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Abstract-Communication has an important role in multi
robot systems. It can facilitate cooperation, therefore, improve
the performance of the system significantly. In this study we
investigated the benefits of networked communication by exper
imentally evaluating the results of two search algorithms which
are spiral search and informed random search. The experiments
were performed in an experimental area containing obstacles
and using e-puck robots where the communication ranges were
"simulated" with the help of an overhead camera. Each robot
was allowed to (i) keep an occupancy grid based local map of
the environment containing also information about the cells it
has visited and (ii) exchange this information with the other
robots within its communication range. The effect of the size of
communication range on the performance of the system defined
as the time of completion of the search task (i.e, locating the
target), was investigated.

Index Terms-Multi-robot teams, communication network,
cooperative search, transmission range.

I. INTRODUCTION

Search and rescue operations have great importance under
disaster situations like earthquakes or terrorist attacks. In such
disaster relief missions search and exploration are the initial
steps of a larger operation. Traditionally such missions have
been performed by human teams; however, there are intensive
ongoing research efforts for developing multi-robot search
teams to be deployed in such missions. Rescue robotics, or
basically the use of autonomous robots in search and rescue
operations, is a relatively new field of research. It is a part
of the broader field of coordination of a group of mobile
robots to achieve a specific objective/goal. In order to achieve
cooperative behavior there is a need for effective (direct or
indirect) communication methodologies. The use of a network
architecture is one possible form of direct communication
and will be very essential in many applications that require
information exchange between the robotic agents in a team
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and the team and human operators. In particular, in search and
rescue scenarios by combining the communication network
with an appropriate search algorithm, an effective search can
be achieved by the robots.

It is obvious that it is difficult or even impossible to have
global information and implement centralized controllers in
systems consisting of large number of agents with limited
capabilities. Therefore, recent research has concentrated on
decentralized approaches. In such systems, the inter-agent
communication and networking algorithms are of paramount
importance. In other words, for development of effective prac
tical multi-robot systems besides the need for development and
verification of effective coordination and control strategies,
there is a need for development and verification of robust
and scalable communication and networking algorithms and
protocols.

Communication/networking can enhance the performance of
multi-robot systems from several aspects [1]. First of all, in
the case the group of robots has to fulfill a specific goal, the
coordination between different agents becomes very important.
Second, with communication the robots can exchange valuable
information and significantly improve the performance of the
system.

A group of mobile communicating robots constitutes by its
nature a wireless ad-hoc network. In such a system there are
many issues to be resolved for effective operation. First of all,
since the agents will be simple, their communication capa
bilities (such as range, power, processing capability, etc) will
also be limited. Therefore, if there are two agents separated by
a distance larger than their direct communication range they
will have to relay their messages through other intermediate
agents [2]. Therefore, beside the need for development of
appropriate message structures and communication protocols,
there is a need for development of effective/cooperative rout
ing/networking protocols, as well. A recent survey on the main
issues in mobile sensor networks can be found in [3].

Performance of a distributed robotic system using shared
communications channels is presented in [4]. It is shown that
for surveillance applications it is extremely important to co
ordinate the robots through wireless communication channels.
Yet, the performance of the system is affected by the capacity
of the links and the number of robots sharing the links. It is
reported in [5] that adding simple communication capabilities
to robots improves the predictability of the task completion
times. In [6] a multi-robot coverage study is presented. It
is shown that by allowing robots to communicate through
wireless links, better algorithms for the complete coverage
problem can be obtained. In [7] it is shown through simulations
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(a) Long communication range.

(b) Short communication range.

Fig. 1. The effect of the size of communication.

that use of direct communication (through wireless links) can
be beneficial for the effectiveness of the group behavior in
performing collaborative tasks.

We can divide communication in multi-robot systems into
global communication and local communication. Global com
munication is the situation in which every agent can commu
nicate with every other agent, whereas local communication
describes the situation in which each robot can communicate
only with its local neighbors. Global communication is ef
fective for small number of robots in a small area. However,
when the number of robots or the size of the search space
increases, this becomes difficult to be realized because of
the limited communication capacity and increasing amount
of communication to handle. Let us suppose that each robot
has the ability to adjust its range of communication. If it is
too large, the efficiency of information transmission decreases
because the communication traffic becomes too congested
and the robots cannot handle that traffic (Figure 1(a)). On
the other hand, the efficiency is low if output range is too
small as well (Figure 1(b)). It is therefore essential to develop
methodologies for optimizing communication range in order to
provide efficient information transmission between the agents.

In this study we consider cooperative search by a team
of mobile robots using a dynamic wireless communication
network to convey information among the members of the
team. The experiments were performed in an experimental
area containing obstacles and using e-puck robots where the
communication ranges were "simulated" with the help of an
overhead camera. The effects of the communication range in
networked communication in a multi-robot cooperative search
scenario was investigated by experimentally evaluating the
results of two search algorithms which are spiral search and
informed random search. In particular, the effect of the size
of communication range on the performance of the system
defined as the time of completion the search task (i.e, locating
the target), was investigated.
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II. EXPERIMENTAL SET-UP

Experiments were performed in the set-up available in our
laboratory (Figure 2). This set-up consists of a 120x180 cm
experimental area, 6 e-puck robots with bluetooth interface,
logitech USB camera and Matlab as the main image processing
and control development platform. The positions and orienta
tions and ID's of the robots are determined by a labelling
system (Figure 3) consisting of small colored dots placed on
the top of the robots. The robot position and orientations are
determined by three colored dots placed on the edges of an
isosceles triangle. Furthermore, robot ID's are determined by
a binary coding system consisting of black colored dots placed
on the labels. A more detailed description of the set-up can
be found in [8].

Fig. 2. Experimental setup consisting of an arena, robots, PC and overhead
camera.

Fig. 3. The robot labelling system for six robots.

The e-puck robot is a small (7.0 cm diameter) mobile robot
equipped with some sensors and differential drive locomotion
system. These mobile robots are small enough therefore, a
high number of robots may be utilized simultaneously in
the experiments. They have bluetooth wireless communication
modules which we have used as the medium for information
exchange. However, that communication hardware is a class
II bluetooth device having constant RF output power and
therefore could not provide any changeable communication
range. Since a communication device capable of adjusting its



Fig. 4. Concept of cooperative search by communication.

(c)(b)(a)

demonstrated in Figure 4. In Figure 4(a) robot 1 is performing
the search by following the search path which is generated
by some search algorithm. The information bubble on top of
robot 1 shows the explored areas in the memory of this robot
which is simply the occupancy grid map of the previously
searched areas. In Figure 4(b) a second robot joins the search
from a different location. The arrows show the process of
successful information sharing between robots 1 and 2. After
the sharing of the search database the newly formed search
maps are demonstrated in the information bubbles. Similarly,
in Figure 4(c) the cooperation of robots 2 and 3 and the
resulting search maps are demonstrated. Finally, in Figure 4(c)
the communication takes place in between both robots 1-2 and
robots 2-3. Therefore, robots 1 and 3 communicate indirectly
through robot 2 and the search maps of all of the robots
are combined which will make the continuing search more
efficient (i.e, the robots will not search on places which are
previously searched by the other robots).

In Figure 5 the map based on our real experimental envi
ronment is represented. This map is a grid map in which zeros
represent empty spaces and the ones stand for obstacles in the
search space. The search only takes place in the empty places
without colliding with any of the obstacles. The search space
is divided into a 12 x 18 virtual grids. Six e-puck robots are
randomly placed into their initial starting positions within the
arena as shown in the figure (Rl through R6). The robots are
placed to the same initial positions at the beginning in all of
the experiments in order to get objective results. The label T
represents the object which is to be found.

The information which is to be shared between the robots
is the occupancy grid maps of the previously searched places.
In other words, it is the map of the visited cells. Each robot
has it's own local map of those occupancy cells. At each step
the robots use that map in order to decide the next cell to visit
and to prevent or at least minimize the search of the same area
multiple times.

Robots share their map of the visited cells when they
are in communication range. That is the maximum distance
of data transmission. That communication distance can be
changed by filtering the data transmission between the robots.
As was mentioned before, an overhead camera is used to
calculate the robot positions, orientations and ID's. Based on
that information the inter robot distances are calculated and the
communication takes place only when the distance between
two robots is smaller than the maximum transmission range.

Initially the robots start their search individually. However,

III. PROBLEM DEFINITION

Our experiment scenario is basically a search of a predefined
object in a complex environment including walls and some
obstacles (Figure 4). The search is started individually by the
robots from different locations. Robots perform the search by
following a random path or a predefined path based on the en
vironment. During the search, when the robots encounter each
other (i.e, when they enter each other's communication range)
they share their search information database. This concept is

transmission range is not available we had to develop some
other methods to simulate this feature.

This paper is mainly focused on to study the effects of
communication range on cooperative multi robot search task,
thus, in this study we did not consider all the RF impairments
and basically focused on and simulated the communication
based on the disk communication model. The disk communi
cation model assumes that the communication takes place in
a circular area with a constant diameter. Although it is a fact
that wireless communication can not be simply represented as
an exact distance and it is dependent on the environment, the
point here is not to measure those effects.

The robots set their motor speeds according to the com
mands supplied by the computer via the bluetooth interface.
In other words, the control algorithm running on the main
computer which is based on the search strategy, decides which
cell to be visited next. The robot movements are controlled by
artificial potential functions. An artificial potential is binded
to the target cell to be visited next and a force is applied to
the negative direction to the gradient of the potential field.
Then, that force is converted to the control outputs as linear
and steering angle speeds to be transferred to the robots. All
of the nodes of the search space are visited sequentially in
that manner. Beside the higher level control by the computer,
the robots have an obstacle avoidance behavior running at
low-level. In other words, the robot movements are controlled
with a weighed sum of the control inputs obtained from the
computer and the sensorial information collected from the
environment. However, the obstacle avoidance has a higher
priority to make sure that the robot does not collide with any
obstacles accidentally.

A high quality USB overhead camera is used in the ex
periments which is directly connected to the computer. A
resolution of 640x480 is sufficient for this set-up considering
the sizes. The frame rate is not the main criteria in the selection
of the camera since the image processing unit can not process
more than 5-6 frames per second.

As was mentioned above, the frames of the arena are
grabbed and processed to determine the position, orientation
and identification of the robots. This information set is sup
plied to the function running behavior algorithms of agents
which output the control inputs (the angular and translational
speeds) to the robots. The resulting angular and translational
speeds of the agents are transferred to the agents via bluetooth
communication modules. The main delay in the system occurs
due to the image processing.
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whenever two robots encounter each other, Le., two robots
enter the communication range of each other, they exchange
their local occupancy maps. The communication ranges of
the robots and whether they are within that range or not are
determined from the images taken by the overhead camera
system. In other words, the robot communication ranges are
"simulated" through the experimental setup. In this way one
can easily experiment with different communication ranges
and see the effects of communication.

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 R4 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 R2 0 0 0 0 Rl 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 o. 0 o 0 I D _0 0 R6 0 0
0 0 0

I~
0 0 0 0" 0 o 0 0 0 0 0

0 0 0 0 0 0 0 R3 0 0 0 0 0 0 0 0
0 0 R5 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Fig. 5. The search space with obstacles, robots, and target.

In the experiments the communication sizes are varied
between 0 to 200 cm with steps of 20 cm. A communica
tion range of 0 means no communication implying that the
robots search individually without cooperation. In contrast, a
communication range of 200 means global communication in
which each agent can communicate with every other agent.

In the following section we will describe the search strate
gies used in the experiments.

IV. SEARCH STRATEGIES

Two different search strategies are used in the experiments.
The first one is a spiral search which is using distance
transform to calculate an exploration path and the other is
informed random search which is a simply random search
having the memory of previously searched places.

A. Spiral Search

We have used an altered version of spiral search as a
complete search and coverage algorithm [9] which is mainly
focused on the search of the nearest grids first. In that search
the robot sweeps all areas of free space in an environment in
a systematic and efficient manner. For that reason the map of
the search space should be known prior to the experiments.

To achieve the complete coverage behavior the robot follows
a path which moves away from a starting point keeping track
of the cells it has visited. In other words, the robot only
moves into a grid cell which is closer to the current cell if
it has visited all the neighboring cells which lie further away
from the current cell. In order to do this, the search algorithm
first calculates the distance transform of all the cells with
respect to the starting point then generates a path for complete
coverage. In Figure 6 the results of the distance transform
applied to robot Rl is shown. Additionally, in Figure 7 the
complete coverage and exploration path generated for robot
Rl is presented.
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Fig. 6. Distance transform applied to robot Rl.
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Fig. 7. Complete coverage and exploration path generated for robot Rl.

Closer observation of the above described path of complete
coverage shows that the path of complete coverage produces
too many turns. This is because the coverage path follows
the "spiral" of the distance transform wave front that radiated
from the start point. As a result the search can take longer than
expected. In certain configurations of obstacles in an environ
ment this can produce unsatisfactory performance. Therefore,
complete coverage paths of the type shown in Figure 7 are
somehow difficult to execute on a mobile robot. To overcome
such undesirable results in our experiments the path is checked
with a secondary algorithm, which looks for dead ends and
handles them by changing the path to the nearest unsearched
areas.

B. Informed Random Search

The second search algorithm is a type of random search (Le.,
the robots move in the search space randomly). However, the
robots keep the track of the previously searched spaces. By
using this information the robots randomly select their next
destination cell from the unvisited cells in the near vicinity.
Every grid on the search map is connected to 8 other cells.
Therefore, the algorithm randomly chooses the next target
from those neighboring 8 cells. In Figure 8 the exploration
path generated by this algorithm is demonstrated. In addition,
while exploring around, the information about the visited cells
at the past are kept on an occupancy grid map. For the later
steps the algorithm considers the visited cells while randomly
choosing the next target. Therefore, the search becomes an
informed random search. To overcome unwelcomed results
such as in the cases where all of the nearby cells are visited
the algorithm looks for the previous cells recursively to find
unsearched areas then selects those empty places for new target
destinations.
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Fig. 8. The exploration path for robot 1 generated by informed random
search.

V. EXPERIMENTAL RESULTS

In all of the experiments the mission is to find a hidden
object in the search space. With this objective the performance
is measured as the mission's completion time (Le., the time it
takes the robots to locate the position of the target).

Robots can only communicate when they are in com
munication range of each other. They share/exchange their
local occupancy grids during each encounter. Then using the
information obtained from the encountered robots they update
their own occupancy grid maps (using a single binary "OR"
operation). Since in this manner, through intermediate robots,
a robot can obtain also information about the cells searched
by a robot it has never directly encountered. Therefore, the
communication strategy has some characteristics of multi-hop
communication. Because of the nature of multi-hop network
ing, the information can be shared between the agents although
they are not in range of each other. The information can be
carried over and over for longer distances. Therefore, it is
not necessary to have a wide communication range always. In
other words, it is not needed to have a global communication
between the agents for the best performance.

The experimental results in Figures 9 and 10 show the
average results over 5 runs for each communication distance to
be tested. The communication ranges are distributed between
zero communication and global communication. In our ex
periment setup the maximum distance between two different
robots can be approximately 210 cm. Therefore, a commu
nication distance larger than 210 cm can be described as
global communication. Additionally, the search performance
of different number of robots are collected. Accordingly the
search experiments are repeated for 6, 3 and 1 robots and
the results are presented in the figures. It is seen that the
performance is increasing proportional to the number of the
robots as they are cooperating while searching.

Initially, a small increase in the communication range is
enhancing the search performance significantly. However, after
some point the increase in the communication range does not
result in significant change. Moreover, it is observed that the
communication range does not need to cover the whole search
space. In random informed search with 6 robots the distance
beyond which no significant change in the performance occurs
is about 90 cm (Figure 1O(a)) and in spiral search this distance
is only 30 cm (Figure 9(a)).
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In this study the main point is not to compare the two type
of search strategies. In contrast, the main point is to investigate
the benefits of networked communication on the search per
formance. Still, for the experiments conducted it was observed
that informed random search shows better performance than
the spiral search which can be seen in the experimental results.
However, one should also note that it is not guaranteed that
the informed random search can always locate the target
because of the algorithms stochastic nature and because the
search algorithm is terminated due to a predetermined timeout.
Nevertheless, the possibility to find the target is very high (96
percent for the experiments in this article). Only in 2 of the
50 experiments the target could not be found. In contrast, the
spiral search guarantees a complete coverage because of the
distance transform applied.

In spiral search the total number of cells which have been
visited before finding the target is 25 percent more than the
informed random search (Figures 9(b) and 10(b)). Also the
number of multi-visited cells is much higher. Cells are usually
being visited multiple times when a robot is visiting a cell and
is unaware that it has been visited before.

In random search the robots usually disperse the area very
quickly and because of their random movements they find
the target object in a faster manner than the spiral search
even if no communication exits between them. Additionally,
in random search because of the robots random movements
the information exchange becomes very effective even in short
communication ranges. The robots not only move very actively
over the space but also encounter each other very often.
Therefore, they share their information more frequently. This,
on the other hand, leads to the fact that they keep more up to
date maps of the visited cells which leads to increase in the
search performance.

VI. CONCLUDING REMARKS

In this study a cooperative search by mobile robots is pre
sented. The cooperation is by the networked communication
of the agents. The results of the study are collected by real
experiments with e-puck mini mobile robots. We measured
the performance of two search strategies which are namely a
modified version of spiral search and informed random search,
for different communication ranges and for different number
of robots. We observed in our experiments that informed
random search has better performance with equal ranges of
communication as compared to the spiral search. In addition,
we observed that, the performance of the systems improves
with the increase of communication range. Also, when the
number of cooperating robots are increased the search per
formance is increasing proportionally. As it is seen from the
results the performance of the system consisting of 6 robots
is better than that of 3 robots and similarly 3 robots search
performance is better than 1 robot search. The results also
show that it is not necessary to have a global communication
for better performance. In other words, it is not needed that the
communication range to cover all the search area. The effective
communication between the agents is highly dependent on the
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Fig. 9. Experimental results of spiral search.

environmental parameters such as the size of the search space
and the number of the robots. Similarly the characteristics
of the search algorithm is an important factor affecting the
performance of the search.

Future research can concentrate on developing an algorithm
for selecting the optimum communication range dynamically
in order to minimize the power usage without significantly
affecting the performance of the system. In addition, the effects
of unequal communication ranges between the robots can be
investigated. At the time of the experiments a communica
tion hardware which can adjust its transmission range was
not available. Therefore, we had to simulate this feature. If
such hardware is available, more realistic experiments can be
conducted as well.
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