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Abstract

Many multi-agent planning systems can perform more
effectively than single-agent systems due to redun-
dancy, concurrency, and heterogencous capabilities.
However, lack of an effective coordination mecha-
nism can diminish the advantages of using multiple
agents. Researchers have suggested a variety of coor-
dination configurations, such as centralized planning,
distributed planning, and local planning. While each
configuration offers some advantages, no single plan-
ning configuration is optimal for all planning scenar-
jos.

In this paper, we identify the need for reconfiguration
in multi-agent planning systems. Instead of selecting
just one planning configuration, we design a system
that can make use of a number of planning modes. In
order to determine the best configuration for a given
problem, a decision-theoretic model is designed. This
models selects the configuration that will maximize
the expected payoff for the system. Reconfiguration
of the multi-agent system can be initiated by a single
or by multiple agents, and can occur between plans or
during plan execution.

Introduction

Multi-agent planning systems can offer advantages of
distributed capabilities, concurrency, and redundancy
over single-agent planning systems. However, without
the proper assignment of tasks to agents and without
an effective structure for coordination and communi-
cation, the advantages of concurrency and distributed
capabilities cannot be realized. In fact, if coordina-
tion is not performed well, agents will destructively in-
terfere with each other’s work instead of contributing
toward the overall goal of the system.

Researchers to date have proposed a variety of plan
generation and plan coordination architectures. Al-
though each approach has its own advantages and dis-
advantages, no one planning configuration will prove
optimal for all situations.

*This work is supported in part by the Advanced
Research Projects Agency and by the National Science
Foundation.

We propose to take advantage of each of the three
common multi-agent planning configurations: central-
ized, distributed, and local planning. By identify-
ing the advantages of each approach, we can build a
decision-theoretic model to select the planning config-
uration that will maximize the overall utility of the
system.

In the next section, we review three common multi-
agent planning configurations. We then motivate the
need for reconfiguration of multi-agent systems, and
describe our proposed approach. Finally, we evaluate
the approach and disciiss areas for future research.

Multi-Agent Planning Configurations

There are three common approaches to generating and
coordinating multi-agent plans. Each of these configu-
rations are defined by the choice of agents responsible
for plan generation and coordination and the methods
used to assign and coordinate multi-agent tasks. In
the centralized approach to multi-agent plan genera-
tion, one agent acts as the plan generator and coordi-
nator. Though individual entities may form their own
plans, the central agent analyzes the plans for poten-
tial conflicts and manages the synchronization of the
individual plans. The relationship between agents in
each of these configurations is shown in Figure 1.

Georgeff (1986) offers a formalism by which a cen-
tral planning agent can reason about interactions be-
tween agents and their tasks. This formalism extends
situation calculus to explicitly reason about simulta-
neous events and effects of actions on other actions.
Kamel and Syed (1992) use a single planner to dis-
tribute tasks among homogeneous agents in a way that
maximizes overall performance. They do not, how-
ever, consider the problem of resolving conflicts be-
tween these agents, Cammarata, McArthur and Steeb
(1983) also rely upon a central agent to coordinate an
arbitrary number of plans. In this case, each agent
represents the actions for one aircraft, and a conflict
between agents exists when the agents violate mini-
mum separation requirements.

Centralized planning offers the advantages of re-
duced communication costs and effective management
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Figure 1: Centralized, Distributed, and Local Planning Configurations

of resources and agents (if the central agent has perfect
knowledge about the agents’ capabilities and environ-
ments). However, the ability to generate and effec-
tively coordinate plans is dependent on a sole agent. If
that agent is damaged or otherwise inaccessible, then
the entire mission is jeopardized. In addition, the traf-
fic surrounding the central agent can cause significant
delays in the overall plan coordination and distribution
process.

In the distributed planning approach, agents are re-
sponsible for generating and coordinating their own
actions using information obtained from other agents
about their intentions and approaches. When multi-
agent planning is performed in a distributed manner,
agents may not have a global view of the environment
and agents’ individual goals, so detecting and resolv-
ing interactions is more difficult. Communication costs
tend to be much greater in distributed planning sys-
tems, and thus conflict resolution may in some cases
be slower. On the other hand, the approach is more
robust because it does not depend on a single central
agent. Agents can respond more quickly to their own
needs and the needs of neighboring agents when each
decision does not have to be routed through a central
decision maker.

Corkill (1979) has developed a distributed hierar-
chical planner where agents develop models of their
neighbors. The agents build plans cooperatively by
synchronizing actions at each level of the hierarchi-
cal procedural net. In a similar fashion, von Martial
(1991) allows agents to coordinate activities at a high
level of abstraction before deciding on a specific course
of action. Von Martial detects both positive and neg-
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ative interactions between distributed agents. Durfee
and Montgomery (1991) also coordinate plans hierar-
chically. In this approach, abstract plans are commu-
nicated among agents and are decomposed along the
dimensions of space, time, agents, tasks, resources,
and goals only when the potential for conflicts exists
in the abstract plan.

Moehlman and Lesser (1990) demonstrate tech-
niques for explicit negotiation of resources in the
Phoenix fire-fighting system. Here, agents may only
have local views of the world, but decisions are always
made cooperatively and with a view toward achiev-
ing high-priority global goals. While most of the dis-
tributed planning systems eventually rely on a rank-
ing of agents, the approach described by Ephrati and
Rosenschein (1993) suggests using a voting mechanism
to collectively select a set of actions from among an
agent’s preferences. Although distributed plan genera-
tion and coordination is an expensive process, Kosore-
sow (1993) is able to determine bounds for convergence
times in distributed planning systems where agents it-
eratively post and synchronize their plans. Plans are
revised between postings using a Markov process.

In multi-agent systems that use local plan generation
and coordination techniques, decision making is per-
formed exclusively within each agent. Each local agent
may request and send information to other agents, but
the final plan is generated completely by the individ-
ual entity. In the most simple case, classical single-
agent planning systems may act as local planners in a
multi-agent environment. However, because no collab-
orative effort toward synchronizing plans is performed,
agents must monitor plan execution and be prepared
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to dynamically adjust their plans during execution.
This approach minimizes the amount of communica-
tion required between agents, and does not encounter
plan generation delays due to synchronization. On the
other hand, the performance of plan execution is usu-
ally quite poor due to the fact that agents have to work
around other active entities in their environment.

Sycara et al. (1990) adapt single-agent planning
techniques to multi-agent environments by using lez-
tures to graphically define the complexity and impor-
tance of local decisions. By using textures to pre-
dict the impact of local decisions on global system
goals, local planning can be performed with a focus
toward achieving and maintaining global goals. Other
researchers have introduced methods of reducing possi-
ble conflicts in local planning by introducing execution
policies. Lansky and Fogelsong (1987) identify regions
of activity in the environment where conflicts are likely
to occur, and define constraints for acting within that
region. Shoham and Tennenholtz (1992) define social
laws of interaction that reduce conflicts, in the way
that traffic laws reduce harmful interactions between
vehicles in society.

Reconfiguration of systems

Reconfiguration of a multi-agent planning system is
not only necessary, it is also a common practice in do-
mains such as military plan generation and execution.
A configuration that satisfies one goal may be totally
inappropriate once the goal is satisfied or when the
mission is interrupted by an emergency situation. For
example, Figure 2 shows a Tactical Road March task
that is interrupted by detection of multiple targets. Be-
cause of this unforeseen threat, the original planning
and coordination configuration are no longer desirable.
Instead, the agents may need to spread out and cover
the area to flush out all remaining targets. This change
in configuration affects the communication mechanism,
the method of generating task plans, and the mode of
control.

We are designing a decision-theoretic model that de-
termines the optimal planning configuration given pa-
rameters of the system configuration, the planning en-
vironment and the current task. The choice of planning
configuration is guided by the principle of utility max-
imization. Whichever pianning mode maximizes the
expected payoff given the current system parameters
is selected.

The utility for a particular planning configuration is
calculated as a function of the weighted system param-
eters. The parameters are represented by P, where ¢
represents a given planning configuration (centralized,
distributed, or local) and P; represents one of the six
parameters listed below.

e P, = The communication bandwidth between
agents,

e P, = Number of resources (potential for resource

contention),

P3 = Number of agents active in the system,

e P, = The number of steps in the plan to be coordi-
nated,

e Ps = The reliability of the agents, and

Ps = The cost of adjusting the plan (if the plans are
not fully synchronized during generation).

The utility of configuration ¢ is calculated as
Utility(c) = F(w; Pf),

where § ranges over the system parameters. While F
may represent a number of combination functions, we
are experimenting first with a linear combination of
parameters, or

Utility(c) = Z(wmc).

We have implemented plan generation systems for
each of the three main configurations: centralized, dis-
tributed, and local planning. The appropriate weights
w; for each of these system parameters can been de-
termined by generating artificial planning test cases
and calculating the system payoff for each planning
mode as the system parameters change. This decision-
theoretic model can be used to select a configuration
at the beginning of the plan generation. The model
can also be used to reevaluate the current planning
configuration if the system parameters or environment
changes.

All three planning configurations contain the com-
ponents of detection, planning, and control. The first
aspect of reconfiguration is detection of the need to re-
configure. For example, if one agent senses a threat,
it may be useful for several agents to come to the aid
of the threatened entity. The detection algorithm will
alert the system of the need to reconfigure and will
give its rationale. The second aspect of the process is
to plan the reconfiguration. Reconfiguration may in-
volve changing the current plans of individual agents.
This transition must be made gracefully, either find-
ing a stopping point in the old plan and initiating the
new, or interleaving steps of the two plans until the
transition is complete. The controller manages the re-
configuration once it is initiated, making sure that the
desired new configuration is achieved.

Figure 3 identifies the agent(s) responsible for de-
tecting and controlling a system reconfiguration. For
example, a switch from centralized mode to local mode
is determined by a command from the leader, or by
the end of the current task and the beginning of a
new task in local mode, or by a predetermined time
of day. On the other hand, the system may be recon-
figured from distributed to local mode should a single
agent request the switch (possibly due to detection of
a nearby threat).
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Figure 2: Need for reconfiguration
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Figure 3: Control of reconfiguration

It is possible that detection of a reconfiguration need,
planning for the reconfiguration, and control of recon-
figuration may all be executed by different groups of
agents. The table below shows a possibility where a
local agent detects the need for reconfiguration, and a
leader generates and controls the plan for reconfigura-
tion. Allowing for all of these combinations is an area
we will pursue in the future.

( | Central | Distributed | Local ||

Detection x |

Planning X |

Control X |
Conclusions

In this paper, we have described a methodology for us-
ing a variety of planning configurations in multi-agent
planning systems. Each of the three common planning
configurations — centralized planning, distributed plan-
ning, and local planning - offer significant advantages
and disadvantages. These tradeoffs prevent one single
configuration from being optimal for all scenarios.

We are researching a method for incorporating all of
these planning configurations into a multi-agent sys-
tem. By building a decision-theoretic model that cal-
culates the payoff for each configuration, the best con-
figuration for a given plan can be selected. By control-
ling the switch between planning modes, reconfigura-
tion can be performed between entire plans or during
plan execution.

There are numerous directions for future research in
this area. We will discuss two such extensions in this
section. As suggested in the paper, detection, planning
and control of reconfiguration itself can be initiated
and directed by various groups of agents. Considering
these tradeoffs and incorporating the results into our
system is an area for future research.

This paper described a model that will select one of
the three described planning configurations. In reality,
there are many such configurations. Many of these
configurations are a hybrid. For example, all agents in
one room may best be controlled by a central authority,
while agents in another room plan most effectively in
distributed mode. A future version of our model will
be able to select any combination of modes that are
plotted along a continuum of planning configurations.
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