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Abstract

Communication, social organization, task type and com-
plexity are defining characteristics of a multi-agent system.
In this paper, extensions of schema-based reactive Ravigation
are presented as a basis for constructing multi-robot societies.
As has been our tradition, ethological studies provide signif-
icant insights into the way in which robotic systems can be
structured. An analysis of relevant animal behavior, a delin-
eation of the dimensions of multi-agent systems, a description
of the overall project and simulation resuits to date constitute
the body of this paper. The multi-robot testbed on which the
results of this study will be deployed is also described.

1 Introduction

Multi-agent robotic systems hold tremendous potential for
applications in hazardous and dynamic environments, espe-
cially in partially modeled or unmodeled worlds. Situations
found in space exploration, undersea construction, nuclear
waste management and reactor maintenance, all could benefit
from the development of effective teams of robots coordinat-
ing their efforts towards a common goal. Typical problems
would include such things as retrieval, simple construction
tasks, routine cleaning and finishing, etc.

We have previously demonstrated [3] that cooperation be-
tween robotic agents is possible even in the absence of com-
munication. Although teaming can occur under these condi-
tions, it does not mean that the resultant work is necessar-
ily efficient. There are many dimensions to the teaming of
multi-agents that require significant additional study. These
include the role and structure of communication in these sys-
tems, social structure and organization among the agents,
the nature of the task to be accomplished, and the dynamics
of the target environment.

This paper describes an on-going research project funded
by the National Science Foundation on cooperation and com-
munication in multi-agent reactive robotic systems. Our re-
search has long been influenced by psychological, neurosci-
entific and ethological considerations [5,6,7). This trend con-
tinues in our multi-agent study. Studies in animal behavior
and commaunication provide models and insights that are be-
ing used to formulate implementations on real robotic hard-
ware. It should be recognized that the goal of our research is
to produce intelligent antonomous agents and not necessar-

ily to be faithful to the biological models upon which much
of our strategies are based [6,7]. To that end, we are less
concerned with the biological fidelity of ethological models
than their potential usefulness for extrapolation to robotic
systems. We do not attempt to reproduce actual animal be-
havioral patterns, but rather look towards those systems for
design inspiration (not replication) in our robotic systems.

This paper is structured as follows. Section 2 provides a
brief review of related work in robotic multi-agent systems,
followed by an overview of our schema-based (behavioral)
methodology for robot control. Section 3 surveys relevant
animal social behaviors and communication systems in this
context, Section 4 describes the research effort and results to
date and discusses the target hardware testbed using 3 Den-
ning Mobile Robots. A Summary and Conclusions section
completes this paper.

2 Related Robotics Research

The field of robotics is still largely concentrating on the issues
of single agent performance. A limited number of researchers
have performed some work in the area of multiple coordinated
agents; this section reviews some of their progress to date.

Fukuda’s pioneering work on multi-agent systems led to
the development of the CEBOT system [17], a collection
of heterogeneous agents capable of assembling themselves at
run-time. A more recent paper [32] describes a hierarchical
communication network between the disparate agents.

Mataric [23] is studying task performance in a population
of twenty homogeneous mobile robots. Tasks such as hom-
ing, flocking, and puck gathering are being examined. This
system is constructed within the context of the subsumption
architecture, a behaviorally-oriented reactive system.

Beni and Hackwood [20] describe a multi-agent system
which possesses the ability to redistribute sensing elements
within a colony. Although not ported to a real robotic system
yet, they indicate that future work regarding communication
would enhance performance in their circulating swarm model.

Noreils has developed an architecture capable of support-
ing multiple mobile robots in hazardous environments [26]
which has been implemented on two indoor mobile robots.
The Gofer project at Stanford University [12] involves a more
traditional planner using A* search to coordinate three in-
door mobile robots over a road network. Sugihara and Suzuki
{31] describe a simulation method for multiple mobile robots
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to achieve various formations. Miller [24] describes a poten-
tial application of multiple reactive robots for use in plane-
tary surface missions.

This research area is progressing rapidly on many different
fronts. The examples above are merely representative of the
large body of on-going work in this field.

The schema-based approach for mobile robot behavior, de-
veloped in our laboratory, is reviewed below prior to its dis-
cussion in the context of multi-agent systems.

2.1 Schema-based Reactive Control

Schema theory (2] provides a fruitful methodology for imple-
menting a behavior-based robotic system. This methodology,
strongly influenced by work in cognitive psychology [28,29],
has been developed into a modular behavior-based control
system for mobile robots [4]. :

Motor schemas form the basis for all activity of the
robot: each motor schema corresponds to a primitive be-
havior. A wide range of schemas has been developed includ-
ing move-to-goal, move-ahead, stay-on-path, docking,
noise, avoid-static-obstacle, dodge, escape, and so on.
These and other behaviors are described in more detail in
[4,8,9,10).

Each behavior is concurrently active, producing a single
velocity vector in response to its perception of the environ-
ment. Perceptual schemas channel the requisite perceptual
information for each motor schema to perform its task. This
partitioning of perceptual activity on the basis of motor be-
havioral need is referred to as action-oriented perception [5).
Each individual vector is summed and normalized and the
result transmitted to the robot for execution. This stimulus-
Tesponse reaction ensures timely response to changing envi-
ronmental conditions. Effective robot navigation has been
demonstrated in a wide-range of domains including indoor
office buildings, outdoor campus settings, manufacturing en-
vironments, and in simulation for undersea and aerospace
applications and rough terrain [4,8,9,5].

For the sake of completeness, formulations for several of
the motor schemas used in the simulation studies follow:

¢ Move-to-goal: Move towards a perceptually dis-
cernible goal.

Vinagnitude = fixed gain value
Viirection = in direction towards perceived goal

o Noise: a random vector used for exploration and to
circumvent certain problems associated with potential
fields methods [4,14).

Vinagnitude = fixed gain value
Vdirection = random direction for a
given time persistence

® Avoid-static-obstacle: A repulsion is generated by a
detected barrier to motion:

0 for d> S
Vmagnitude = -§_=§t0for R<d$S
o for d<R

where:
S = Sphere of influence (radial extent of
force from the center of the obstacle)
R = Radius of obstacle
G = Gain
d = Distance of robot to center of obstacle

Viirection = along a line from robot to center of
obstacle moving away from obstacle

Each active schema, at each point in time, generates a
single velocity vector which is combined with the outputs of
the other active schemas to yield the gross motion of the
robot. No memory of the environment is involved at this
level - the robot reacts to its immediate perceptions in a
manner consistent with its goals. The net result is intelligent
emergent navigational behavior. :

3 Behavioral Aspects Relevant
to Multi-Agent Systems

In order to produce effective multi-agent robotic systems we
feel that it is important to study biological systems first. In-
sights gained through these studies can often be applied to
robotic systems [5,6,7]. In particular, we look to ethological
studies of communication and social organization in animal
groups as potential models for multi-robot systems. Five
particular areas are studied: system reliability, social organi-
zation, communication, multi-agent searching and coordina-
tion. :

The intent of this study is to provide an understanding of
both the dimensions of the solution space for task-achieving
robotic societies, and indications of potential feasible solu-
tions within that space. It is necessary to understand the
variables which affect multi-agent performance. As has been
our tradition, we first look towards biological system to pro-
vide a basis for our system development. The insights gained
from these studies can assist in an efficient search of the multi-
dimensional space involved in constructing efficient and effec-
tive multi-agent societies. This section, thus, details aspects
of animal behavior which we believe to have potential util-
ity in the design of multi-agent systems. This material is of
necessity terse, and it should be recognized that it is pre-
sented from the viewpoint of a roboticist and not that of
an ethologist. From a biological perspective, much has been
boiled away or overlooked, but to a roboticist, these sample
points can provide useful information as existence proofs of
functioning multi-agent systems and to serve, to a degree, as
design guidelines and avenues for experimental exploration
in multi-agent robotics.

An overview of several different dimensions which can af-
fect the design of multi-agent robotic systems follows.

3.1 System Reliability

System reliability, defined as the probability that the system
can act correctly, is discussed by Wilson [34] regarding groups
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of ants. He draws the analogy between the design of parallel-
series systems from engineering to the reliability of animal
social systems. When a component fails in a series system,
then the whole system fails. On the other hand, if a com-
ponent fails in a parallel-series system, another component
can take over. Wilson proposes a theorem that redundancy
should be at low levels rather than at higher organizational
levels. For instance, a more reliable system will emerge when
individual robots rather than whole teams of robots are re-
dundant.

Wilson also argues that the agents must perform above a
certain competence level for working in groups to be bene-
ficdal. Basically, the agents must have a certain aptitude at
working together for the teamwork to pay off. A trivial ex-
ample is two robots which are trying to move the same item
in two different directions. A more plausible problem would
be two robots which are programmed to retrieve objects in
mutually harmful ways, such as one robot lifting an object
while the other attempts to drag it. If they do not have a
certain competence at working together, then the overall re-
liability of accomplishing the task will be Jower than if they
were working individually.

3.2 Social Organization

A natural design decision involves how the agents should be
organized. Animal societies are organized in many ways (Wil-
son has established 10 “qualities of sociality” and Deegener
has defined over 40 categories of animal societies [33]). So-
cial networks are one of the most natural ways for humans to
think of social structures. The assignment of castes or types
of agents is also a natural consideration.

There are several types of social structures in animals, in-
cluding the multi-level, hierarchical structure of baboons [33],
the uni-level structure of a fish school [33), and the loosely
structured Whiptail Wallaby mob [21).} Animals without
multi-level hierarchies are able to conduct activities of po-
tential application for robotics. For instance, ants are able to
build complicated structures, grow food, capture slaves, wage
war, transport queens, and weave leaves without a strict and
complicated hierarchy. The ants utilize a heterarchical struc-
ture where there are many castes but communication between

the castes is unstructured. This heterarchy allows informa-

tion to flow quickly, without having the information flow up
and down chains of command [16,34).

Another issue is how many different types of agents exist
within the social system. Wilson [33] states that if a contin-
gency occurs regularly, that there should be a class of agents
to handle this contingency. For instance, when building a lu-
nar base, it may be better to have separate classes of builders
and retrievers of appropriate materials. On the other hand,

1Many prominent social structures are actually dominance sys-
tems (“pecking orders”) which do not directly apply to robotic
systems. In dominance systems, the more dominant agents have
easier access to food, nesting sites, estrus females, freedom of move-
ment, or roosting places. An example dominance system is among
lions, where the dominant lions eat before the other lions. Lion
cubs often die from this (by having weaker lions not reproduce, the
overall strength of the species increases); robots need not compete
at this level. Since the robots are not directly competing amongst
themselves, these dominance systems are unnecessary.

Mode Diréctionalc‘ty | Distance | Relevant Uses ]
Audition Low-Medium® | Far® Alarm,
Individuality
Luminescense || High” Medium
Chemical Low® Low® Mass
Communication
Reflected Medium Medium | Social Distance
Light!° [11]
Tactile High Low
Electric Low Low
‘I'ABLE |

SIMPLE COMMUNICATION

there must be a certain redundancy within each class for re-
liability to be high (Sec. 3.1).

3.3 Communication

One of the most important measures of human’s artificial
communication systems is bandwidth (roughly, the amount
of information conveyed). It appears that animals do not
use a bandwidth anywhere near the range of modern day
communication systems.? Mammals, birds, and fish have a
very small range of “major displays” [27] (approximately®
between 15 and 35). Typical ant colonies have between 10
and 20 signals [34]. _

Another important issue is the mode of communication.
Animals use chemical, bioluminescence, reflected light, tac-
tile, acoustic, echolocation, IR, and electric communication.
Robotics and Al sensing research often stresses vision, but
many animals are able to do several things with relatively
simple visual systems. Table I summarizes the character-
istics of some of these modalities, which can help designers
choose a less expensive and more appropriate communication
medium than vision.! -

3Vision may be a high bandwidth medium, but the amount of
information conveyed is often small, e.g., flashing a red card may
only convey one bit. Our visual system may have evolved so that
we can extract information from the world when we do not share
an active protocol with the world. .

3Although the exact number of bits of communication may be
inexact, the bandwidth is still extremely low. Each major display
may be “graded”, that is, an analog signal.

4For more complete information on the different modes and
communication information on particular animals, see [30].

SThe directionality depends on the frequency.

©There are design reasons for limiting the broadcast range. In
animal systems, predators may hear the broadcast. In friendly
environments, there may be a problem with noise.

TThe receiver may know exactly where the sender is, but it
may be more difficult for the sender to direct the message to the
receiver.

8Except in constant wind conditions (where the scent can be
followed), or where the scent is left on an object.

9Except in wind.

100ne of the r that reflected light may be used by animals
is because of “ritualization”. Ritualization occurs when a normal
animal activity, such as tugging at grass with teeth, is exaggerated
in form to communicate something.
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3.4 Multi-agent searching

It is a well-accepted fact that animals working in groups are
more effective at foraging or hunting in certain circumstances.
The relationship that seems most prevalent in animals and
most applicable to robots is that between the distribution of
the resource and the social structure of the animals. Some
of the possible social animal configurations for food-seeking
involve small versus large groups and overlapping versus non-
overlapping foraging ranges. There appears to be a relation-
ship between the density of the resource and the group size
(more abundant resources correspond with larger group sizes)
and the distribution of the resource and the searching range
(the more restricted the more overlap) [1,13). A group of
agents would not necessarily have to forage together. For in-
stance, according to Horn’s principle of group foraging, if a
resource is evenly distributed it may be better for birds to
form individual partitioned territories rather than roost and
forage together [33]. Useful models for ant foraging have also
been developed [15,18].

In robotics, for any exploration task, the distribution of
what needs to be located should be considered first to de-
termine the search space and search groups. For instance,
assume a robotic system is given the task to clean the hull of
a ship. If the barnacles are uniformly distributed, it may be
best first to have the robots distribute themselves evenly and
then start cleaning. If the barnacles are dispersed and abun-
dant, then Jarger teams should search disjoint spaces. In fact
it may be best to have a different caste of robots determine
what the distribution should be based on the species and age
of the barnacles.

3.5 Multi-agent Coordination

Animals participate in many activities, sometimes alone,
sometimes in groups, and sometimes in subgroups. These
activities must be coordinated. An example is the whiptail
wallaby [21], which belongs to a mob of 30-40 individuals,
but grazes with dynamically changing sub-groups. Robots
should also show a wide range of behaviors.

Finding each other becomes an issue when robots partic-
ipate in a wide range of behaviors alone or in sub-groups.
An obvious method of finding one another is to have a cen-
tral meeting place. In animals, this becomes desirable for
certain foraging strategies and for better defense. Lekking
is a another method where a number of individuals of the
same sex get together in a group and all make noise at the
same time. This increases the chance of an agent hearing the
location. Table II depicts these and other strategies. (The
information center hypothesis referred to in the table states
that colonizing birds use information from the incoming birds
about where they will go next for food. The hypothesis is not
universally accepted [19]).

The remainder of this paper discusses the framework in
which many of these insights are being tested and developed.

4 Project overview

The overall goal of this research is to develop a design theory
for multi-agent robotic systems. Through the specification of

| Method | When Useful
Colony Group Defense
Information Center Hypothesis
Lekking Multiple Agents looking for

widely dispersed individual agents
Only certain agents can respond
to find lost

Collect widely dispersed agents

Distinctive Call

Assembly Calls

‘I'ABLE 11
SIMPLE COORDINATION

a societal task and a particular environment, design recom-
mendations should be available as to the number of agents
that are required, the modes of communication necessary for
reliable task achievement, and the social structure of the indi-
vidual agents. By using an understanding of biological social
systems, we expect to be able to converge on such a design
theory more rapidly than would be attainable otherwise.

This section describes the first phase of an on-going NSF
funded research effort in multi-agent robotics. Simulation
results are presented below. The research underway involves
an investigation of multi-robot systems along several different
dimensions. These dimensions include the nature of commu-
nication between agents, the amount of communication be-
tween agents (bandwidth), the inter-relationships of agents
(teaming effects), the nature of tasks (both simple and more
complex), and the migration of the simulation results onto
a working robotic system. Although these dimensions will
be discussed separately in the sections below, it should be
recognized that a holistic and/or synergistic effect is quite
possible and the multi-dimensional space is being analyzed
for such trends. The results are being evaluated in terms of
task completion time, computational cost, efficiency in terms
of overall utilization of resources, etc.

The simulation testbed described below provides the ba-
sis for expanding and enhancing these preliminary results
prior to their migration onto working robotic systems. This
testbed is an extension of the motor schema simulator sys-
tem within which we test our research prior to actual robotic
experimentation. It is a well developed and highly modular
system that can support new schemas and commaunication

. mechanisms readily with little development overhead.

4.1 Dimensions of the Study

The project involves an analysis of the effects of communi-
cation, social organization, and task type and complexity for
multi-agent robotic systems. Data points discovered in bio-
logical systems, such as discussed in Section 3, can facilitate
the discovery of efficient solutions in this very complex solu-
tion space. Quantitative measures of system performance, in
terms of time for completion, efficiency of completion, and
other metrics (e.g., safety) are being applied to produce sub-
stantive evaluations between candidate systems.

4.1.1

It is perhaps most important to understand the impact of
adding communication ability to these multi-agent units. It

Effects of Communication
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is crucial to determine the effects of the nature of informa-
tion flow on task accomplishment. The variables include
simplex or duplex communication, simple positional reports
with or without acknowledgment of receipt, dynamic teaming
arrangements via polling, and other more complex arrange-
ments. The analysis is being conducted along the dimensions
of direction of communication, quantity of information trans-
mitted, broadcast or direct inter-agent communication, and
specific inter-agent communication protocols.

4.1.2 Effects of Organization

Both inter-robot and intra-robot effects of organization are
being studied. Intra-robot organization involves an assess-
ment of the impact of non-symmetrical robotic agents. In
the most severe case this includes pure master/slave relation-
ships. Additionally, an analysis of how robots that possess
different functional attributes (as with drones, workers, etc.)
can cooperate and subdivide difficult tasks effectively forms
an integral part of the overall project.

Inter-robot organization involves the impact of teaming:
coordinated effort and communication between groups of
multiple agents. These agents can be both symmetric and
non-symmetric. The effect of team size is being assessed as
well.

4.1.3 Effects of Task Type and Complexity

Thus far we have studied a simple retrieval task (below).
Adding goal sequencing, something required for assembly-
type tasks, is one simple extension being developed. More
complex tasks such as maintenance of material flow through-
out an organization, surveying, and simple construction also
will serve as test scenarios for multi-agent robotics.

Other factors such as coordinated servicing (where two or
more robots are required to complete a task such as a complex
assembly), are also to be studied. The effects of such a critical
mass of robots on task completion is to be analyzed in light
of alternate control and communication regimes.

4.2 Simulation Results for Multi-agent
Retrieval

Results have already been obtained showing multi-agent sys-
tems cooperating both in the absence of any inter-agent com-
munication [3] and with simple communication mechanisms
[25). Three different schema assemblages have been devel-
oped representing forage, acquire, and deliver states (Fig.
1) for a simple target gathering task. Schema assemblages
are aggregations of motor schemas that are parameterized to
manifest an emergent behavior that is consistent with the
particular state that the agent happens to be in. Much
of our inspiration is derived from studies in ant behavior
[15,16,18,34], although there is no attempt to simulate ant
societies through this work.

An individual robot agent initially starts in a forage state,
which consists of an assemblage of high-gain noise, moderate
obstacle avoidance, and inter-agent repuision. This assem-
blage of behaviors produces wide coverage of an area during
search for an attractor object while avoiding collisions with

Fig. 1. Schema-assemblages for retrieval task

sensed obstacles. When an attractor is sensed within some ar-
bitrary range of the robot, it transitions to the acquire state.
This state assemblage consists of a very low-gain noise, a
move-to-goal schema directed toward the attractor object,
and an avoid-static-obstacle schema (Section 2.1). Addi-
tionally the inter-agent repulsion is turned down significantly,
allowing multiple agents to congregate in a small area. After
acquiring the attractor object, the system transitions to the
deliver state, which redirects the move-to-goal to the de-
posit location, leaving the other schemas in the assemblage
the same as in the acquire state. The specific parameteriza-
tions for these assemblages appears in [3).

4.2.1 Retrieval in the Absence of Communica-
tion

The first phase of the study, involved developing an under-
standing of what could be accomplished in the absence of
any inter-agent communication. Ants leave chemical trails to
denote where they have been, which is an indirect communi-
cation mechanism. No such information was provided here -
only what was immediately perceivable to the agent (nearby
goals, close obstacles, and the presence of other robots) was
available. Each agent had no knowledge of what the other
agent was doing and operated completely independently.

It was observed, that even in the absence of communica-
tion, coordinated completion of the task of object retrieval is
possible and surprisingly efficient. The phenomena of recruit-
ment is observed as well, something often associated with
communicating agents. Recruitment refers to the collective
behavior of multiple agents working together to accomplish a
common task. Figure 2 depicts one example where the robots
collaborate in returning a target object. In this Figure, two
independent agents start mear the center, both in foraging
mode. After a bit of wandering, the leftmost agent senses
the attractor (light disk) behind the obstacle (dark disk). It
proceeds towards it and starts to retrieve it. In the meantime,
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Goal

Start

Attractor

Fig. 2. Multi-agent simulation run showing retrieval of
object. Dark circles represent obstacles, shaded circle is
target object and goal is in upper right. (See text for
explanation).

the other agent also senses the attractor. It joins the other
agent in retrieving it, speeding up the return rate twofold.

Extensive simulation studies were performed to develop
an understanding of the relationships between numbers of
agents, numbers of goals, and system efficiency for particular
environments. Several metrics have been developed reflect-
ing speed, safety and efficiency. Figure 3 presents the total
distance spent by the robots seeking out goals (foraging) for
1-5 robots retrieving 1-7 goals. This is one measure used to
determine system efficiency. The more time spent foraging,
the less efficient the system. The reader is referred to [3,25)
for additional simulation studies.

4.2.2 Retrieval with State Communication

As discussed in Section 3.3, there are many ways in which
agents can communicate with one other. The amount of
information transmitted is an important consideration. As
most of our research is geared for developing robots that can
function in dynamic and hazardous environments, our stud-
ies have begun by exploring minimal communication methods
and assessing the impact on system performance.

In the instance described here, communication between
agents consisted merely of transmission of the state of the
agent if it wasin either retrieval or acquire mode. Under these
circamstances, if an agent that was in forage state learned
that a nearby agent was in acquire or retrieve state, it moved
directly towards that agent. This was a more direct elici-
tation of recruitment. No knowledge of where the goal was
given however, only the information that the communicating
agent had discovered a target object. More efficient methods
can be imagined such as the transmission of the coordinates

4.0200308.0841900

Distance (10c4)

p- OR0COZ R.OR0OI

Fig. 3. Total Foraging Distance - No Communication, 10%
Obstacles.

of the attractor (e.g., bees), but that is not the case here.

Figures 4 shows simulation results acquired for various
numbers of robots and various numbers of attractor objects
when this form of communication is permitted. It can be
seen that the simple communication mechanisms described
above facilitate societal task accomplishment (this is the ex-
pected result). Although Figures 3 and 4 may look similar,
the scales to which they are drawn are different, with the
maximum value for Figure 4 being about 25% that of Figure
3, clearly illustrating the impact of even this minimal form
of communication. These and other results are discussed in
more detail in [25].

We intend to continue to explore alternate communication
strategies including:

e Transmission of attractor coordinates when they are dis-
covered.

o Directional versus non-directional communication.
e Communication strength.
o Distinctive signals for different actions.

o Certain types of robots being attracted to one another,
and when a certain critical threshold is exceeded they
call for al} the other agents (assembly calls or lekking).

Reiterating, the goal of this project is to ultimately provide
design guidelines for those developing multi-agent robotic
systems in terms of numbers of agents, social organizations,
and modes of communication. We are especially concerned
with systems operating in hazardous environments where in-
dividual agents can be considered expendable. The biological
studies discussed in Section 3 provide guidance for efficiently
exploring the very large space of potential solutions.
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Fig. 4. Total Foraging Distance - State Communication,
10% Obstacles. Note change in scale of vertical axis from
previous figure.

4.3 Hardware Configuration

The simulation work is in the process of being ported to 3
Denning Mobile Robots: two MRV-2’s and 1 DRV-1. Each
robot is connected to a Sun Sparc 4/40. In addition to the
24 ultrasonic sensors and shaft encoders mounted on each
robot, a monochrome CCD Pulnix camera will be mounted
on-board each. The cameras are to be mounted upwards and
have a conic located immediately above the lens to provide
a full 360 degree field of view for each robot [22). A 19.2
kilobaud serial link using Lawn transmitters is used to main-
tain communication with the offboard hosts. A video link
transmits the data for digitization by a Sun videopix board.
Communication between the agents is conducted over ether-
net.

5 Summary and Conclusions

This paper presents preliminary results from an on-going re-
search project in multi-agent robotic systems. The relevance
of ethological studies for application in this domain has been
stressed and will be utilized as a guide for the development
of a schema-based reactive system.

Preliminary simulation results are promising and provide
solid ground for continuing work in exploring the dimensions
of communication, social order, and task complexity for this
work. Guidelines for the development of multi-agent robotic
systems in terms of communication protocols, numbers of
agents, and their structure will be a major product of this
research. The system is being ported to real mobile robots
for testing.

It must be remembered, that the perspective and goals of

this paper are those of a roboticist, not an ethologist. No
claims are made for the completeness of the ethological ma-
terial presented. Nonetheless, these data points have been
very helpful in determining our approach to designing multi-
agent robotic systems. It is hoped that continued studies and
additional interactions with colleagues in the biological sci-
ences will provide further insights and models for potential
application in robotic systems such as these.
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