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1. Introduction

In order to realize a robot system having flexibility,
robustness, and the capability of responding to various situa-
tion, the authors has been developing an autonomous and
decentralized robot system called ACTRESS (ACTor-based
Robot and Equipment Synthetic System)." The basic prin-
ciple behind ACTRESS is that functions which should be
possessed by the entire robot system are distributed 10 mul-
tiple robots. The robots are allowed 10 dynamically interact
according to various situation. ACTRESS consists of mul-
tiple autonomous robotic agents, including robots, comput-
ing systems, and equipment with varying functions. It
involves the premise that communication is possible be-
tween these agents. The current major problem in the actual
development of this system is establishing how the multiple
robots are allowed to cooperate using communication.

When multiple robots are at work in an ordinary environ-
ment, various conflicting problems arise. This paper
focuses on the task assignment problem. The action modes
for multiple robots are parallel independent action by each
robot and cooperative action by multiple robots. This paper
describes a new system which determines the task assign-
ment while each robot autonomously switches both action
modes by using communication according to the situation
at hand.

2. Cooperative Motion of Multiple Robot
System

2.1. Cooperation of Multiple Robots

Many methods have been proposed to realize cooperative
action among multiple robots. Some examples are a method
in which each robot is provided with a control structure for
cooperation called multi-robot control level (MRC).” a
scheduling method which combines centralized and dis-
tributed planning,” and a collision deadlock avoidance
method by modest cooperation.) This study focuses on a
task assignment problem. A framework has been proposed
which allows communication for task assignment in the
presence of multiple agents in a contract-net protocol.” It
assumes an agent of centralized task management.

In contrast, ACTRESS is a system that incorporates mul-
tiple robots, or robotic agents, and provides intelligent group
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Fig. 1. Robotors and their message passing.
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Fig. 2. Concept of ACTRESS.

behavior. [Each robotic agent is capable of functioning
autonomously and, at the same time, communicating with
the other agents. Based on the same concept, actor for-
malism has been proposed as a calculation model for infor-
mation processing. This model executes information
processing by objects, called actors, as well as message
passing between them. The authors have expanded this con-
cept into an autonomous and decentralized robot system.
Figure 1 contains a schematic diagram showing multiple
agents (robotor: robotic actor) acting autonomously and
message passing between them. The homogeneity of the
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robotic agents is not specified, instead, different functions
are assumed for each robotic agent. This is because
cooperation among agents with different functions can pro-
vide a wider variety of functions. Figure 2 shows a con-
ceptual diagram of ACTRESS. Here, the applicability of
the system is considered, and elements such as robots, com-
puters, and equipment with various functions are all
regarded as robotic agent. ACTRESS is a decentralized
system that does not require a supervisor. When a task is
assigned, each robotic agent executes problem solving, per-
forms information exchange by communication if necessary,
and acts autonomously as well as cooperatively.

The authors previously reported research conceming
cooperation among autonomous robots in ACTRESS, such
as the development of the communication function between
agents,”® investigation of the functional distribution based
on the evaluation of communications traffic,” the develop-
ment of a communication simulator'® and collision
avoidance using communication.'” The current study. dis-
cusses how each autonomous robot determines task assign-
ment in the decentralized system.

2.2. Action Modes of Multiple Robots

In the case that multiple robots act in a common environ-
ment and execute a common task, there are two types of
action modes. When there are multiple tasks and each task
can be executed by a single robot, the mode in which mul-
tiple robots act independently and parallelly (parallel action)
is selected. In contrast, when each task cannot be executed
by a single robot, mode in which multiple robots coopera-
tively perform a common task (cooperative action) is
selected.

The advantages associated with the utilization of multiple
robots are as follows.

(1) In the parallel mode, an increase in the number of
robots results in improved efficiency by the effect of
parallel processing.

(2) In the cooperative mode, an increase in the number
of robots enables the performance of higher-level
tasks.

(3) The presence of multiple robots allows the role of a
malfunctioning robot to be assumed by another, this
provides redundancy such as fault tolerance and
robustness.

In the parallel mode, collisions and conflicts among
robots should be avoided by assigning a different task to
different robot, not by assigning the same task to multiple
robots. In the cooperative mode, it is necessary, when deter-
mining task assignment to organize a task force by desig-
nating robots. This study addresses tasks in which both
modes are present.

3. Communication System between Robots

The function of communication between robots is essen-
tial to the cooperative action of multiple robots, allowing a
variety of information exchange between robotic agents.
Assuming that there are autonomous mobile robots in the
system, wireless communication is advantageous in terms
of mobility. Furthermore, it is premised that each agent
(robot, piece of equipment, or computer) behaves
autonomously; therefore, a computer for intelligence should
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Fig. 3. Basic format of communication protocol.

Table 1. Communication type.

Symbol Meaning
TXD Sending Data
RXD Acknowldge of Data Reception
ERR Failure of Data Reception

be incorporated in each agents. Consequently, a system for
wireless communication among computers was developed
in which a wireless modem is connected to each computer
for communication.

A commercially available wireless modem was used; it
sends and receives data with the frequencies of two channels
(250-380MHz band). Data is received by interruption pro-
cedures. The wireless modem and the computer are con-
nected by RS232C, and the transmission rate is 1200 bps.

Figure 3 illustrates the basic format of the communica-
tion protocol employed in the wireless communication sys-
tem. In the figure, ST denotes a header, SI the ID of a
sender, and RI the ID of a receiver. Furthermore, CT
denotes a communication type shown in Table 1, DT the
communication data, DL the data length of variable-length
data DT, and CH is check sum for error checking.

The wireless modem has only two channels; therefore,
reciprocal communication among three or more agents re-
quires the management of communication. Consequently,
communication by polling is adopted for communication
among three or more agents. In this case, a specified agent
passes messages among agents by sequentially executing
one-to-one communication with each agent that is par-
ticipating in the task. Therefore, multiple execution of one-
to-one communication enables one-to-n communication, i.e.
broadcasting. This method ensures the sending and receiv-
ing of messages; however, it has a disadvantage in that when
the number of agents increases, communication takes time
even when communication among agents is not busy.

3.2. Communication Procedures for Task Assignment
As communication functions required for task assign-
ment, the following sending procedures are implemented:
(1) Report of ready state
This is used to confirm that all agents are ready for
operation at the beginning of a task. When each agent
is prepared and enters the ready state, a report is sent by
broadcasting.
(2) Declaration of task selection
When each robot selects a certain task, a declaration
is sent by broadcasting,.
(3) Report of task completion
When each robot has finished the task, a report is sent
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by broadcasting.
(4) Request for cooperative processing

When a robot confronts a situation which requires
cooperative processing, a request for cooperation is sent
by broadcasting.
(5) Acceptance of cooperative processing

When a robot receives a request for cooperation, the
reply of acceptance is sent by one-to-one communica-
tion.
(6) Report of completion of preparation for cooperation

In a cooperative task, when a robot completes prepara-
tion for the start of cooperative processing, a report is
sent by one-to-one communication.
(7) Command for start of cooperative processing

In cooperative processing, after the robot which has
requested cooperation receives the report of the comple-
tion of preparation for cooperation from another robot,
the former sends the latter a command for the start of
cooperative processing by broadcasting.
(8) Request for environmental information

When obtaining environmental information required
for task selection”and path planning, a request for en-
vironmental information is sent by broadcasting. If it is
known in advance which agent has the environmental
information, then the request is sent by one-to-one com-
munication.
(9) Offer of task information

Responding to the request for the environmental in-
formation, the information is offered and sent by cne-to-
one communication.

4. Task Assignment System

4.1. Action Modes of Robots

A system has been implemented in which each robot
performs a task which selecting it autonomously. Selection
is done based on the information of processing situations
managed by the robot and the acting situations of the other
robots. [n this system, each robot performs each task inde-
pendently and parallelly in normal operation; however,
when necessary, cooperative processing is allowed such as
searching for a partner and requesting ccoperation, as well
as accepting and supporting the request for cooperation.
This system does not control actual robots. Rather, it con-
ducts decision makirig for the organization of robot groups
which execute tasks in task assignment under situations that
dynamically require independent or cooperative processing.

The following action modes were set up in order to ex-
press the state of each robot. These modes are based on the
assumption that robots perform tasks by independent or
cooperalive processing while assigning tasks autonomically.

(1) Independent action mode:

State of independent and paralle! operation to process
a task that does not require cooperative action.

(2) Cooperative action 1 (request):

State of operating while requesting cooperation from
anglhcr mobile robot in order to process a task that re-
quires cooperative action.

(3) Cooperative action 2 (support):

State of operating while cooperating and supporting
another mobile robot in order to process a task that re-
quires cooperative action.
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(4) Ready:

State of being prepared to process a task.

Figure 4 shows a transition graph of the action modes.
From the ready mode, the independent action mode or
cooperative action mode 2 (support) can be accessed
depending on whether or not there is a request for coopera-
tion. From the independent action mode, the cooperative
action mode 1 (request) or cooperative action mode 2 (sup-
port) can be accessed depending on whether or not there is
a request for cooperation. From any mode, control returns
to the ready mode upon completion of each task.

When robots act cooperatively, each robot should be
aware of the state of the other robots. Here, each robot is
allowed to manage the action modes of the other robots in
a decentralized manner. This is achieved based on the com-
munication protocol which is described above. Further-
more, in order to determine task assignment through
decision making by each robot, each robot should be aware
of the states of tasks at an arbitrary point. Thercfore, the
states of tasks are managed in a decentralized manner based
on the communication protocol described above.

4.2. Algorithm for Robot Actions

An algorithm, which dictates how a robot functions while
determining task assignment, is described in the following.
In the initial state, a robot assumes the ready mode and waits
for all of the other robots to do the same. After the start of
action, the robot checks for a request for cooperation. If
there is a request, then the robot assumes cooperative action
mode 2 (support); and if there is no request then it assumes
an independent action mode.

In the independent action mode, tasks are executed ac-
cording to the following procedures:

(1) Selection of a task

(2) Sending declaration of start of processing

(3) Path planning

(4) Moving to independent processing position

(5) Judgment as to whether or not cooperative processing

is required

(6) Execution of processing by independent action

(7) Sending of report of task completion

Here, it was assumed that it cannot be judged whether
the task is capable of being executed independently or re-
quires cooperative processing until a robot moves to an
independent processing position. This considers situations
to dynamically generate new task requirements as process-
ing progresses. If cooperative processing is not necessary,
then execution proceeds according to this algorithm; how-
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ever, if cooperation is required, then the presence of a re-
quest for cooperation is first checked. If there is a request,
then a robot assumes cooperative action mode 2 (support);
and if there is no request, then it assumes cooperative action
model 1 (request).

In cooperative action mode | (request), a task is executed
as follows:

(1) Sending request for cooperation

(2) Moving to cooperative processing position

(3) Waiting until completion of preparation for coopera-

tion

(4) Sending command of start of cooperative processing

(5) Execution of task by cooperative processing

(6) Sending report of task completion

In cooperative action mode 2 (support), a task is executed
as follows:

(1) Sending acceptance of cooperation

(2) Moving to cooperative processing position

(3) Sending completion of preparation for cooperauon

(4) Wait until command of start of cooperative processing

(5) Execution of task by cooperative processing

Each time a task is completed, a robot assumes ready
mode and checks the task situations. When all tasks have
been completed, the robots judge that the mission has been
completed and terminate operation. If unprocessed tasks
remain, then the execution restarts. If the mission is not
completed but there are no remaining unprocessed tasks,
then there is a possibility of being requested by other robots.
Therefore, the ready states is maintained until completion
of the mission.

This algorithm features the following strategies:

(1) Each time a task is completed, a robot checks for the
presence of a request for cooperation from other robots, if
any, the request is accepted.

(2) Even if a robot judges that cooperation is necessary,
it checks the presence of a request for cooperation from
another robot before requesting for cooperation itself, if any,
it accepts the request and abandons the task which it is
facing.

In general, when cooperative action is required while
each robot is parallelly performing independent action, the
conflict of task execution takes place. This technique
enables resolution of the conflict by incorporating a type of
a “consideration mechanism™ in which priority is given to
the acceptance of a request for cooperation from another
robot over acting independently or requesting cooperation
from others.

5. Object Pushing Simulation

5.1. Object Pushing Task

An object pushing task was adopted as a typical task
assignment problem which requires both parallel and
cooperative action by multiple robots. A system has been
developed to simulate execution of the task using the task
assignment system. The object pushing task involves the
transport of multiple objects, which are scattered in a room,
to the walls. However, the target positions of objects to be
pushed are not specified in advance. Two types of objects
are used, a lightweight object that can be pushed by an
independent robot, and a heavy object that requires coopera-
tive pushing by multiple robots. Removal of the former can
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be achieved by parallel action, and remove of the latter
requires cooperative action. Figure 5 shows an example of
the environment of an object pushing task. Here, numbers
are.used to denote objects, and letters are used to denote
robots. In order to manage task situations, the condition of
each object was one of the following items.

(N) Not removed

(X) Robot X in removal action (X: robot ID)

(F) Removal completed.

5.2. Configuration of Simulation System

In order to verify the developed task assignment techni-
que, a prototype system to simulate the object pushirig task
was prepared. It consists of two personal computers to
simulate two mobile robots and a wireless communication
system. A task assignment system has been implemented
for the computers. The configuration of the simulation sys-
tem is illustrated in Fig.6. It is expected that in a practical
application, a computer will be mounted on each
autonomous mobile robot to execute the object pushing task.
The computer simulates the decision making and action of
each robot during task assignment. The trajectory of the
robot in the simulation of the task is displayed on the com-
puter. Heavy objects are removed by two cooperating
robots. Furthermore, the task environment was treated as a
two-dimensional space. In selecting an object, a robot is to
choose the object whose center of gravity is closest to the
current position of the robot. This is determined based on
positional information of the object, referring to environ-
mental information. )

Path planning involves the following processes:

(1) Planning of a path of objects

The path of an object from its initial position to the wall
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Fig. 7 (a). Simulated trajectory of robot A.
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Fig. 7 (b). Simulated trajectory of robot B.

is planned as well as the target position of the object. The
path must be planned without collision with respect to the
positional information of unremoved objects.

(2) Planning of the initial position of a pushing robot

Bascd on the planned path for abject transfer, the contact
point with the object in the center of the face opposite to
the transfer direction is determined as the initial position of
the robot.

(3) Planning the path of the robot to the initial position

The path aleng which the rebot moves from the current
position to the initial position is planned. The path without
collision must also be planned with respect to the positional
information of unremoved objects.

§.3. Simulational Results

The simulation of an object pushing task was executed
in the task environment as shown in Fig.5. Ten objects, 8
lightweight objects and 2 heavy objects, were used. Using
two robots (robot A and robot B), the trajectory of each robot
was displayed on each computer, as shown in Fig.7. Robot
A removed object by independent processing, objects 4 and
8 by supporting robot B with cooperative processing, and
then objects 3, 7, and 9 by independent processing. In ad-
dition, robot B removed object 4 by supporting robot A with
cooperalive processing, A, objects 5 and 10 by independent
processing, object 8 by supporting robot A, and finally ob-
jects 2 and 6 by independent processing. The table in the
upper right corner of Fig.7 lists the conditions of the objects
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manipulated by each robot. The table in the lower right
comer lists the status of each robot. In the figure, the final
conditions aré shown.

These results indicate that the task assignment system
enables each robot to autonomously determine task assign-
ment and to remove all objects by parallel independent ac-
tion or cooperative action. Furthermore, it was confirmed
that the communication system accurately manages the
situations of the objects along with the conditions of the
robots.

6. Conclusion

A system has been developed in which task assignment
is determined by communication among multiple
autonomous robots. The system is capable not only of
determining task assignment in the case of parallel and in-
dependent action by each robot, but also selecting a partner
in the case that cooperative processing is required. In ad-
dition, a wireless communication system was developed
which is necessary for the management of processing and
robot conditions as well as for the organization of coopera-
tive action. Finally, the system was applied to an object
pushing task, and its functionality was confirmed by simula-
tion.

Future research topics include the guarantee of a com-
munication function when the number of agents increase,
the realization of a function for dynamic collision
avoidance, and the implementation of the system on actual
robots.
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