


der to take advantage of the dynamics.

2 Related Work

Interactions between artificial agents have been studied
almost entirely in simulation. Steels (1989) describes a
simulation of simple robots using the principles of self or-
ganization to perform a gathering task. Brooks, Maes,
Mataric & Moore (1990) report a set of simulations in
a similar domain, with a fully decentralized collection
of non—communicating robots. Arkin (1992) describes a
schema-based approach to designing simple navigation
behaviors to be extended to multiple physical agents.

The field of Artificial Life (Alife) focuses on bottom—
up modeling of biological complex systems. In par-
ticular, Alife features much work on simulating ant
colonies (Colorni, Dorigo & Maniezzo 1992, Beni &
Hackwood 1992, Drogous, Ferber, Corbara & Fresneau
1992, Travers 1988) and many others. Deneubourg et
al. (1990), Deneubourg & Goss (1989), and their other
work describes experiments with real and simulated ant
colonies and examined the role of simple control rules
and limited communication in producing trail formation
and task division. Deneubourg, Theraulax & Beckers
(1992) define some key terms in swarm intelligence and
discuss issues of relating local and global behavior of a
distributed system. Assad & Packard (1992), Hogeweg
& Hesper (1985) and other related work also report on
a variety of simulations of simple organisms collectively
producing complex behaviors emerging from simple in-
teractions.

In contrast to the majority of Alife research, this
work is concerned with fewer but individually more in-
telligent agents, and the behavior emerging from their
interactions.

3 Emergent Behavior

Emergent behavior is one of the main topics of research
in the field of swarm intelligence. Such behavior is char-
acterized by the following properties: 1) it is manifested
by global states or time—extended patterns which are not
explicitly programmed in, but result from local interac-
tions among a system’s components, and 2) it is con-
sidered interesting based on some observer—established
metric. Emergent behavior can be observed in any suf-
ficiently complex system, i.e. a system which contains
local interactions with spatial and/or temporal conse-
quences.

Emergent phenomena are appealing to some re-
searchers because they appear to provide something for
nothing, such as interesting collective behaviors emerg-
ing without a prior: design or analysis of the system. In
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reality, any purposive behavior must be obtained either
analytically or empirically. In this paper we will describe
how a particular type of emergent collective behavior can
be reliably obtained empirically, then analyzed and used
as a tool. The next section addresses the difficulties of
the alternative, analytical approach.

3.1 Analyzing Complex Behavior

Analyzing and predicting the behavior of a single situ-
ated agent is an unsolved problem in robotics and Al
Even highly constrained domains are intractable, and
realistic worlds usually do not contain the structure, de-
terminism and predictability necessary for strict formal
analysis (Canny 1988, Brooks 19905, Brooks 1991).

Predicting the behavior of a multi-agent system is
even more complex than the single-agent case. In gen-
eral, no satisfactory solution exists for predicting the
behavior of a system with nontrivial interacting com-
ponents. Statistical methods used for analyzing pa/rticle
systems do not ‘apply as they require minimal interac-
tions among the components (Weisbuch 1991). While
systems with large numbers of simple and simply inter-
acting components can be analyzed this way (Wiggins
1990), no tools are available for systems consisting of
comparatively few but more complex components with
more complex interactions.

Instead of attempting to analyze arbitrary complex
behaviors, this work focuses on providing a set of be-
havior primitives that can be used for synthesizing and
analyzing a particular type of complex multi-agent sys-
tems. We will describe a set of local interactions which
produce cohesive collective behaviors in this domain, and
can be combined into variety of more complex global be-
haviors. The behaviors we describe emerge from local
interactions, but rather than being unexpected, are re-
peatable and well understood.

4 Basic Principles

The following principles form the basis for the method-
ology used in this work.

o Agents are homogeneous in terms of hardware and
software. No a prior: leaders or followers are des-
ignated.

o Agents do not use any explicit one-to—one com-
munication. Instead, all communication is based
only on sensing the external state of nearby agents.
This type of stigmergic! communication is ubiqui-
tous in social insects. In particular, it is analogous
to cues bees use to indirectly exchange information.
In contrast to signals, such as bee dance, which

1Stigmergic communication uses modifications to the environment rather than direct message passing.






