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Abstract— This paper addresses the problem of coor-
dinating multiple mobile robots in a tightly coupled task
by means of implicit communication. This approach al-
lows the development of controllers that do not depend
on any explicit data flow between the robots, thus relying
only on local sensor information. A box-carrying task is
used to validate the proposed methodology both in sim-
ulation and in real-world experiments. Results show that
implicit communication can be used together or replacing
explicit communication for the cooperative box carrying
task, making the system more robust to faulty communi-
cation environments.

Keywords— cooperative robotics, implicit communica-
tion, tightly coupled task

1 Introduction

Coordination of multiple mobile robots in tightly cou-
pled tasks has recently been implemented in a distributed
way. Rus et al. [1], for instance, use a group of mobile
robots to push and place pieces of furniture. Another ex-
ample is given by Chaimowicz et al. [2], who present an
hierarchical architecture to coordinate mobile manipula-
tors in a box carrying task. However, most of the known
distributed approaches have been shown to be highly de-
pendent on inter-robot communication, generally used to
exchange control messages and local sensorial data.

Communication between cooperative agents can be re-
garded as either ezplicit or implicit. Ezplicit communica-
tion is defined as an specific act designed solely to convey
information to other robots on the team [3]. Examples
of cooperative tasks where this type of communication is
used can be found in several papers [1, 2, 4]. On the other
hand, implicit communication occurs as a side-effect of
robots’ actions, or through the way they change the en-
vironment. Implicit communication offers several imme-
diate advantages over the explicit form. Among them are
simplicity, robustness to faulty communication environ-
ments, lower power consumption, and stealthiness. Balch
and Arkin [5] show that although communication signif-
icantly improves the performance of a robotic team, ex-
plicit communication is not essential when the implicit

form is available. Still, more complex communication
strategies offer little or no benefit over low-level commu-
nication. Khatib et al. [6] show a cooperative manipula-
tion task in which inter-robot communication is achieved
through the interaction forces sensed by each manipula-
tor. Another example of implicit communication is given
by Vaughan et al. in [7], where a group of mobile robots
performing a foraging task communicates by leaving land-
marks in the environment. More recently, Stiwell and
Bishop [8] have presented a theoretic approach showing
that the amount of explicit communication can be reduced
by the use of the implicit form. The framework has been
validated using a group of simulated underwater vehicles
which maintain tight formation by inferring distances from
each other through the acoustic vibrations produced by
their thrusters.

This paper addresses the problem of coordinating mul-
tiple mobile robots in a box-carrying task. Depending on
the robots kinematic constraints, and on the configura-
tion observed between them and the object, complex situ-
ations — such as the truck-trailer backing problem [9] —
may arise. To avoid this problem, the proposed method-
ology implements a dynamic leader-follower architecture,
where the leading robot — assigned in real-time — is re-
sponsible for guiding the group through the environment.
Leadership exchanging is dealt via implicit communica-
tion, which takes advantage of the controllers full depen-
dency on local sensor information. Experiments with sim-
ulated and real robots with restricted communication ca-
pabilities show that simple implicit communication strate-
gies provide similar performance levels when compared to
robotic teams working with more complex communication
systems.

The remainder of the text is organized as follows. Sec-
tion 2 describes the problem to be tackled in this work. In
Section 3, the used methodology is presented. The results
of the experiments, both with simulated and real robots
are shown in Section 4. Finally, the main points of the
paper are summarized and discussed in Section 5.

2 Problem Statement

The more general problem to be tackled here is the co-
ordination and control of multiple non-holonomic mobile
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Figure 1: Two nonholonomic robots carrying a box in an un-
structured environment. The robots are able to sense both the
linear (s;) and angular (6;) box displacements.

manipulators handling rigid objects in an unstructured,
dynamic environment. It is also considered that explicit
communication among the robots is limited and sometimes
even unavailable. Non-holonomicity imposes additional
kinematic restrictions to the group when previously un-
known obstacles (common to dynamic, unstructured en-
vironments) need to be avoided. The use of rigid objects
simplifies the problem since deformation does not need to
be considered and force information can be directly trans-
mitted from one robot to the others.

Specifically, a simpler situation where two robots must
carry a large box from one point to another in an un-
known environment is considered. In order to maintain
appropriate grasp of the box, the robots must use some
force-sensitive mechanism, such as the compliant arm pre-
sented in [10]. The robots can localize themselves in the
environment through built-in proprioceptive and extero-
ceptive sensors. Exteroceptive sensors such as vision or
sonar rangers are also used to detect close obstacles. Fig-
ure 1 depicts this scenario.

The kinematics of the robot-box-robot configuration
shown in this figure is very similar to the multiple degree
of freedom, mobile robot with compliant linkage system
implemented by Borenstein [11]. The box, the displace-
ments (s1 and s2) and the angles (1 and 62) can be viewed
as the compliant linkage between the robots. In his work,
Borenstein points out that the centralized control of the
whole system is rather difficult, mainly because it involves
adjusting the link length by controlling four independent
motors. Other authors such as Kosuge and Oosumi in [12]
and Sugar and Kumar in [4] have addressed similar prob-
lems in a distributed way, showing that the distribution
of the control laws makes the problem easier to be solved.

Perhaps, one major difficulty to control the mobile ma-
nipulators in an unknown environment is obstacle detec-
tion and avoidance. Depending on the configuration, the
group may not be able to fully avoid the obstacle with-
out dropping the box. In such situations, the robots must
move backwards mainly due to the sensors’ limited range
and the ensemble kinematics. If the leading robot (R:
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Figure 2: System architecture. The darker side represents the
active robot controller. When the lead controller is active, the
robot guides the ensemble. On the other hand, the follow con-
troller is only concerned with the box grasping.

in Figure 1) detects an obstacle and simply moves back-
wards without first communicating its intention to the
other robot (R in Figure 1), the control problem degener-
ates to the truck-trailer backing problem, which is a known
open-loop unstable system [9]. A simple way to avoid that
problem is to adopt a dynamic leader-follower architecture
such as the one presented in [2]. Using such an approach,
robot R; is initially set as the team leader, being able to
transfer the leadership every time the group needs to move
backwards. The truck-trailer backing problem is avoided,
since the leading robot is always moving forward.

The main contribution of this paper is the develop-
ment of a hierarchical methodology where the leadership
exchanging is achieved by means of implicit inter-robot
communication.

3 Methodology

The methodology presented here is based on a hier-
archical architecture composed by one leader, that com-
mands the team towards a predefined target, and the fol-
lowers, that try to keep an appropriate grasp on the ob-
ject. For the specific situation of two robots carrying a
box, it is assumed that only the Leader knows the target
position. Thus, in order to complete the task, the same
robot must start and finish as team leader. The Follower®
only leads the group during short time periods when the
ensemble must move backwards. Hence, a new concept
of leadership lending can be observed: the Leader lends
the authority to the Follower, which must return it after

IThrough the remaining of the text, the innate leader (R in
Figure 1) will be addressed as the Leader, while the other robot
as the Follower — both in italic with initial capital letters.



Figure 3: The Follower’s (R2) trajectory shown when it is
driving the group (dashed line) and when it is not (solid line).
The darker robot is the Leader and the lighter is the Follower.
The robot with the black dot is the one currently driving the
group. In t; the Leader lends the leadership, and in ts the
Follower returns it. Observe that the heuristically determined
mirrored trajectory traced by the Follower helps the group to
avoid the obstacle.

a given time period or when requested by the Leader. The
proposed architecture is shown in Figure 2. It can be seen
that each robot has two basic control modes: lead (on the
left) and follow (on the right). The switching between
these two modes will be discussed later.

In recent box carrying methodologies, the controllers of
the followers are highly dependent on the leader’s position
and velocity, which are transmitted via a wireless com-
munication link. In the present work, communication is
considered to be rather limited or sometimes unavailable,
motivating the robots’ controllers to be fully dependent
on local sensor information. Hence, in the box carrying
task, robot motion can be controlled as a function of its
interaction with the object. In this way, the leading robot
drives in a determined direction while the other robot tries
to maintain the forces and torques applied to the object
constant. Initially, the object is in equilibrium since the
summation of the forces applied to it equals zero. When
the Leader begins moving, the resultant vector points to-
wards the direction of movement. At the same time, the
Follower’s controller commands it to move in a way to
keep the force summation null. It can be seen from Fig-
ure 2 that the proposed architecture does not consider any
explicit data flow between the robots: the basic controllers
do not depend on each other.

Since the target position is unknown to the Follower,
when it receives the leadership it does not know which di-
rection to take. However, by having observed the Leader’s
path prior to leadership exchanging, the Follower may
choose a “reasonable” trajectory. A simple heuristic which
has experimentally proven to be rather efficient is to move
through a mirrored trajectory of the Leader (Figure 3),
which significantly improves the group’s obstacle avoid-
ance process. A good approximation to the Leader’s tra-
jectory is the Follower’s own trajectory, since both robots
are tightly coupled through the box. This trajectory can
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Figure 4: Implicit leadership exchanging mechanism between
the two discrete modes.

be easily estimated by local odometry. If this is not pos-
sible, due to some robot restriction (e.g. lack of mem-
ory or processing), to store the Leader trajectory, the fol-
lower can simply move backward maintaining its current
absolute orientation. Although this may not lead to the
optimal action, the ensemble would eventually avoid the
obstacle.

Leadership lending is the most difficult task to be per-
formed without explicit communication. Usually, common
obstacle avoidance algorithms force the robot to move
backwards when it is impossible to avoid an obstacle.
Since this is the case at hand, when the Follower detects
this movement pattern, it assumes that the Leader has
temporarily resigned the leadership. A similar situation
occurs when the Follower must relinquish the group’s con-
trol. This mechanism is actually a form of implicit com-
munication. Nevertheless, it can also be seen as a simple
non-confirmation explicit protocol, since the robots may
intentionally pass the leadership by moving backwards.
However, this communication protocol is rather limited,
since other messages such as leadership request are diffi-
cult to be conveyed. Movements to transmit leadership in-
formation other than those which compress the box might
actually drop it. The robots behavior can be modeled as
two basic discrete modes (Figure 4), each with particular
controllers (Figure 2).

The following section presents results of several exper-
iments executed in order to validate this methodology.

4 Experiments

In both simulated and real experiments, the robots
move from an initial position to a goal carrying an ob-
ject and avoiding obstacles in their path. As explained
in the previous section, due to kinematic constraints and
sensors limitations, the robots must exchange the leader-
ship using explicit or implicit communication, in order to
avoid the obstacle.

4.1 Simulated Robots

Before experimenting with real robots, a simula-
tor(MuRoS [13]) was used to evaluate the task perfor-
mance as the reliability of the communication system
varies. MuRoS is a multi-robot simulator developed for
simulating various types of cooperative tasks, ranging
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Figure 5: Snapshot of the box carrying simulation

from loosely coupled to tightly coupled. Implemented us-
ing object orientation in the MS Windows environment,
MuRoS can be easily extended with the development of
new classes and the implementation of new robots, con-
trollers and sensors.

In the box carrying task, two non-holonomic robots
equipped with a compliant arm (similar to the one pre-
sented in [10]) were simulated. Figure 5 shows a snapshot
of the simulation, where the Leader is the black robot and
the Follower is the dark gray one. A trace of the box posi-
tion is also shown. The goal is located at the right corner
of the screen, inside the dashed rectangle.

The communication models are the following: in the ex-
plicit communication, the robots exchange asynchronous
messages, and failures are simulated by “losing” a per-
centage of these messages during transmission. An ac-
knowledgment message is sent to confirm that a message
was received and in case of failure, the sender transmits
the message again after a timeout period. Using implicit
communication, the leading robot simply starts to move
backwards with constant velocity during a given period
of time. The follower senses this movement through the
compliant arm, and automatically takes the leadership.

The simulation time for two robots to carry a box from
an initial position to the goal was measured. Both implicit
and explicit communication were used and communication
failures were simulated by increasing lost messages rate
during execution. Figure 6 shows the task completion time
using implicit and explicit communication, increasing the
rate of failures in the transmission from 0 to 90%. For
each point of the graph, 200 runs were executed and the
arithmetic mean and standard deviation were computed.

As expected, the execution time increases when com-
munication failures are also increased. As the robots use
an acknowledgement/timeout mechanism, the total wait-
ing time will be significant in faulty communication situ-
ations. Another important result is that the completion
time using implicit communication is constant and similar
to the time using explicit message exchange in a reliable
environment. In this case, the performances are similar
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Figure 6: Mean completion time for implicit and explicit com-
munication (solid line) and its variation (dotted lines), repre-
sented by the standard deviation.

because explicit communication is used only to pass the
leadership. No other additional information that could
increase the performance, such as trajectory direction or
leadership requests, are transmitted by the leader. Also,
failures in implicit communication that could degrade the
task overall performance are not being considered. In spite
of these restrictions, the results show that implicit com-
munication can be used together or replacing explicit com-
munication in a cooperative box carrying task.

4.2 Real Robots

The testbed consists of two small robots built
from commercially available assembling blocks (Lego™),
equipped with common off the shelf sensors, and low cost,
simple, in-house-built imaging and communication sys-
tems. Figure 7 shows the VERLab’s robots, Manuelzdo
and Miguilim named after two famous countryside charac-
ters immortalized by Guimaraes Rosa, a famous Brazilian
writer.

Figure 7: Miguilim and Manuelzdo in a box carrying task.



The robots’ control system runs on the Handy
Board™. This board is based on a 52-pin Motorola
MC68HC11 processor with 32K static RAM, four PWM
outputs and 7 analog and 9 digital sensor inputs. Sev-
eral types of sensors are installed on the robots, both for
localization and interaction with the environment:

e Proximity Sensors — off the shelf Sharp GP2D15 in-
frared emitter/receiver sensors that enable obstacle
detection in a distance range of 10 to 60cm;

e Contact Sensors — micro-switches mounted on
Lego™ blocks, used to detect obstacles that were
not detected by the proximity sensors;

e Shaft-encoders — optical incremental shaft encoders,
with 16 counts per turn, used for dead reckoning;

e Force Sensors — two force sensitive devices used when
the robot is carrying objects. These sensors were
assembled using springs and angular potentiometers,
as shown in Figure 8.

Explicit communication between the robots is accom-
plished by a serial cable connecting the Handy Board serial
ports in each robot. A cable is used in order to assume
error free communication. This wired serial link can be
used in tasks where the robots maintain approximately
constant poses relative to each other, within a close dis-
tance, as is the case in this work, since the cable does not
interfere with the ensemble dynamics. More details about
the platforms can be found in [14].

In the experiments presented here, the robots were pro-
gramed to transport a box from the origin of the coordi-
nate system to the goal at position (2.0m,—1.5m) (see
Figure 9). Furthermore, an obstacle was placed in order
to create a typical avoidance situation. The proposed im-
plicit communication methodology was compared to when
the robots can communicate through a reliable, bidirec-
tional point-to-point channel. The same box grasping al-
gorithm was used in both cases. The main differences are
that, with explicit communication, the Leader can inform
the Follower the path to be followed and also request the
group leadership when it is able to resume its task. Fig-
ure 9 shows the box trajectory with the robots using im-
plicit communication. The data was obtained through an
overhead vision-based ground-truth system. Notice in this
figure, the presence of two situations of leadership lending.
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Figure 8: The robots’ grasping device.
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Figure 9: The robots negotiating obstacles using implicit com-
munication. The points represent the box trajectory.

Table 1: Tests results
. Successes] Locks Failures
Communication (%) (%) (%)
Explicit 100 0 0
Implicit 80 12 8

Table 2: Completion Time

Communication Time of Success (sec)
Explicit (54.50, 1.37)
Implicit (55.49, 1.53)

t-test t=1.76, v=26

Table 3: Localization Error

Communication Localization error (cm)
Explicit (12.70, 6.85)
Implicit (8.20, 14.53)

t-test t=1.11, v=30

Table 1 shows the results for this test. It can be seen
that, with explicit communication, the robots successfully
complete the whole task in all trials. On the other hand,
the implicit communication case presented locks and fail-
ures. Locks occur when none of the robots sense the back-
ward movement, therefore leaving the ensemble with no
appointed leader. In this case, the (innate) Leader as-
sumes the leadership after some time and drives the group
to the goal, but the completion time is compromised. Fail-
ures occur mainly due to the Follower’s poor estimation of
the Leader’s trajectory, which makes the group to move in
a wrong direction. It is important to notice that, despite
the unsuccessful situations, the box is not dropped.

Table 2 shows the completion times with both explicit
and successful implicit communication cases. The data is
expressed as (mean, standard deviation). The bottom line
represents the results of the Student t-test performed on
the above pair. This statistical test is used to evaluate



whether two groups of data are significantly different ac-
cording to their means. The null hypothesis of the test
proposes that the implicit and explicit communication re-
sults do not differ significantly, while the alternative hy-
pothesis proposes that the results produce different distri-
butions. The computed ¢ rejects the null hypothesis with
a confidence level of 0.95 (to.0s = 1.72), indicating that
explicit communication presents slightly better results.

The results presented in Table 3 are relative to the
robot’s positioning error at the end of the task. Those
measurements were made in order to shown that implicit
communication does not hinder the group from complet-
ing the mission. The t-test shows that both methods
have similar distributions with a confidence level of 0.95
(t0_95 = 1.70).

Results from Tables 2 and 3 show that in the absence
of failures in the implicit communication form, its perfor-
mance is similar to the explicit one. It is also important to
notice that in lock situations, the task was still completed,
although with a higher completion time. Thus, only in
8% of the trials (failures) the robots did not complete the
task, due to poor trajectory estimations. If completion
time is not a severe restriction, the ensemble could sim-
ply move straight backwards during the maneuvers, and
then avoiding such failure situations. These results show
that implicit communication can successfully replace the
explicit form, for the box carrying task.

5 Conclusion

This paper addressed the problem of coordinating mul-
tiple mobile robots in a tightly coupled task by means of
implicit communication. The concept of leadership lend-
ing was introduced and used in order to simplify the con-
trol problem. Results from both simulated and real-world
experiments showed that implicit communication can be
used together or replacing explicit communication for the
cooperative box carrying task, making the system more
robust to faulty communication environments. However,
it is important to notice that this replacement could only
be done for this specific task because only simple informa-
tion is exchanged between the robots. In other situations
where more complex data must be transmitted, implicit
communication mechanisms may be harder or even im-
possible to implement. Future works include investigating
the applicability of this methodology for other tightly cou-
pled tasks (e.g. object pushing, assembling).
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