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Abstract — The limited power, low radio range, and an ever
changing environment make the ability to explicitly communicate
between multi-robots decreases in a searching task. When this
happens, maintaining the weakened connection will cause robots
to cluster during searching, which may be suboptimal with
respect to the searching time. In this paper, several integration
strategies are proposed to coordinate a team of robots which have
limited explicit communication. To speed up the reconnection
procedure for the proposed aggregate strategies, implicit
communication through vision sensors is proposed in this paper
to establish a movement plan to recover the explicit
communication. Simulation results are presented and discussed;
The real-world experiments with 3 Pioneer robots have been
conducted. The proposed strategies can be extended to a large-
scale searching environment as well as a combination of humans
and robots.

Index Terms — multi-robot coordination, communication recovery,
aggregation strategy.

I. INTRODUCTION

As a community, we would like to be able to deploy teams
of robots to explore the environment in order to assist in tasks
such as searching. Most multi-robot searching approaches
assume that robots will maintain wireless (explicit)
communication with each other during the searching.
However, since the on-board wireless device of each robot has
limited power and low radio range, producing a well
connected network with these small wireless devices while
maximizing the searching efficiency is a challenging task,
especially in an ever changing environment. The wireless
networks must continuously deal with the connectivity
topology changing. Robots may fail, robots or their
surroundings, move around, and the weather might even shift
and change which nodes are within radio range of each other.

In the searching task, we eventually want the robots to
integrate information on the success of their search. If we
relax the requirement of constant connection, the searching
task can be conducted in parallel and has potential to cover
more areas under certain period. However, without planning,
the robots might have to search for each other after they have
completed their search and the reconnection can not be
guaranteed.

In human survival manuals, there is a simple method
recommended for coordinating after a communication loss.
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Members of a team agree ahead of time on a place to meet,
called a rally point [1]. This technique has been studied in
relation to robotic communication in emergencies [2, 3]. In the
area of robotic search, the use of a rendezvous between two
searching robots at a pre-arranged spot has been studied [4].

In this paper, our objective is to manage the coordination
between a team of searching robots with a restricted ability to
communicate, and improve on rendezvous-at-a-fixed-spot
techniques.  Furthermore, to speed up the integration
procedure when their explicit communication is not available,
a hybrid communication mechanism, which combines the
implicit communication by vision with the explicit
communication by radio, is proposed in this paper. The basic
idea is when the radio communication is not available, the
vision communication are used to establish a movement plan
to get back into radio connection, and is thus in the service of
the radio communication need.

II. RELATED WORK

Extensive research has been carried out on the topics of
multi-robot coordination, where communication is critical for
the success of coordination. In general, the communication
mechanism can be classified into two categories: implicit
communication and explicit communication.

Implicit communication transmits information through the
environment or through the observation of behaviors of other
robots. Some researches have been conducted on the implicit
communications [5, 6, 7] in multi-robot system. Arkin et. al.
in [5, 6] indicated that explicit communication is not always
required to achieve an increase in utility. He demonstrates
experiments and results for which teams fare equally well
without the use of explicit communication. Further, they states
that if implicit communication is present, then explicit
communication provides little or no improvement.

Roy and Dudek [4] addressed the rendezvous problem of
two heterogeneous robots with limited communication range
exploring unknown environments. The basic idea of their
approach is that the robots have an agreed-on notion of what
constitutes a good rendezvous point. At a pre-arranged time,
the robots go to the best rendezvous point, and wait for the
other robots to arrive. They can then fuse their map and
suitably partition any remaining exploration to be done.









time. Then, when the searching robots move toward the
estimated point with some errors, the probability of
establishing re-connection either by visual or radio channel
would be greatly increased. A position estimation method will
be discussed in the next section.

V. POSITION ESTIMATION OF THE HOST

Initially all of the robots are assumed to be connected at the
entrance. Therefore, the host robot can broadcast its initial
planned path to all of the searching robots before the robots to
be dispersed to different areas. It is possible for the searching
robot to predict the host position at any given time based on
this initial planed path information, with the assumption that
the host robot always moves at the same given speed.

For the purposes of the experiment we will perform, the
wavefront path planner is used as our global path planner, and
the Vector Field Histogram Plus local navigation method by
Ulrich and Borenstein [15] is used as the obstacle avoidance
algorithm. In order to function effectively with an underlying
obstacle avoidance algorithm, the planner only transmits
waypoints, not the entire path.

Assume that there are » waypoints in the initial planed path
for host robot, as shown in Fig. 1, where the SP, WP, and GP
represent the starting point, way point, and goal point,
respectively. The time intervals between SP to WP, WP to WP,
and WP to GP can be obtained by Equation (1) and the angles
between the x-axis of the global coordinate and different
waypoint phase can be obtained by Equation (2).
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°
global coordinate X

SP (X1, Y1)

Fig.1. Initial planned path with three waypoints for host robot at the entrance,
where WP stands for waypoint, SP stands for starting point, and GP stands for

goal.
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Then the estimated position of the host robot at time 7 can be
obtained by the following equation.

when 7 < Az,
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Since it takes time for the searching robot to catch up with
the mobile host, it would not be appropriate for the searching
robot to set the destination as the host’s current estimated
location using the above method. Instead, the searching robot
has to predict how long it may take to arrive to the host’s
current position, and predict the host’s future location with
this time interval, and set up this host’s future location as its
new path destination. This approach is more cost efficient
because the searching robot skips the current location of the
host and plans a short-cut path to catch up to the host’s future
location. To minimize the accumulated estimation error, the
host would always inform all the searching robots its current
waypoint planner during every aggregation time.

VI. SYSTEM FAULT TOLERANCE

A. When a Host Fails

Under some emergency situations, the host robot may fail
due to physical damages or system malfunctions. When a host
fails, the corresponding searching robots cannot take over the
host role due to their limited computational power and limited
radio range.  Furthermore, the searching robots only
communicate with the local host and they will become isolated
from the other sub-teams if their local host fails.

One obvious approach is to remove the failed host and its
corresponding searching robots from the team list, and
continue the searching with the left-over sub-teams. However,
the robot resources would be wasted. Therefore, a dynamical
host allocation approach is proposed as follows.

First, each host should be able to dynamically add a new
searching robot into its sub-team or remove a lost or failed
searching robot from its sub-team. Accordingly, dynamic task
allocation is required for each host. Second, the searching
robots should store the status and information of their
neighboring hosts. If the local host cannot be detected from a
close distance for a period of time, the local searching robots
can assume that this host has failed. Based on the information
of their neighbor hosts, each searching robot will pick the
closest neighbor host and move toward to it if the static rally
point strategy is applied, or move toward to the next mobile
rally point of the closest neighbor host with other aggregation
strategies, such as MRP, MI, and MITO, using the proposed
host movement estimation approach. The searching robots
send join-in requests to the neighboring host. After receiving
the confirmation message from the host, the searching robots
join in the new sub-team to continue the searching task.

B. When a Host is out of Long-Range Communication

It is casy to control the hosts so they are within range of
each other when static rally point strategy is applied. However,
for other mobile strategies, such as MRP, MI, and MITO, one
or more hosts may temporarily move out of the
communication range. As long as the hosts are within the
communication range for periodic message exchange, there

2694



will be no effect on overall system performance. If the host
cannot be detected for a period of time, the other host would
assume that this host is either lost or failed. To improve the
searching efficiency, other hosts continue their searching task.
If the host is just temporarily out of communication range,
once the lost host finds its way back to the connection, the
other hosts will update the new status of the lost host.

To enable the lost host to recover from a disconnection, a
centroid-based approach is proposed here. Based on the
current location of each host obtained through the host-host
communication, the centroid point of all the hosts at the
current moment can be estimated. During the searching, we
can reasonably assume that the centroid of the hosts will move
much slowly compared to the host movement. Therefore, the
lost host can move toward the last centroid point before its
disconnection until the reconnection is established. To ensure
the connection with its local searching robots, the lost robot
will inform the local robots of its new motion plan toward the
centroid point.

VII. SIMULATION AND EXPERIMENTAL RESULTS

A. Simulation Results

To test the aggregate strategies with a multi-robot system,
searching simulations using 9 robots were carried out. These
9 robots are divided into three sub-teams, where cach sub-
team has one host and two searching robots. The searching
area is set up as 150m x 150m with 20 rooms. The three
targets are randomly distributed in these 20 rooms. The host-
host communication range is 100m, and the short-range
between the host and searching robot is 20m. Initially all the
robots are placed in the center of the searching area. Then
three sub-teams are dispersed into different areas. 100 target
configurations are randomly generated, and three aggregation
strategies SRP, MRP, and MI are conducted for each
configuration.
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Fig. 2. Searching time comparison {mean value and variance): 1 for SRP, 2
for MRP, and 3 for MI

To verify the proposed aggregation strategies as well as the
system robustness, three cases are considered. The first case is
for three hosts working mnormally and within the

communication range. In the second case one host is out of
range, and in the third case one host fails after 5 minutes. The
mean searching time and the corresponding variance for three
cases are shown in Fig. 2. The searching time unit is minute.

It can be seen that the MI approach outperforms the other
two approaches in the mean searching time. The SRP is fairly
consistent compared to other two approaches since the hosts
are static, and it is easy for the searching robots to re-connect
when their host fails. When one host fails, MRP is worse than
SRP because the searching robots will take longer to reconnect
to the mobile rally point, and the aggregation time will also
take longer due to larger size of sub-team and a larger area to
cover. These simulation results suggest that the proposed
aggregate strategies work well in a multi-robot system. The
system robustness can acceptable for situations in which a host
is out of communication range or fails.

B. Experimental Results

The experiments are conducted on three mobile robots in a
lab space of 4m x 8m: one Pioneer 3DX equipped with a pan-
tilt-zoom camera, laser range finder, and 16 sonars, and two
Centribots equipped with a camera and 8 sonars. The
communication between the robots are wireless. The radio
range is setup as lm, which can be easily configured by
exchanging the current location information between the
robots. When the distance between each other is greater than
1m, the robots assume that the communication failure happens,
otherwise, they are connected. Different color cylinders are
installed on top of each robot for robot recognition using
vision. The moving speeds of the robots are setup at
0.1m/second for Pioneer 3DX, and 0.02m/second for

Centribots. The vision system can detect the color cylinders
anywhere inside the lab. Fig. 3 shows some snapshots of
experiment using MI strategy.
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Fig. 3. Snapshots of experiment using MI strategy with 3 Pioneer robots

The Adaptive Monte-Carlo Localization algorithm
described by Dieter Fox [16] is used for the localization
method. Each robot has its own global path planner, which is
wavefront path planner, and local obstacle avoidance






