THE USE OF HYBRID SYSTEMS IN THE CONTROL OF COOPERATIVE ROBOTS
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Abstract— This paper presents a methodology for modeling the coordination of multi-robot teams in the
execution of cooperative tasks. The main idea is to use hybrid systems theory in order to model the cooperation.
Basically, during the execution of the task each robot can be in one of several discrete states (called roles)
being controlled by different dynamic equations in each role. The coordination of the team is obtained by
the synchronization of discrete state transitions (role assignments) and communication among the robots. The
methodology is demonstrated in a cooperative manipulation task, in which two heterogeneous robots cooperate
in order to transport a large object between two different locations in an environment containing obstacles.
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1 Introduction

Cooperative Robotics has been an active research
field in the last few years. Basically, it consists in
using a group of robots working cooperatively to
execute various types of tasks, trying to increase
the robustness and efficiency of task execution.
The use of multi-robot teams brings several ad-
vantages over single robot approaches. Firstly, de-
pending on the type of the task, multiple robots
can execute the task more efficiently by dividing
the workload among the team. For other tasks,
called tightly coupled tasks, the execution cannot
be performed by a single robot working alone and
the use of multi-robot teams working in coordi-
nation is required. Also, groups of simpler and
less expensive robots working cooperatively can
be used instead of an expensive specialized robot.
Robustness is also increased in certain tasks by
having robots with redundant capabilities and dy-
namically reconfiguring the team in case of robot
failures.

To execute cooperative tasks, the robots must
be coordinated. The coordination of multi-robot
teams in dynamic environments is a challenging
task. Basically, the actions performed by each
team member during each phase of the coopera-
tion must be specified considering several aspects
such as robot properties, task requirements, and
characteristics of the environment. Also, the coor-
dination mechanism should provide flexibility and
adaptability, allowing the robots to complete co-
operative tasks more efficiently and robustly. All
these factors make the development of adequate
coordination mechanisms one of the key issues in
cooperative robotics.

In this paper we present a methodology that
uses hybrid systems in order to model and con-
trol multi-robot teams in the execution of coop-
erative tasks. Hybrid Systems are dynamical sys-
tems composed by discrete and continuous states.
In our methodology, the robots can be in one of
several discrete states, being controlled by differ-
ent continuous dynamics within each state. We
call each discrete state a role in the task. The
coordination of the team is obtained by synchro-
nizing the discrete state transitions (role assign-
ments) and exchanging information among the
robots. The methodology is demonstrated in a
cooperative manipulation task, in which two het-
erogeneous robots cooperate to carry an object
between different locations.

Several researchers have been working in
the development of mechanisms for cooperative
robotics. Surveys of the field can be found in
(Parker, 2000) and (Cao et al., 1997). An in-
teresting approach for multi-robot coordination
is the Alliance architecture (Parker, 1998), a
behavior-based software architecture for hetero-
geneous multi-robot cooperation. It has a fault
tolerance mechanism that allows the robots to de-
tect failures in their teammates and adapt their
behaviors to complete the task. Among the coop-
erative tasks, cooperative manipulation is one of
the most used test beds for cooperative robotics.
Several approaches have been proposed for this
problem ranging from behavior based fault toler-
ant approaches (Mataric et al., 1995) to planner
based architectures (Noreils, 1993). The use of
complex dynamic models and force sensors to de-
scribe and sense the interaction among the robots
and the object has also been proposed (Kosuge



et al., 1999; Khatib et al., 1995). More recently,
different cooperative approaches to the problem of
material transportation by multiple robots have
been studied. For example, the coordination of
multiple robots manipulating objects using ropes
(Donald et al., 2000), the cooperation among a
human and a group of robots (Hirata and Ko-
suge, 2000) and the use of communication for
task allocation in a box-pushing task (Gerkey and
Mataric, 2001).

Hybrid systems theory has been used by some
researchers in the control of cooperative robots. In
(Fierro et al., 2001) for example, robots switch be-
tween different controllers in order to keep a for-
mation while moving. Cooperative robotics has
also been used as a test bed for hybrid system
tools, like CHARON (Alur et al., 2000). In this
paper, we do not focus on aspects of hybrid sys-
tems theory like reachability or stability. Instead,
we try to show that hybrid systems are adequate
for modeling cooperative tasks and demonstrate
this in a cooperative manipulation.

This paper is organized as follows: next sec-
tion explains some basic concepts about hybrid
systems and hybrid automata. Section 3 presents
our modeling of cooperative robotics using hybrid
systems. Section 4 describes the cooperative ma-
nipulation, the test bed task used in this paper.
The results of the experiments in real platforms
are presented in Section 5 and Section 6 brings
the conclusion and possibilities for future work.

2 Hybrid Systems

A hybrid system is a dynamical system composed
by discrete and continuous states. The execution
of a hybrid system can be defined by a sequence
of steps. In each step, the system state evolves
continuously according to a dynamical law until
a discrete transition occurs. These transitions are
instantaneous state changes that separate contin-
uous state evolutions (Alur et al., 1995). Hybrid
systems have been used as mathematical models
for important and diverse applications such as air
traffic management, robotics, biological and med-
ical applications, embedded systems, real-time
communication networks, etc. In general, the ma-
jority of the systems that are composed by a dig-
ital program controlling an analog plant can be
modeled using hybrid systems.

A hybrid automaton can be used to describe
hybrid systems. It is a finite automaton aug-
mented with a finite number of variables that can
change continuously, as specified by differential
equations or discretely, according to specific as-
signments. A hybrid automaton H can be defined
as:

H = {QavaEafaln'U,G,ITL'L.t,R}.
Q = {q17q27'--

,qn} is the set of discrete states,

also called control modes or control locations. The
set V' represents the variables of the system and
can be composed by discrete (V) and continuous
(V) variables: V = V; U V.. Each variable x € V
has a value that is given by a function v(z). This
is called valuation (v) of the variables. Thus, the
state of the system is given by a pair (g,v), com-
posed by the discrete state and the valuation of
the variables. The dynamics of the continuous
variables are determined by the flows f, generally
described as differential equations inside each con-
trol mode. Discrete transitions between pairs of
control modes (g;,q;) are specified by the control
switches E (also called edges). Invariants (Inv)
and guards (G) are predicates related to the con-
trol modes and control switches respectively. The
system can stay in a certain control mode while
its invariant is satisfied, and can take a control
switch when its guard (jump condition) is satis-
fied. The initial states of the system are given by
Init, and each control switch can also have a re-
set statement R associated, to change the value of
some variable during a discrete transition.

A classical example of a hybrid automaton is
the control of a thermostat. As shown in Figure
1 (Henzinger, 1996), a hybrid automaton can be
pictorially represented by a directed graph, where
discrete modes are represented by vertices and dis-
crete transitions by edges. In Figure 1, the system
starts in the Off mode with the temperature x set
to 20 degrees. In this mode, the temperature falls
according to the differential equation & = —0.1z.
Due to the jump condition z < 19, the heater
may go to the On state as soon as the tempera-
ture falls bellow 19 degrees. And according to the
invariant condition z > 18, at the latest the heater
will move to the On state when the temperature
falls to 18 degrees. In the On control mode, the
temperature increases according to the equation
£ = 5 — 0.1z and the control jumps to the Off
mode when the temperature is between 21 and 22
degrees. It is important to note that the hybrid
automaton allows nondeterminism in the execu-
tion of the system. A discrete transition can be
taken in any moment since its guard is valid. To
force determinism in the execution, guards and in-
variants must be synchronized in such a way that
a transition will become enabled in the exact mo-
ment that an invariant is violated. In the thermo-
stat example, this would be possible setting the
guards to ¢ <= 18 and = >= 22.

3 Modeling Multi-Robot Cooperation

In our methodology, we call each discrete state
a role in the task. We consider that a role is a
function that one or more robots performs during
the execution of a cooperative task. Each robot
will be performing a role while certain internal
and external conditions are satisfied, and will as-



Figure 1. Hybrid automaton for a thermostat.

sume another role otherwise. A role depends on
the internal robot state and on information about
the environment and other robots, and defines
the set of controllers that will be controlling the
robot in that moment. Dynamically assuming and
exchanging roles, the robots are able to perform
the task more efficiently, adapting to unexpected
events in the environment and improving their in-
dividual performance in benefit of the team. More
details about the dynamic role assignment mech-
anism can be found in (Chaimowicz et al., 2002).

Using a hybrid automaton and representing
roles as control modes®, we are able to better de-
scribe the robots during a cooperative task. The
internal states and sensory information can be
specified by continuous variables, and updated
according to the dynamic equations within each
mode. The role assignment is represented by the
discrete transitions. The invariants and guards
define when each robot will assume a new role.
Cooperative execution can be represented by a
parallel composition of several automata, one for
each robot. Using communication the robots are
able to synchronize their automata and execute
the cooperative task.

In fact, communication is very important in
the execution of cooperative tasks, mainly for
tightly coupled tasks. Basically, there are two
methods for changing information among robots:
implicit and explicit communication. Implicit
communication occurs as a side-effect of robots’
actions, or through the way they change the envi-
ronment. It does not require any special mecha-
nism: the robots simply use their sensors in order
to observe the actions of their teammates gath-
ering the desired information from this observa-
tion. On the other hand, in explicit communica-
tion robots deliberately send messages to the oth-
ers, normally using some wireless communication
mechanism.

In the experiments presented here, a explicit
communication mechanism was used for exchang-
ing information. In a companion paper we show
the use of implicit communication in the coordina-
tion of multiple robots (Pereira et al., 2002). Here,
the robots exchange messages using a wireless eth-
ernet link. There are two types of messages: syn-

“Since we are using control modes to represent roles, we use
the terms roles, modes, control modes and discrete states
with the same meaning throughout this text.

chronous and asynchronous. Synchronous mes-
sages are sent and received continuously in a con-
stant rate while in asynchronous communication,
an interruption is generated when a message is re-
ceived. Synchronous messages are important in
situations where the robots must receive constant
updates about the state of the others. On the
other hand, asynchronous communication is used
when, for example, one robot needs to inform the
others about unexpected events or discrete state
changes such as the presence of obstacles, robot
failures, etc.

4 Cooperative Manipulation

In this paper, we demonstrate the hybrid systems
modeling and coordination in a cooperative ma-
nipulation task. In this task a team of robots co-
operate to carry a large object in environments
that may have both static and dynamic obstacles.
It is an example of a tightly coupled task because
it cannot be performed by a single robot working
alone and requires a tight coordination to grasp
and transport the object without dropping it.

In the experiment presented here, two hetero-
geneous robots were used in the implementation
of the cooperative manipulation. Figure 2 shows
the robots carrying a box. The robot on the
left is a TRC Labmate platform, equipped with
an actively controlled compliant arm (Sugar and
Kumar, 1998). The platform is non-holonomic,
and the only on-board sensors are encoders lo-
cated at the arm and at the two actuated wheels.
All the programming is done using Simulink and
Real Time Workshop and compiled for DOS. The
other robot is a XR4000, developed by Nomadic
Technologies. It has a holonomic driving system
offering three degrees of freedom (z,y,6) and is
equipped with several types of sensors such as
two rings of 24 ultrasound and infrared sensors,
a stereo vision system and several encoders. It is
also equipped with a fork-lift arm that has one
prismatic joint along a vertical axis. It uses the
Linux system and the programming is done using
C. Both robots are equipped with wireless Eth-
ernet boards and exchange messages using a con-
nectionless protocol.

The robots use a leader-follower approach for
the cooperative manipulation: one robot is iden-
tified as a leader and the other is designated as a
follower. The assigned leader has a planner and
broadcasts its estimated position and velocity to
the follower using synchronous messages. The fol-
lower has its own trajectory controller that acts
in order to cooperate with the leader. The plan-
ner and the trajectory controllers send set points
to the low level controllers that are responsible
for the actuators. All robots have a coordination
module that controls the cooperative execution of
the task. This module receives information from



Figure 2. Two robots carrying a box

the sensors and exchanges asynchronous messages
with the other robot. It is responsible for the role
assignment and for other decisions that directly
affect the planners and trajectory controllers.

The role assignment is used to exchange the
leadership responsibilities among the robots: At
any moment, the robot performing the leading
role can become a follower, and the follower can
take over the leadership of the team. This allows
the robots to react and adapt easily to unexpected
events such as obstacle detection, sensor failures,
etc. It is also important to divide the leadership
among the robots in such a way that, in each phase
of the cooperation, the robot that is best suited in
terms of sensor power, manipulation capabilities,
etc., will be leading the group.

There are basically three roles in this task:
Dock where the robots coordinate themselves to
get the object, and Transport that in fact is com-
posed by the subroles Lead and Follow. The con-
trol modes of the robots’ automata are shown in

Figure 3.

Pass/ Resign

Request / Get

Figure 3. Control modes of the robots in the execution of
a cooperative manipulation task

As mentioned, different continuous equations
will be used by each robot in each control mode.
When the robots are in the Dock mode, they will
apply a proportional controller based on the dis-

tance to the object to move in order to grasp the
object. In the Transport mode, the robots will
have different behaviors when leading or follow-
ing. In the Lead mode, they will be controlled by
planners that send set points to the actuators. In
the following mode, the controllers are more com-
plex. The robots should perform a precise tra-
jectory in order to follow and cooperate with the
leader. These controllers are described in the next
paragraphs.

Since the Labmate is non-holonomic, the in-
puts for the low level controllers are the linear
and angular velocities (u; = v, us = w). Thus,
the state equations become:

&= f(z,u) > | = |sinf 0
0 0 1

In the Follow mode it uses information sent
by the leader together with feedback information
from the compliant arm to compute its input.
This controller can be thought as if the follower
is the rear wheel of a bicycle and the leader is
the front wheel. The information of the compli-
ant arm is used to compensate possible odometry
errors. Considering that the subscript [ refer to
information sent by the leader, D is the distance
between the robots and x, are the state of the
compliant arm , the control laws are:

wi = vy cos(f — 0) + f(a), (1)
(/D) sin(f; — 0) + g(,). (2)

The XR4000 is holonomic having three de-
grees of freedom and consequently three inputs
(& = w1, § = us, § = ug). When it is performing
the Follow role, it tries to maintain a certain dis-
tance and orientation relative to the leader. The
leader’s pose (&, U1, él) and information about the
leader’s compliant arm (Z,) are received through
explicit communication®. For each degree of free-
dom, we use a proportional controller that tries
to keep the robot on the desired position and ori-
entation together with a function that is used to
compensate odometry errors based on the position
of the leader’s compliant arm.

T cosf 0
)

U2

U2

uy = ki((Z; + Dcosf) — ) + f(2a), (3)
uy = ks((f + Dsin®) —y) + g(2a), (4)
uz = k3 (0 — 0) + h(a). (5)

It is important to mention that all these con-
trollers are specific for these robots and this task,
but the general framework, including the role as-
signment mechanism and hybrid systems model-
ing, can be used in other cooperative tasks with
other types of robots.

bWe use the superscript (%) to emphasize that these values
are estimates. They may not reflect exactly the actual
values due to possible delays and failures in the explicit
communication.



5 Results

As mentioned, in the experiment presented in this
paper the XR4000 and the Labmate cooperate to
carry a box using the leader-follower approach ex-
plained before. Basically, there are two ways of
changing the leader: leadership request and lead-
ership resignation. In the leadership request, the
follower sends a message requesting the leader-
ship. This normally happens when it is not able
to follow the leader’s plan and/or knows a better
way to lead the task in that moment. For exam-
ple, if one of the followers detects an obstacle, it
can request the leadership, avoid the obstacle, and
then return the leadership to the previous leader.
In the resignation process, the leader relinquishes
the leadership to another robot. This can happen
when the robot senses that it is unable to con-
tinue leading or when it finishes its leading turn
in a task that has multiple leaders. In this pa-
per we demonstrate the leadership request pro-
cess. Other experiments together with a more de-
tailed description of the leader-follower architec-
ture can be found in (Chaimowicz et al., 2001).

Before beginning the transportation, the two
robots must coordinate themselves to get the box.
This is called the Dock mode of the cooperation.
The XR4000 uses its infrared sensor to approach
the box and deploy its arm at the correct po-
sition. The Labmate uses feedback information
from the compliant arm to move and grasp the
box. In this experiment, docking is in one dimen-
sion (the robots and the box are aligned), and
the Labmate waits until the XR4000 finishes be-
fore starting its own docking. The synchroniza-
tion between the robots is obtained exchanging
control (asynchronous) messages, but they do not
exchange data (synchronous) messages during the
docking phase.

After finishing the docking phase, the robots
start the box transportation. Figure 4 shows the
trajectories executed by the robots transporting
the box with data acquired from odometry. The
numbers inside the graphs indicate the initial po-
sitions and the points where the leadership has
been changed. Each robot is indicated by a letter
(X-XR4000, L-Labmate). The Labmate begins
leading by going backwards in a curvilinear tra-
jectory (from OL to 1L). The XR4000 begins fol-
lowing (0X) and requests the leadership when its
infrared sensor detects an obstacle in its way (1X).
After moving to avoid the obstacle, the XR4000
(2X) returns the leadership to the Labmate (2L)
that leads until the end of the task. The leader-
ship exchange here is very important because the
leader is not aware of the obstacle in the path of
the follower. The XR4000 therefore requests the
leadership, avoids the obstacle and returns it to
the Labmate.

As mentioned, communication is very impor-
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Figure 4. The XR4000 requests the leadership (1X) and
returns it (2X) to the Labmate

tant for both coordination and control. Figure 5
shows the hybrid automata of the two robots to-
gether with messages exchanged by the robots in
each role. The circles represent the discrete states
of the robots and the rectangles indicate the con-
tinuous dynamics (controllers and planners) for
each state. The arrows between the robots are
the control and data messages exchanged and the
links among the states in a robot are discrete tran-
sitions.

i : i Follow | i i
H Stopped H i Controller : Planner :

DDCk @ XR4000
Dock Dock
OOKC oo . | L. Pass
v TRC
Labmate
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Figure 5. The two automata and the messages exchanged
between the robots

6 Conclusion

In this paper we presented a new methodology for
modeling the coordination of multiple robots in
the execution of cooperative tasks. Each robot
performs a set of roles that define its actions dur-
ing the cooperation. A hybrid systems framework
was used to model this roles and the dynamic role
assignment, trying to provide a better and more
formal way to represent the cooperative system.
The methodology was tested in a cooperative ma-
nipulation task, where two heterogeneous robots
had to exchange roles in order to carry a large ob-
ject avoiding obstacles. The results showed that
the dynamic role assignment allows the multi-
robot team to successfully complete the task and



that the hybrid systems approach is a suitable way
of modeling this kind of cooperation.

Our future work is directed towards improv-
ing the hybrid systems modeling of the cooper-
ation, mainly in the formalization of the paral-
lel composition of multiple automata. This will
provide a more complete approach to formally de-
scribe the execution of cooperative tasks by multi-
robot teams. We also intend to test this method-
ology in other cooperative tasks, both in real and
simulated environments in order to study impor-
tant aspects such as applicability and scalability.
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