds of robots, as in
the case of robot swarms. In previous studies, the used tools
were not evaluated in terms of performance, correctness,
and overhead in comparison to simplified communication
models. Finally, no direct comparison was performed in
terms of resulting behaviors between advanced communica-
tion models and simplified ones in the context of distributed
robotics. In this paper, we precisely aim to cover these issues.

III. INTEGRATED SIMULATION FRAMEWORK

Our aim is to propose a general framework that would
allow to simulate networked multi-robot systems in a re-
alistic way, emphasizing the communication aspects. As
both network simulation and multi-robot simulation are
well established domains, the proposed framework assumes
the application of state-of-the-art simulation tools. Namely,
we simulate the robotic issues (sensors, actuators, physics
engines, etc.) in a dedicated multi-robot simulator, and sim-
ulate the communication issues (radio propagation models,
network protocols, etc.) in a dedicated network simulator.

Commonly, robotic simulators are discrete-time simulators
with a constant time step (e.g., Stage [22], Gazebo [10],
ARGoS [16]), whereas network simulators are discrete-event
simulators (e.g., ns-2, ns-3, QualNet). The former type of
simulation assumes that the time step is fixed at the beginning
of the simulation, time advances in equal increments, and the
state of the system is updated periodically. In the discrete-
event simulations the system changes its state in response to
events, the simulated time advances from one event to the
next, with the time between the events constantly changing.
Thus, our framework addresses the problem of combining the
operation of a time-driven robotic simulator with an event-
driven network simulator.

A. Information flow

The interaction between the two simulation environments
requires solving two basic issues. First, simulation time needs
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to be synchronized between the simulators. Second, all the
required data about the system’s state must be efficiently
exchanged between the simulators. The general scheme of
the information flow between the robotic simulator and the
network simulator in our framework is showed on Figure 1.

Robotic simulator

initial parameters

Network simulator

simulated time

robots positions

data packets

additional data

Fig. 1. Information flow in the proposed framework.

In the initial phase, simulators exchange the parameters of
the simulation (e.g., time step, number of robots, character-
istics of communication equipment, size of the simulation
area) and the network simulator creates a network with
mobile nodes corresponding to simulated robots. Then, both
simulators periodically exchange the information about their
internal simulation time. In addition, at each simulation step
the robotic simulator sends the updated positions of all robots
to the network simulator, which in turn updates the positions
of the corresponding network nodes. Finally, when robots
need to communicate with each other, the corresponding
data packets are passed to the network simulator, together
with their destinations. The network simulator performs the
simulation of the communication, and transfers back to the
robotic simulator the data packets that were successfully
delivered. This general scheme covers the minimal set of
data to be exchanged. Yet, one may easily imagine that some
additional data need to be transferred between simulators,
e.g., in the case where robots control algorithms and network
control algorithms depend on each other.

B. The Architecture

In order to realize the above information flow, we designed
the following architecture (Figure 2). The schedulers of
both simulators are connected with each other and exchange
the synchronization data and the information about robots’
positions. For each simulated robot, there exists an applica-
tion at the application layer of the simulated network. The
application is installed on the network node corresponding to
the robot. There exists a connection between this application
and the objects that represent robot’s communication devices.
The connection is used each time the robot needs to send
new data and also each time the application receives data
that need to be passed to the robot (i.e., when the network
simulator indicates a successful delivery to the robot).

In principle, any of the inter-process communication tech-
niques could be used for data exchanging between the sim-
ulators, including sockets, message queues, shared memory,
and message passing. In our implementations we decided
to use the socket API. We based our decision on several
factors that imply the flexibility of this technique. First,
sockets can be used both locally and remotely, allowing for
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Fig. 2. The architecture of the integrated simulator.

distributed simulations as well. Second, sockets are platform
independent, thus both simulators can actually work under
different operating systems. Finally, sockets provide both
blocking and unblocking communication interface, allowing
to synchronize the simulated times in both simulators, and
provide, at choice, both fully reliable (TCP) and potentially
unreliable, but with less overhead (UDP), connections.

To complete the view of the proposed architecture, we
present an illustrative timeline diagram (Figure 3). It can
be seen that synchronization takes place at the beginning of
each simulation step i. During the synchronization window,
also the information about robots’ positions is exchanged.
Then, within the simulation step i, the robotic simulator
performs all its tasks, including reading from a buffer the
messages that were delivered during the previous simulation
step, and sending new messages to the network simulator.
At the same time, the network simulator waits until all the
new messages are received (implemented as a blocking read
operation), holding the simulated time at the beginning of the
simulation step i. Then, it proceeds with simulating commu-
nications until reaching the simulated time corresponding to
the beginning of the next simulations step i+1. The delivered
messages are stored in the buffer, where they will be read
by the robotic simulator during the next step (implemented
as a non-blocking read operation).
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IV. SAMPLE IMPLEMENTATIONS

A. Robot and Network Simulators

We used three existing stools: ARGoS [16] for multi-
robot simulation, and ns-2 [13] and ns-3 [14] for network
simulation.

ARGoS is a multi-physics-based simulator for large het-
erogeneous robotic swarms. It is a highly scalable and easily
extensible tool programmable in C++. It provides ready-to-
use models of several different robots, and the controllers
written in the simulation environment can be directly ported
to real robots. According to [16] ARGoS can simulate
thousands of simple wheeled robots faster than real-time.

ns-2 is one of the most used simulation environments
for computer networks. It covers both wired networks and
mobile wireless communication networks. ns-2 is an open-
source project including a large set of contributed models for
all network layers. ns-2 is based on two programming envi-
ronments: C++ for computations and OTcl for configuration.

ns-3 is an independent successor of ns-2. Despite the
similar name, it has a significantly different design. It is still
a discrete-event simulator, yet it was created from scratch
and only in C++. It is better designed and more efficient
than ns-2, and provides some more accurate communication
models (e.g., of 802.11 networks). However, it is a relatively
new project and it still offers less ready-to-use models than
ns-2 (e.g., it does not support the 802.15 networks).

We implemented interfaces for both network simulators.
As a result, we obtained two environments that can allow us
to simulate most types of communication scenarios. Below,
we present some details regarding the implementation of the
proposed architecture in the individual simulators.

B. ARGoS Interface

From the user’s perspective, the core functionality of
ARGoS is the possibility of writing controllers for various
types of robots. Controllers are C++ programs that are
called once per every simulation step. Therefore, in every
simulation step, user can read the state of sensors, perform
the logic of the controller, and send controls to actuators.

We provide an additional sensor and an additional actuator,
which are the only extensions of ARGoS visible to users.
Namely, we provide an external wireless sensor and an
external wireless actuator that together represent a wireless
communication device. Users in their controllers can write
messages (together with their destinations) to the new ac-
tuator, and read the messages delivered to the given robot
from the new sensor. The whole integration with a network
simulator is fully transparent for users.

When a user decides to equip a robot with the wireless
communication device, a new wireless entity is associated
with the robot. The wireless entity is another extension of
ARGoS, yet invisible to the user. The entity communicates
directly with the network application installed on the network
node that corresponds to the given robot (at the network
simulator’s side). At every simulation step, before the con-
trollers’ code is invoked, the wireless entity reads all the

messages that were send from the network application and
were addressed to a given robot and makes them accessible
for the wireless sensor. Similarly, after the controllers’ code
is executed, it sends all new messages from the wireless
actuators to the network application.

The last extension that we provide is a wireless medium.
A medium in ARGoS is an entity that does not exist in a
simulated space, yet it can interact with other objects. The
wireless medium is responsible for initializing the commu-
nication with the network simulator, exchanging the simu-
lation parameters, and then periodically synchronizing the
simulated time with the scheduler of the network simulator.
It also sends the information about robots’ coordinates to the
network simulator.

C. ns-2 Interface

The ns-2 interface consists of three core elements, namely
an ARGoS synchronizer, an ARGoS agent and an ARGoS
generator. The ARGoS synchronizer is an object responsible
for the communication and synchronization with the wireless
medium (at the ARGoS simulator side). It also updates
mobile nodes positions in the simulated network, according
to the information received from the wireless medium.

The ARGoS agent is a network application installed on
each node of the simulated network. It communicates directly
with the wireless entity of the corresponding robot (at the
ARGoS side). At the beginning of every simulation step, the
ARGoS agent waits until it receives all new messages gener-
ated by the associated robot (or the information that no new
messages are available). Only after all agents have received
such information, the simulated time in the network simula-
tor proceeds. All new messages are immediately passed to
the appropriate ARGoS generator (an ns-2 traffic generator
object), which creates corresponding ns-2 packets and sends
them out through the network. When the ARGoS agent of the
destination node receives the packet, it immediately sends it
to the corresponding robot (at the ARGoS side).

D. ns-3 Interface

ns-3 has a significantly different architecture compared to
ns-2: it is a C++ library providing a set of network simulation
models implemented as C++ objects and can be loaded by
any user application. Therefore, only two components are
required for ns-3 to cooperate with ARGoS: an ARGoS
scheduler application and an ARGoS network application.

The ARGoS scheduler is the main application that defines
the communication scenario, sets its parameters, loads net-
work simulation models, and actually controls the run of the
simulation. At the same time, it is responsible for initializing
the communication with ARGoS and exchange the initial
simulation parameters. While the simulation is running, the
scheduler periodically triggers the synchronization events,
receives the robot coordinates from ARGoS, and updates the
positions of network nodes accordingly.

The ARGoS network application is installed on every node
of the network and plays exactly the same role as the ARGoS
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generator and the ARGoS agent in the ns-2 interface. As ns-
3 uses its internal socket API to send data between nodes,
one single network application can do the job and there is
no need for additional traffic generating applications.

V. EVALUATION STUDY

In this section, we report the evaluation results of an
experimental study of the presented simulation tools. First,
we analyze the performance, in terms of the consumed
CPU time (Section V-A), and the overhead of the proposed
architecture. Namely, we study how much CPU time is
consumed by the more accurate, integrated simulation envi-
ronment in comparison to standalone simulators executing
the same scenarios (Section V-B). Finally, we show that
the proposed architecture integrating and synchronizing two
different simulation tools is correct, in the sense that is does
not introduce unexpected errors. In particular, the results
produced at both sides of the simulation are exactly the same
as the results produced on standalone simulators provided
with the same input (Section V-C).

In all studied scenarios, we simulate a group of foot-
bots, small ground robots developed within the project Swar-
manoid (http://www.swarmanoid.org) on the basis
of the marXbot platform [3]. ARGoS, developed in the same
project, includes accurate models for these robots. Foot-bots
move across a squared simulation area at a speed of 1 m/s,
performing a simple collision avoidance based on proximity
sensors which makes them turn away from each other and
from the walls. Robot mobility is determined by a kind of
a diffusion process with random initial state (the robots are
initially placed in the arena according to a uniform random
distribution, and with a random orientation). The simulation
arena is limited by fixed walls, and its size depends of
the number of simulated robots: we set the basic size to
500× 500 m2 for 50 robots, while for different swarm sizes
we adjust the area to keep constant the average nodes density.
In ARGoS, we set the simulation step to 0.1s and we use
a 2D dynamics physics engine. In both network simulators,
we use their default settings for simulating 802.11 networks.
We use AODV [15] as multi-hop routing algorithm.

A. Performance

We evaluate the performance using the following scenario.
We vary the number of simulated robots between 25 and 250
(400 in ns-3). Robots form a multi-hop ad-hoc communica-
tion network. We randomly choose 20% of nodes to generate
a CBR (Constant Bit Rate) traffic. Each node sends 5 packets
per second to one randomly chosen destination node. The
simulation is executed for 1000 seconds. We measure the
CPU time consumed by both processes: the robotic simulator
process (ARGoS, in single-threaded mode) and the network
simulator process (ns-2 or ns-3, both single-threaded). Each
measurement is averaged over 10 runs. The measurements
are performed on a dedicated PC equipped with the Intel
Core i7-2600 CPU (3.40GHz, 4 cores) and 8GB of RAM
memory. The results are presented in Figure 4.
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Fig. 4. Performance in terms of the consumed CPU time. The integrated
ARGoS/ns-2 (top) and ARGoS/ns-3 (bottom) environments.

It can be seen that the environment using ns-3 achieves
a better scalability, which is in agreement with the results
presented in the literature [9]. ns-2 is able to simulate
scenarios with up to 250 robots in a reasonable time, whereas
ns-3 effectively deals with up to 400 robots. Real-time or
faster simulation is possible with up to 100 nodes (with ns-
2) and up to 200 nodes (with ns-3). It is worth noticing
that ARGoS is the ’bottleneck’ only below a certain number
of nodes (75 for ns-2, 100 for ns-3), after that most of the
CPU time is consumed by the network simulators. Thus, the
possibility of parallel network simulations announced by the
ns-3 developers would be desirable and could significantly
increase the scalability of the proposed solution.

Nevertheless, it has been confirmed that the proposed
framework can offer realistic simulations of networked multi-
robot systems consisting of hundreds of robots, that can be
performed in a reasonable time on typical PC machines.

B. Overhead

Our study of the overhead aims to answer the following
question: how much do we need to pay, in terms of the
computation time, for a more realistic communication model
in robotic simulations? We define the overhead as the differ-
ence between the total CPU time consumed by the combined
network and robot simulators and the CPU time consumed
by the standalone ARGoS with the simplified communication
model. We considered the following simulation setups:

• integrated ARGoS/ns-2,
• integrated ARGoS/ns-3,
• standalone ns-2,
• standalone ns-3,
• standalone ARGoS (with a simplified one-hop commu-

nication based on a predefined communication range).
We varied the number of nodes between 25 and 200, and
we set the simulation time to 200 seconds. The rest of the
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parameters remained the same as in Section V-A. Again,
we measured the CPU time. The results related to ns-2 are
presented in Table I, and the results related to ns-3 in Table II.

TABLE I
OVERHEAD OF THE INTEGRATED ARGOS/NS-2 ENVIRONMENT, AS

COMPARED TO THE STANDALONE SIMULATORS.

Nodes ARGoS with ns-2 Standalone
number ARGoS ns-2 sum ARGoS ns-2

25 9.1 3.1 12.2 9.5 2.8
50 17.9 16.6 34.5 18.3 16.0
75 26.1 36.3 62.4 27.8 38.5

100 30.2 76.2 106.4 40.5 81.1
125 35.2 217.0 252.2 53.6 212.8
150 41.3 284.4 325.7 68.7 329.6
175 46.3 365.2 411.5 83.5 403.3
200 51.9 393.7 445.6 103.3 567.9

TABLE II
OVERHEAD OF THE INTEGRATED ARGOS/NS-3 ENVIRONMENT, AS

COMPARED TO THE STANDALONE SIMULATORS.

Nodes ARGoS with ns-3 Standalone
number ARGoS ns-3 sum ARGoS ns-3

25 9.0 2.9 11.9 9.5 3.4
50 17.6 15.2 32.8 18.3 19.2
75 24.8 34.9 59.7 27.8 28.6

100 30.8 52.8 83.6 40.5 53.2
125 37.0 106.7 143.7 53.6 98.7
150 42.2 124.8 167.0 68.7 133.9
175 46.7 150.3 197.0 83.5 174.9
200 52.7 259.5 312.2 103.3 288.5

From the results we can observe that the overhead in-
creases with the number of nodes. Over 100 nodes the
overhead is mostly related to the computational requirements
of the network simulators. In general, ns-3 introduces lower
overhead in comparison to ns-2 (for the number of nodes
exceeding 100, it is roughly twice as low).

As benefits usually come at a cost, the more accurate sim-
ulation of communication requires additional computational
effort. Yet, the costs seems reasonable and affordable: for a
realistic simulation of 100 networked robots, we need to pay
’only’ twice as much as for a very simplified one.

C. Correctness

To validate the correctness of the proposed tools, we
performed the following study. We selected a number of
different simulation scenarios and we executed them in both
the integrated simulation tools, and in the standalone ns-2/ns-
3 simulators with exactly the same mobility and traffic gen-
eration patterns. To achieve this, during the simulations with
integrated simulators we gathered detailed mobility traces
and we reused them in the standalone ns-2/ns-3 simulators.
We forced traffic generators to create the same data packets
as were generated by robots, and to create them at the same
simulated time. Finally, we carefully set the same seeds for
the random number generators.

The resulting communication traces generated by stan-
dalone ns-2/ns-3 simulators were directly compared with the
ones generated by the combined ARGoS and ns-2/ns-3 envi-
ronments. We also compared the output of the simulations,
in terms of observed delays and packet delivery ratios. The
results of our analysis showed that precisely the same results
were obtained, and therefore we confirmed the correctness
of the proposed integrated tools.

However, there is one important remark to be made
here. We analyzed the correctness from the perspective of
network simulators. Yet, one needs to remember that from
the robotic simulator’s point of view there is some inherent
error introduced by the fixed value of the simulation step.
Namely, the robotic simulator cannot generate packets more
frequently than every simulation step, and the delivered data
packets are always received with some delay depending on
the size of the simulation step. Moreover, the frequency of
positions updates, determined by the simulation step, may
also influence the accuracy of the simulation. Therefore, the
simulation step should be carefully chosen, taking into ac-
count both the dynamics of robots mobility and the dynamics
of communication (and its influence on the system at hand).

VI. APPLICATION SCENARIO: IMPACT OF
COMMUNICATION MODELS

In this section, we use one of the proposed tools to show
that the selected communication model indeed affects the
operation of a multi-robot system in a significant way, deter-
mining a bias in the final results and the way they are claimed
out. More specifically, we use the integrated ARGoS/ns-3 en-
vironment in a scenario to study the distributed coordination
of robots cooperatively performing task assignment. We com-
pare the results with simplified communication models that
we simulate directly in the standalone ARGoS environment,
and we highlight the resulting difference in performance and
behavior.

A. The Problem and the Coordination Scheme

We consider the following problem:
• within a wall enclosed area of 500× 500 m2 there are

randomly placed events that robots need to service;
• each event requires n robots to be handled, and it takes

t seconds for the robots to service the event (we set
n = 4 and t = 50 s);

• robots are initially randomly placed near to one of the
walls, they do not know the locations of the events, and
they are supposed to explore the area and service all the
events as fast as possible;

• robots are able to detect the events within a certain range
(rdiscover = 50 m) from their location;

• there are ntypes types of events that require different
skills to be handled (and there are also ntypes of skills).
Each robot is initially “equipped” with nskills randomly
chosen skills (we set ntypes = 2 and nskills = 1);

• in addition, and to penalize the “pointless” moves,
robots have initial energy for operating for tenergy sec-
onds (tenergy = 200). After the energy has fallen down
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below a certain level, the robot needs to immediately
go to a charging place and recharge its batteries. The
charging place is located in the center of the arena;

• robots are rewarded for handling the events by recharg-
ing their batteries;

• robots may communicate with each other and their task
is to decide whether to explore for new events to be
serviced or to assist other robots in handling the already
discovered events, reaching the required number.

We use foot-bots with a similar configuration as in Sec-
tion V, increasing their maximum speed to 5 m/s in order to
simulate a more dynamic scenario. For simplicity, we assume
that robots are aware of their position and orientation.
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Fig. 5. Average task completion time. Results for 20, 30 and 40 robots
(top, middle and bottom, respectively). Error bars are skipped for clarity
(see Section VI-B for details about statistical significance of the results).

We implement a distributed coordination mechanism that
is based on exchanging messages between robots. There
are five types of messages that a robot can broadcast. A
status message S is sent to inform other robots about new
discovered events to be handled and also to inform how
many robots are currently waiting by the event. A “going to”
message G is sent when a robot decides to go and handle
the event. A “cancelled going” message C is send when a
robot changes its decision and gives up going to the event.

A message H is sent when enough robots approached to the
event and started to service it. An “abandoning” message A
is sent when a robot waiting for help decides to abandon the
event. All messages contain the following information: the
coordinates of the event, the number of robots required to
handle the event, the required skill, the number of robots
already waiting by the event, and the coordinates of the
sender. Robots store the above information in their local
memory, and in addition they also store the estimated number
of robots that already decided to go to the given event (based
on the received G and C messages).

Each robot performs the following scheme:
• if there are no events stored in the memory, the robot

performs exploration and searches for new events. The
search strategy proposed in [24] is implemented, where
robots perform a kind of probabilistic exploration with
a memory of already explored areas;

• when an event is discovered, the robot broadcasts the
S message to inform the others. If the robot has the
required skill, it waits for help to handle the event.
Otherwise, it continues the exploration;

• other robots that receive the S message update their
memory and decide whether to go to the event or not.
The decision is based on the information stored in the
local memory. Namely, with the highest priority robots
choose the closest event between the events that require
more robots to be serviced (i.e., the number of required
robots is higher then the number of the robots already
waiting by the event plus the number of the robots
that previously decided to go there). If there are no
such events, robots choose another event with a certain
probability or switch to exploration;

• the above decision is made every time a robot receives
a new message and updates its local memory.

B. Experimental Results

In our study, we simulated the above scenario for 20,
30 and 40 robots. We set the number of events to 5, 10,
15 and 20. Each measurement is an average of 25 runs,
and we use confidence intervals and/or the Student’s t-
Test to validate the statistical significance of the results.
We compared the following communication models using
flooding with duplicates detection for multi-hop relaying:

• idealized one-hop communication, with unlimited trans-
mission range between all robots (referred to as all);

• probabilistic disc model: within a given range (r = 120
m), the transmission is successful with a probability p.
We use three values of p, namely p = 0.5, p = 0.75 and
p = 1.0 (referred to as p50, p75 and p100, respectively);

• the 802.11a wifi model from ns-3 (referred to as ns-3).
We analyze the average task completion time (Figure 5).

The first observation is that the applied communication
model indeed affects the performance of the considered
robotic system. For 20 robots, the average task completion
time for the realistic model (ns-3) can be more than 50%
longer than in the case of the ideal communication model
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(all). It can be also observed that the results depend on the
scenario parameters. When we simulate 40 robots, the task
is solved relatively fast, regardless of the communication
model used. It is likely that the high density of nodes
implied the high connectivity in the network and thus,
high level of delivery in communication via flooding. As
a result, there is no statistically significant difference in the
results obtained for the different models. On the contrary,
the differences become visible when simulating 30 nodes:
the realistic ns-3 model obtains similar results as p75 and
p100, which are significantly better than the p50 model and
significantly worse than the idealized all model (confirmed
by statistical tests with p-values less than 0.1). For 20 robots,
the results of the realistic model are closer to p100, thus the
communication seems to be more reliable in this case. It may
be the result of decreased interference implied by the lower
density of nodes in the network.

Summarizing the results presented in this section we can
notice that there is a significant influence of the communi-
cation model used in simulations on the performance and
behavior of the considered multi-robot system. Moreover, it
appears that it is not a trivial task to choose a simplified
communication model (e.g., a probabilistic disk model) and
set its parameters in a way that it would well imitate a more
advanced model offered by network simulation tools. Thus,
we can conclude that it is reasonable and desired to use
realistic communication models in multi-robot simulations
when the cooperation mechanism is based on information
exchanges between the robots.

Videos of the experiments including also ns-3 traces are
available at the address http://www.idsia.ch/˜gianni/
SwarmRobotics/iros-simulation/.

VII. CONCLUSIONS AND FUTURE WORK

In this paper, we proposed a framework for realistic simu-
lation of networked multi-robot systems. We claim that that
the proposed framework can close the gap between realistic
robotic simulation and advanced simulation of networking
issues. We also believe that this may be a step toward
better designed and more effective real-world distributed
robotic systems. In particular, the demonstrated solution aims
to support the design and deployment of large multi-robot
systems, such as robotic swarms. The controllers prepared
in the simulation and tested in terms of their robustness to
communication issues can be directly ported to real robots,
with a reasonable chance of meeting design expectations.

As a future work, we see two main directions. The first one
is to validate the results of the simulation of relatively large
networked multi-robot systems in a real-world experimental
testbed. We already have a small fleet of robots and their
models in ARGoS, yet we plan to extend it and create a
large heterogeneous robotic swarm. The second direction
would be the investigation of mutual dependencies between
robotic and network control mechanisms. In particular, we
are interested in studying how reliable communication can
improve the operations of the robotic system, and at the same
time how to control robots in a way that would maximize

the reliability of communication. To achieve this, we plan to
implement, at first in the simulation environment, a feedback
mechanism between robotic controllers and network control
algorithms (e.g., routing algorithms).
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