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Abstract

Many Al researchers are today striving to build agent teams for complex, dynamic
multi-agent domains, with intended applications in arenas such as education, training,
entertainment, information integration, and collective robotics. Unfortunately, uncertain-
ties in these complex, dynamic domains obstruct coherent teamwork. In particular, team
members often encounter differing, incomplete, and possibly inconsistent views of their en-
vironment. Furthermore, team members can unexpectedly fail in fulfilling responsibilities
or discover unexpected opportunities. Highly flexible coordination and communication is
key in addressing such uncertainties. Simply fitting individual agents with precomputed
coordination plans will not do, for their inflexibility can cause severe failures in teamwork,
and their domain-specificity hinders reusability.

Our central hypothesis is that the key to such flexibility and reusability is providing
agents with general models of teamwork. Agents exploit such models to autonomously rea-
son about coordination and communication, providing requisite flexibility. Furthermore,
the models enable reuse across domains, both saving implementation effort and enforc-
ing consistency. This article presents one general, implemented model of teamwork, called
STEAM. The basic building block of teamwork in STEAM is joint intentions (Cohen &
Levesque, 1991b); teamwork in STEAM is based on agents’ building up a (partial) hierar-
chy of joint intentions (this hierarchy is seen to parallel Grosz & Kraus’s partial Shared-
Plans, 1996). Furthermore, in STEAM, team members monitor the team’s and individual
members’ performance, reorganizing the team as necessary. Finally, decision-theoretic com-
munication selectivity in STEAM ensures reduction in communication overheads of team-
work, with appropriate sensitivity to the environmental conditions. This article describes
STEAM’s application in three different complex domains, and presents detailed empirical
results.

1. Introduction

teamwork: cooperative effort by the members of a team to achieve a common
goal. — American Heritage Dictionary

Teamwork is becoming increasingly critical in many multi-agent environments, such as,
virtual training (Tambe et al., 1995; Rao et al., 1993), interactive education (for instance, in
virtual historical settings, Pimentel & Teixeira, 1994), internet-based information integra-
tion (Williamson, Sycara, & Decker, 1996), RoboCup robotic and synthetic soccer (Kitano
et al., 1995, 1997), interactive entertainment (Hayes-Roth, Brownston, & Gen, 1995; Reilly,
1996), and potential multi-robotic space missions. Teamwork in such complex, dynamic
domains is more than a simple union of simultaneous coordinated activity. An illustrative
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example provided by Cohen and Levesque (1991b) — worth repeating, given that the differ-
ence between simple coordination and teamwork is often unacknowledged in the literature
— focuses on the distinction between ordinary traffic and driving in a convoy. Ordinary
traffic is simultaneous and coordinated by traffic signs, but it is not considered teamwork.
Driving in a convoy, however, is an example of teamwork. The difference in the two situ-
ations is that while teamwork does involve coordination, in addition, it at least involves a
common team goal and cooperation among team members.

This article focuses on the development of a general model of teamwork to enable a
team to act coherently, overcoming the uncertainties of complex, dynamic environments.
In particular, in these environments, team members often encounter differing, incomplete
and possibly inconsistent views of the world and (mental) state of other agents. To act
coherently, team members must flexibly communicate to avoid miscoordination. Further-
more, such environments can often cause particular team members to unexpectedly fail
in fulfilling responsibilities, or to discover unexpected opportunities. Teams must thus be
capable of monitoring performance, and flexibly reorganizing and reallocating resources to
meet any contingencies. Unfortunately, implemented multi-agent systems often fail to pro-
vide the necessary flexibility in coordination and communication for coherent teamwork in
such domains (Jennings, 1994, 1995). In particular, in these systems, agents are supplied
only with preplanned, domain-specific coordination. When faced with the full brunt of un-
certainties of complex, dynamic domains, the inflexibility of such preplanned coordination
leads to drastic failures — it is simply difficult to anticipate and preplan for all possible con-
tingencies. Furthermore, in scaling up to increasingly complex teamwork situations, these
coordination failures continually recur. In addition, since coordination plans are domain
specific, they cannot be reused in other domains. Instead, coordination has to be redesigned
for each new domain.

The central hypothesis in this article is that providing agents with a general model
of teamwork enables them to address such difficulties. Such a model enables agents to
autonomously reason about coordination and communication, providing them the requisite
flexibility in teamwork. Such general models also allow reuse of teamwork capabilities
across domains. Not only does such reuse save implementation effort, but it also ensures
consistency in teamwork across applications (Rich & Sidner, 1997). Fortunately, recent
theories of teamwork have begun to provide the required models for flexible reasoning about
teamwork, e.g., joint intentions (Cohen & Levesque, 1991b; Levesque, Cohen, & Nunes,
1990), SharedPlan (Grosz, 1996; Grosz & Kraus, 1996; Grosz & Sidner, 1990) and joint
responsibility (Jennings, 1995), are some of the prominent ones among these. However,
most research efforts have failed to exploit such teamwork theories in building practical
applications (Jennings, 1994, 1995).

This article presents an implemented general model of teamwork, called STEAM (sim-
ply, a Shell for TEAMwork).! At its core, STEAM is based on the joint intentions theory
(Levesque et al., 1990; Cohen & Levesque, 1991b, 1991a); but it also parallels and in some
cases borrows from the SharedPlans theory (Grosz, 1996; Grosz & Kraus, 1996; Grosz &
Sidner, 1990). Thus, while STEAM uses joint intentions as the basic building block of team-
work, as in the SharedPlan theory, team members build up a complex hierarchical structure
of joint intentions, individual intentions and beliefs about others’ intentions. In STEAM,

1. STEAM code (with documentation/traces) is available as an online Appendix.
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communication is driven by commitments embodied in the joint intentions theory — team
members may communicate to attain mutual belief while building and disbanding joint
intentions. Thus, joint intentions provide STEAM a principled framework for reasoning
about communication, providing significant flexibility. STEAM also facilitates monitoring
of team performance by exploiting explicit representation of team goals and plans. If in-
dividuals responsible for particular subtasks fail in fulfilling their responsibilities, or if new
tasks are discovered without an appropriate assignment of team members to fulfill them,
team reorganization can occur. Such reorganization, as well as recovery from failures in
general, is also driven by the team’s joint intentions.

STEAM’s operationalization in complex, real-world domains (described in the next sec-
tion) has been key in its development to address important teamwork issues discussed above.
It has also led STEAM to address some practical issues, not addressed in teamwork the-
ories. One key illustration is in STEAM’s detailed attention to communication overheads
and risks, which can be significant. STEAM integrates decision theoretic communication
selectivity — agents deliberate upon communication necessities vis-a-vis incoherency in
teamwork. This decision theoretic framework thus enables improved flexibility in commu-
nication in response to unexpected changes in environmental conditions.

Operationalizing general models of teamwork, such as STEAM, necessitates key modi-
fications in the underlying agent architectures. Agent architectures such as Soar (Newell,
1990), RAP (Firby, 1987), PRS (Rao et al., 1993), BB1 (Hayes-Roth et al., 1995), and
IRMA (Pollack, 1992) have so far focused on individual agent’s flexible behaviors via mech-
anisms such as commitments and reactive plans. Such architectural mechanisms need to be
enhanced for flexible teamwork. In particular, an explicit representation of mutual beliefs,
reactive team plans and team goals is essential. Additional types of commitments, suitable
for a team context, may need to be embodied in the architectures as well. Without such
architectural moorings, agents are unable to exploit general models of teamwork, and reason
about communication and coordination. This view concurs with Grosz (1996), who states
that “capabilities for teamwork cannot be patched on, but must be designed in from the
start”.

Our operationalization of STEAM is based on enhancements to the Soar architecture
(Newell, 1990), plus a set of about 300 domain-independent Soar rules. Three different
teams have been developed based on this operationalization of STEAM. These teams have
a complex structure of team-subteam hierarchies, and operate in complex environments
— in fact, two of them operate in a commercially-developed simulation environment for
training. This article presents detailed experimental results from these teams, illustrating
the benefits of STEAM in their development.

STEAM is among just a very few implemented general models of teamwork. Other
models include Jennings’ joint responsibility framework in the GRATE* system (Jennings,
1995) (based on Joint Intentions theory), and Rich and Sidner’s COLLAGEN (Rich & Sid-
ner, 1997) (based on the SharedPlans theory), that both operate in complex domains. While
Section 7 will discuss these in greater detail, STEAM significantly differs from both these
frameworks, via its focus on a different (and arguably wider) set of teamwork capabilities
that arise in domains with teams of more than two-three agents, with more complex team
organizational hierarchies, and with practical emphasis on communication costs.
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The rest of the article begins with a concrete motivation for our research via a description
of key teamwork problems in real-world domains (Section 2). Section 3 discusses theories of
teamwork and sketches their implications for STEAM. Section 4 next describes STEAM, our
implemented model of teamwork. Section 5 discusses STEAM’s selective communication.
Section 6 presents a detailed experimental evaluation. Section 7 discusses related work.
Finally, Section 8 presents summary and future work.

2. Illustrative Domains and Motivations

This investigation focuses on three separate domains. Two of the domains are based on a
real-world distributed, interactive simulator commercially developed for military training
(Calder et al., 1993). The simulator enables — via networking of several computers —
creation of large-scale, 3D synthetic battlefields, where humans, as well as hundreds or even
thousands of intelligent and semi-intelligent agents can co-participate (Tambe et al., 1995).

The first domain, Attack (Figure 1), involves pilot agents for a company of (up to eight)
synthetic attack helicopters. The company starts at the home-base, where the commander
pilot agent first sends orders and instructions to the company members. The company
processes these orders and then begins flying towards their specified battle position, i.e.,
the area from which the company will attack the enemy. While enroute to the battle-
position, depending on the orders, the company members may fly together or dynamically
split into pre-determined subteams. Once the company reaches a holding point, it halts.
One or two scout helicopters fly forward and first scout the battle position. Based on
communication from the scouts, other company members fly forward to the battle position.
Here, individual pilots repeatedly mask(hide) their helicopters and unmask to shoot missiles
at enemy targets. Once the attack completes, the helicopters regroup and return to their
home-base. While enroute to the home-base (or initially towards the battle-position), if
any company member spots enemy vehicles posing a threat to the company, it alerts others.
The company then evades and bypasses the enemy vehicles, while also protecting itself
using guns. When the company returns safely to home-base, it rearms and refuels, readying
itself for the next mission. An overview of the overall research and development effort in
this domain, simulation infrastructure, milestones, and agent behaviors is presented in (Hill
et al., 1997).
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Figure 1: Attack domain: company flying in subteams

In the second domain, Transport (Figure 2), synthetic transport helicopters protected
by escort helicopters fly synthetic troops to land. In a typical mission, two or four escort
helicopters and four to twelve transport helicopters take off from separate ships at sea to
rendezvous at a link-up point. The escorts then provide a protective cover to the transport
helicopters during the entire flight to and from their pre-specified landing zone (where the
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synthetic troops dismount). This domain may involve teams of up to sixteen synthetic pilot
agents (the largest team we have encountered); although Figure 2 shows twelve.

LANDING ZONE

Figure 2: Transport domain with synthetic escort and transport helicopters.

Our third domain is RoboCup synthetic soccer (Kitano et al., 1995). RoboCup is
an international soccer tournament for robots and synthetic agents, aimed at promoting
research in multi-agent systems. In the synthetic agent track, over 30 teams will participate
in the first RoboCup’97 tournament at LJCAI'97 in Japan. The snapshot in Figure 3 shows
two competing teams: CMUnited (Stone & Veloso, 1996) versus our ISI team.>

The Attack domain is illustrative of the teamwork challenges. In our initial, pre-STEAM
implementation, the helicopter pilot agents were developed in the Soar integrated agent-
architecture (Newell, 1990; Rosenbloom et al., 1991). Each pilot agent was based on a
separate copy of Soar. For each such pilot, an operator hierarchy was defined. Figure
4 shows a portion of this hierarchy (Tambe, Schwamb, & Rosenbloom, 1995). Operators
are very similar to reactive plans commonly used in other agent architectures, such as
the architectures described in Section 1. Each operator consists of (i) precondition rules
for selection; (ii) rules for application (a complex operator subgoals); and (iii) rules for
termination. At any one point, only one path through this hierarchy is active, i.e., it governs
an individual’s behavior. For teamwork among individuals, domain-specific coordination
plans were added, as commonly done in other such efforts in this type of domain (Rajput &
Karr, 1995; Tidhar, Selvestrel, & Heinze, 1995; Laird, Jones, & Nielsen, 1994; Coradeschi,
1997), including our own (Tambe et al., 1995). For instance, after scouting the battle
position, a scout executes a plan to inform those waiting behind that the battle position is
scouted (not shown in Figure 4).

Initially, with two-three pilot agents and few enemy vehicles, limited behaviors and con-
trolled agent interaction, carefully preplanned coordination was adequate to demonstrate
desired behaviors. However, as the numbers of agents and vehicles increased, their behav-
iors were enriched, and domain experts (human pilots) began to specify complex missions,
significant numbers of unanticipated agent interactions surfaced. Faced with the full brunt

2. Since March 1997, a team of graduate students at the Information Sciences Institute (ISI) has joined
in in further research and maintenance of the ISI team. While the author continues to be responsible
for the teamwork in the player agents, others have made significant contributions to individual agent
behaviors.
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