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Abstract
Flexibleteamwork
in real-worldmulti-agentdomainsis more
than a unionof agents’simultaneousexecutionof individual
plans, evenif suchexecutionis pre-coordinated.Indeed,uncertainties in complex,dynamic
domainsoften obstruct preplannedcoordination,with a resultant breakdown
in teamwork.Thecentralhypothesisin this paperis that for effective
teamwork,agents should be provided explicit team plans
and an underlyingmodelof teamworkthat explicitly out- lines their commitments
andresponsibilities as participants
in teamactivities. Sucha modelenables team members
to
flexibly reasonabout coordinationactivities. Theunderlying modelwehaveprovidedis basedon the joint intentions
framework:although we present somekey modifications
to reflect the practical constraintsin (some)real-worlddomains. This framework
has beenimplemented
in the context
of a real-worldsynthetic environment
for helicopter-combat
simulation:someempiricalresults are presented.

1 Introduction
ManyAI researchers are today striving to build agents for
complex, dynamic multi-agent domains, such as, virtual
tbeatre(Hayes-Roth, Brownston,&Gen1995), realistic virtual training environments(e.g., for emergencydrill(Pimentel & Teixeira 1994) or combat(Tambeet al. 1995;
Raoet al. 1993)), virtual interactive fiction(Bates, Loyal1,
&Reilly 1992), RoboCuprobotic and virtual soccer(Kitano
et al. 1995) and robotic collaboration by observation(Kuniyoshi et al. 1994).
Mostof this research has so far focused on enabling individualagents to cope with the complexities of tbese dynamic
domains. One promising approach that has emerged is the
use of hierarchical reactive plans. Reactiveplans are qualified by preconditions, whichhelp select plans for execution
based on the agent’s current high-level goals/tasks and beliefs about its environment. Selecting high-level abstract
plans for execution leads to subgoals and thus a hierarchical expansion of reactive-plans ensues. Activated plans
IThis research wassupportedas part of contract N66001-95C-6013from ARPA/ISO.
Domainexpertise was provided by Dave
Sullivan of BMHInc. I thank RameshPatil, MarcusHuber,
Takahira Yamaguchiand Wei-MinShen for helpful comments
on an earlier draft of this paper.DiscussionswithPhil Cohenand
Ira Smithwerehelpful clarifyingthe issues in Section3.

terminate via terminating conditions. Agentsbuilt in architectures such as PRS(Ingrand et al. 1992), BBl(HayesRoth, Brownston, & Gen 1995), RAP(Firby 1987)
Soar(Newell 1990) for dynamic domains may be (at least
abstractly) characterized in this fashion.
Instead of individuals, this paper focuses on agent teams
in dynamicdomains. All around in our daily lives, we participate, interact or observedynamicteamactivities, such as,
driving in a convoy,participating in teamsports (e.g., soccer), enjoying plays (theatre) and discussions, or watching
televised military exercises. Theseactivities are being refleeted in manyof the multi-agent domainsdiscussed above.
Suchteam activities are not merely a union of simultaneous, coordinated individual activities(Grosz &Sidner 1990;
Cohen & Levesque 1991). For instance, ordinary automobile traffic is not considered teamwork,despite the
simultaneous activity, coordinated by traffic signs(Cohen
& Levesque 1991). Indeed, our commonsensenotion of
teamworkinvolves more than simple coordination, e.g., the
AmericanHeritage Dictionary defines it as cooperative effort by the membersof a team to achieve a commongoal.
Yet, to sustain such cooperation in complex, dynamic
domains -- whether it is driving in a convoy or playing Soccer -- agents must be flexible in their coordination and communicationactions, or else risk a breakdown
in teamwork. To achieve such flexibility we apply one
key lesson from the arena of knowledge-based systems
-- an agent must be provided explicit "’deep" or causal
models of its domains of operation (Davis 1982). The
key here is to recognize that whenan agent participates
in a team activity, teamworkis itself one of the domains,
and hence the agent must be provided an explicit model
of teamwork. Unfortunately, in implementedmulti-agent
systems, team activities and the underlying modelof teamwork are often not represented explicitly(Jennings 1994;
1995). Instead, individual agents are often providedindividual plans to achieve individual goals, with detailed precomputed plans for coordination and communication.However,
in real-world dynamicenvironments, unanticipated events
-- such as an unexpected interruption in communication
often disrupt preplannedcoordination, jeopardizing the
team’s joint effort (Section 2 provides detailed examples).
The recent formal theories of collaborative action have
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begun to provide the required models for flexible reasoning about team activities(Cohen & Levesque 1991;
Grosz & Sidner 1990; Kinny et al. 1992; Jennings 1995);
although few multi-agent implementations have built on
them(Jennings 1995) (a notable exception is (Jennings
1995), described in Section 6). In contrast, this paper describes an implemented,real-world multi-agent system that
builds upon one such model. Our central hypothesis is that
for effective teamworkin complex, dynamic domains, individual team membersshould be provided reactive team
plans, that explicitly express a team’s joint activities -- although these mayhierarchically expand out into reactive
plans for an individual’s role in the team. To execute such
team plans, team membersmust be provided an explicit
model of teamwork-- their commitmentsand responsibilities as team members-- so they can flexibly reason about
coordination and communication.In our work, this model
is the formal joint intentions framework(Cohen
& Lcvcsque
1991), which we have modified in key ways to accommodate the constraints that appeartypical i n (some)real - world
dynamic domains.
Bcfore describing reactive team plans in detail, we first
concretely motivate their needby describing our initial experiences in designing agent teams for a real-world domain. Given our focus on a real-world multi-agent domain -- with key characteristics such as dynamismand
realistic communicationcosts that are representative of
other real-world domains-- the lessons learned here appear to have wider significance. All our implementations are based on the Soar architecturc(Newell 1990;
Rosenbloom et aL 1991). Weassume some familiarity
with Soar’s problem-solving model, which involves applying an operator hierarchy to states to reach a desired state.

2 A Real-world Domainand Initial
Experiences
Weare building intelligent pilot agents for synthetic aircraft
in a battlefield simulator, commerciallydevelopedfor the
military for training(Calderet al. 1993). Thesepilot agents
have participated in large scale combatexercises, someinvolving expert humanpilots(Tambe etal. 1995). This paper
will focus on pilot agents for a company
of (up to eight) attack helicopters, which execute missions in a synthetic 3D
terrain withhills, valleys and ridges (e.g., southernCalifor2nia) (Tambe, Schwamb,& Rosenbk)om1995).
As shownin Figure 1, in a typical attack mission, the
companymayfly 25-50 kilometers at varying altitudes, to
halt at a holding point. Oneor two scout helicopters in the
companyfly forward to check the battle position, i.e., the
location from where the companywill attack enemyforces.
Oncethe battle position is scouted, other membersof the
companymove forward, each hovering in its own designated subarea of the battle position. Here, an individual
2Thisbasic simulationtechnology,onceprovenpromisingin
trainingfor military applications,is leadingto other possibleapplicationsrangingfromtraining for disaster relief to interactive
entertainment.
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pilot agent hides/masksits helicopter. To attack, the pilot has his helicopter "popup"(rise high), to shoot missiles
at enemytargets. The helicopter then quickly masksand
movesas protection against return fire, before poppingup
again. Whenthe mission completes, the helicopters regroup
and return to base.

Figure I: A companyof helicopters in simulated combat.
Theridge line is ideal fi)r masking.
In our first implementationof the helicopter company,
each pilot agent wasprovidedan operator (reactive plan) hierarchy to execute its mission(Tambe,Schwamb,& Rosenbloom1995). Figure 2 illustrates a portion of this operator
hierarchy (at any one time, only one path in this hierarchy
from the root to a leaf node is active). Eachoperator consists of (i) preconditionrules, to help select the operator;
(ii) application rules to apply the operator onceselected
high-level, non-leaf operator maysubgoal): (ii) termination
rules, to terminatethe operator.
To coordinate amongmultiple pilot agents we used techniques quite comparableto previous such efforts, including
our own, in the synthetic battlefield domain(Tambe
et aL
1995; Rajput & Karr 1995; Tidhar, Selvestrel, &Heinze
1995). In particular, each individual was provided specific
plans to coordinate with others. For instance, whenat the
holding point, the scout first executed an operator to fly
to the battle position, and then another operator to inform
those waiting at the holding point that the battle position
is scouted. Similarly, to fly in formation, each agent .was
assigned a "partner" agent to follow in formation (unless
the agent was leading the formation). Eventually. all coordination within a group was accomplishedby each agent
coordinatingwith its partner.
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Figure 2: A portion of the operator hierarchy fi)r an individual helicopter pilot agent.
The resulting pilot agents each contained about 1000
rules, and the companywas tested in October 1995 in a
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three-day exercise (with up to 400 agents in the synthetic
battlefield). While the helicopter companyexecuted helicopter tactics adequately, the exercise revealed somekey
problemsin teamwork-- see Figure 3 for someillustrative
examples)
1. Uponreachingthe holdingarea, the company
waited, while the
scout started flying forward. Unfortunately,the scout unexpectedlycrashedinto a hillside. Hence,the rest of the company
just waitedindefinitelyat the holdingarea, waitingto receive
a messagefromthe (crashed)scoutthat the battle position was
scouted.
2. Uponrecognizingthat the missionwas completed,one company
member(the commander)
returned to homebase, abandoning
others at the battle position. Thecommander’s
"’partner"agent
wasunexpectedly
shot down,and henceit failed to coordinated
withothers in its company.
3. Whileattacking the targets fromthe battle position, onlyone
member
of the company
could see the targets. Thus, only one
member
engagedthe targets; the others returned withoutfiring
a singleshot.
4. Somecompanymembersfailed to recognize that they had
reached a waypoint-- the agent leading the formation had
reachedthe waypoint,but those trailing in formationconcluded
. they hadnot individuallydoneso (despite tolerance rangesin
measuringdistances).
Figure 3: Illustrative

examplesof breakdownin teamwork.

While a programmercould add specialized coordination
actions to address the abovefailures oncediscovered,anticipating such failures is extremelydifficult, particularly as we
scale-up to increasingly complexteam missions. Instead,
the approach pursued in this work is to focus on the root
of such teamworkfailures -- that as with other multi-agent
systems, individual team membershave been provided fixed
coordination plans, which break downwhen unanticipated
events occur. In particular, the team goals and/or teamplans
are not represented explicitly. Furthermore, an underlying
model of teamwork, spelling out team members’scommitments and responsibilities towards others whenexecuting a
team activity, is absent. That is why,for instance, an agent
ends up abandoning its team membersin a risky situation
(Item 2, Figure 3). That is also whythe companycannot
recover whenthe scout crashes (Item 1, Figure 3) mthere
is no explicit representation of the company’steam goal at
the holding point and the scout’s part in it.

3 Explicit Model of Teamwork
To provide agents with an explicit modelof teamwork, we
rely on the joint intentions framework(Cohen&Levesque
1991; Levesque, Cohen, & Nunes 1990), since currently
it is perhaps the most well-understood framework. In this
framework, a team O jointly intends a team action if team
members are jointly committed to completing that team
action, while mutually believing that they were doing it. A
3This demonstrationwas done jointly with Paul Rosenbloom
and Karl Schwamb.

joint commitment
in turn is defined as a joint persistent goal
(JPG). A JPG to achieve p, where p stands for completion
of a team action, is denoted JPG(O,p). JPG(O,p) holds
three conditions are satisfied4:
1. All teammembers
mutuallybelievethat p is currently false.
2. All teammembers
mutuallyknowthat they wantp to be eventuallytrue.
mutually believe that until p is mutually
3. All teammembers
known
to be achieved,unachievableor irrelevant, they mutually believethat they each hold p as a weakgoal (WG).WG(#,
p, O), where# is a team member
in O, implies that # either
(i) Believesp is currentlyfalse andwantsit be eventuallytree
(i.e., p is a normalachievement
goal); or (ii) Having
privately
discoveredp to be achieved,unachievable
or irrelevant, t~ has
committed
to havingthis private belief become
O’s mutualbelief.
Twoimportant issues should be noted. First, there is a
change in expressiveness of plans -- in this framework,an
entire team can be treated as jointly committingto a team
plan. For example,whena companyof helicopters flies to a
waypoint,it is a teamjointly committingto a team activity
-- each individual is not flying on its ownto that waypoint,
while merelycoordinatingwith others. Thus, it is sufficient
if the team reaches the waypoint, each individual need not
do so individually 5. Such a change in plan expressiveness
alleviates concernssuch as the fourth item in Figure 3.
Second,to establish a joint intention, agents musthold a
WG(weak goal) which ensures that memberscannot freely
disengage from their joint commitment
at will. In particular, while a JPG(O,p) is dissolved when a team member
/~ privately believes that p is either achieved, unachievable
or irrelevant, I* is left with a commitment
to have this belief becomemutual belief. To establish mutual belief,/1
must communicate with other team members. This communication is not required to be verbal; ju could rely on
gestures for instance. However,irrespective of the method
of communication,unless communicationis determined to
be impossible,it is/J’s responsibility to ensure that the required mutual belief is attained. Whilethis communication
is an overheadof team activity, it enables an individual to
ensure that its teammateswill not waste their time or face
risks unnecessarily. This alleviates difficulties such as the
second example in Figure 3, where an individual disengaged from the joint commitmentwithout informing other
team members,and exposed them to unnecessary risks.
This frameworkprovides an underlying model of teamwork, enabling flexible reasoning about coordination activities. For instance, there is an explicit justification for
communication, enabling agents to reason about it. The
following now presents some key modifications to accomodate real-world constraints. Even though we draw upon
examples from our domain, we expect similar issues to
arise in other dynamicenvironments. (Operationalization
of these ideas described in Section 4).
4JPG(O,p) also includes a common
escape clause q, omitted
herefor the sakeof brevity.
SThismaymeanthat the first or somepre-specifiedpercentage
of vehiclesreach close to the waypoint.
Tambe
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3.1 Modifying Commitments
Fulfilling the requirements in WG(/~,p,O)requires a team
memberto unconditionally committo communicatingwith
other team members, whenever it drops p as a normal
achievement goal. However, in manyenvironments, such
as synthetic battlefields or soccer fields, communication
can
bc costly, risky or otherwise problematic. For instance, in
battlefield simulations, communication
maybreak radio silence, severely jeopardizinga team’soverall joint activities.
Therefore, the unconditional commitmentto communication is modifiedto be conditional on communication
benefits
to the team outweighingcosts (to the team). Also included
in this modification is an agent’s commitment
to scarch for
alternative lower-cost methodsof communication
(e.g.. the
agent maytravel to personally deliver the message, if using the radio is risky). Nonetheless, in somecases, even
though communication is not proven impossible, communication benefits will be outweighedby its costs, and hence
no commitmentto communicationwill result.
Such communicationdifficulties require that other team
memberstake up someof the responsibility for attaining
mutual belief. In particular, a team membermust attempt
to track the team’s beliefs in the status of their joint goal.
For instance, if a companyof helicopters reaches a well
specified waypoint, the team can be tracked as recognizing
itsachievement,
andthusunnecessary
message
broadcasts
canbe avoided.
A second
modification
focuses
onthedissolution
of a
joint
commitment
(JPG).
Inparticular,
currently,
ifanindividual/z
is knowntodropthenormal
achievmcnt
goal,thc
jointcommitment
isautomatically
dissolved.
Yet,suchan
automatic
dissolution
isoften
inappropriate.
[’orinstance,
if
onehelicopter/~
inthecompany
ofeight
isshotdownduring
anengagement,
thehelicopter
company
doesnotautomatically
dissolve its joint intention to executeits mission;that
wouldwaste the team’s jointly invested efforts in the mission and render the companyhighly ineffective in combat.
Therefi~re, if a team memberit is knownto drop its normal
achievementgoal, the JPG’s dissolution is modified to be
conditionalon: (i)/~’s role beingcritical to the continuation
of the joint intention (as discussed in the next section),
(ii) pre-specified conventions. However,if/: communicates
achievement, unachievability or irrelevance, then the JPG
is dissolvedas usual.
3.2 Complex Teams, Roles and Failures
Whilenot defined in terms of individual intentions, a joint
intention leads individuals or subtcamsin the teamto intend
to do their "’share" (role) of a teamactivity (subject to
joint intention remaining valid)(Cohen &Levesque1991
In our work, a role constrains an individual or a subtcamto
undertakecertain activities in service of the joint intention,
and the role mayvary with the joint intention.
One key issue here is that in complexteams, that involve multiple subteams,the success or failure of an individual’s role performancedoes not directly determine the
achievementor unachievability |br the team’s joint vcnture.
As a result, an individual maysucceed or fail in its role,
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yet communicationmaynot necessarily result. Hencc, the
original frameworkis modified to require agents to communicatetheir role success or failures to other participants
(should others be banking on this role performance). Furthermore, since agents maybe unable to communicate(e.g.,
because costs exceed benefits), team membersmust track
other agents’ rolc performance.Based on information about
others’ role non-performance, team mcmbcrscan dctcrmine
the viability of the team’s joint intention or their ownrole.
Twoheuristics maybe used:
1. Critical expertise heuristic: If the success of the team’s
joint intention is solely dependenton the role of an individual agent, then thc agent’s role non-pcrformance
(failure) implies that the team’s joint intention is unachievable.
2. Dependencyheuristic: If an agent’s ownrole performanceis dependent on the role of the non-pertbrming
agent, then the agent’s ownrole performanceis unachievable.
4 Implementing the Modified Joint
Intentions
Framework
To implementthe modified joint intentions frameworkthe
concept of team operators has been defined. For the team
O. a team operator OPwill be denoted as [~). The usual
operators as seen in Figure 2 will henceforthbe referred to
as individual operators. As with individual operators, team
operatorsalso consist of: (i) preconditionrules for selection;
(ii) application rules (complexteam operators will lead
subgoals); and (iii) terminationrules. However,unlike individual operators, team operators encodethe expressiveness
and commitmentsof joint intentions.
4.1

Team Operators: Expressiveness
Teamoperators express a team’s joint activity rather than
an agent’s ownactivity. Thus, while individual operators
apply to an agent’s ownstate, a team operator applies to a
"team state". The team state is an agent’s (abstract) model
of the team’s mutualbeliefs about the world, whichinclude
identities of membersin the team, information about their
joint tasks etc. For instance, for a helicopter company,
the team state mayinclude the routes to fly to the battle
position. Figure 4 shows the new operator hierarchy of
helicopter pilot agents whereoperators shownin boxes such
are team operators (the non-boxedones are
individual operators). Theseteam operators are not tied to
any specific numberof agents within a team.
To establish a joint intenticm [’-0-~, each team member
individually selects that teamoperator. Typically, this selection is automaticallysynchronized,since the selection is
constrained by the team state (the team operator’s preconditions must matchthe team state). Thus, since agents track
their team state, visually and also via communicationfor
terminating the previous teamoperator, it is usually unnecessary to explicitly communicateprior to the selection of
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Figure 4: A portion of the newoperator hierarchy, executed
by an individual pilot agent.

communicationover the radio is prohibited. Anagent instead attempts to reduce communicationcosts via alternative communication
methods, e.g., travelling to personally
deliver the message.If the agent finally satisfies its communicative goal, the sender and the receivers then update
their team state (we assumethat communicatedinformation
reaches other agents securly). This then causes the team
operator to be terminated (either because it is achieved or
unachievable). If a high-level team operator is achieved or
unachievable, its children are automatically assumedirrelevant.

4.2 Team operator:
Communication
Once selected, a team operator can only be terminated by
updating the team state (mutual beliefs) to satisfy the team
operator’s termination rules. Updating the team state may
lead to a communicativegoal. In particular, if an agent’s
private state contains a belief that makesa team operator
achieved or unachievable, and such a belief is absent in
its team state, then it automatically creates a communicative goal, i.e., a communicationoperator. Whenexecuted,
this operator leads the agent to broadcast the information
to the team. For instance, suppose the team is executing
, whichis achievedif the team state contains the
belief Completed(Engagement).How,if a (commander)pilot agent’s ownstate contains Completed(Engagement),
and
this is absent in its team state, then a communication
operator is proposed to inform team members(the commander
cannot just head back to homebase alone).
To alleviate communication
costs, certain safeguards are
already built into the proposal of a communication
operator.
In particular, a communication
operator is not generated if
the private belief does not contribute to the achievmentor
unachievability of any active team operator, or if the team
state is already updated,i.e., the team is already aware of
the belief. Furthermore, based on the modifications discussed in Section 3.1, even if a communicationoperator is
proposed, it is not implementedimmediately. Instead, the
agent first evaluates the cost and benefits of the communicative operator. For instance, if radio is the current meansof
communication,and if the mission requires radio silence,

4.3 Team Operators: Roles, Failures and
Recovery
As shownin Figure 4, a complex team operator is typically decomposedinto suboperators. A role 7i in a team
operator can be viewedas a constraint that constrains a
team memberor a subteamto a certain subset ¢ri of these
suboperators. For instance, the scout role in the team operator I Wait-while-bp-scouted b Cbp"is an abbreviation
of battle-position) constrains a team memberto scouting
the battle position. Almostequivalently, the role 7i in a
team operator can be viewedas an abstract specification of
the subset cyl of its suboperators. Thus, an ~ with R
roles, < 71 .... ,7R > essentially defines the combinationof
suboperatorsto be executedin service of this teamoperator.
A key question here is assigning roles to individuals or
subteams. In general, roles could be determined dynamically or defined statically in advance. In our domain,roles
are statically defined and are dependenton the individual’s
or the subteam’scapabilities. For instance, for our company
of helicopters, a specific individual maybe the commander
(capability dependson the chain of command),a scout (capability dependson training), or the leader of a formation
(every team memberpossess this capability).
As mentionedin Section 3.2, it is useful for an agent
to monitor other agents’ role performance. This is accomplished in one of three ways. First, the other agent
mayitself communicate. Second, it is possible to track
the other agent’s role performance, via techniques such
as RESC(Tambe& Rosenbloom 1995; Tambe 1996), that
dynamicallyinfer other agents’ higher-level goals and behaviors from observation of that agents actions. Given
its expense, however, such detailed tracking is performed
selectively -- instead, an agent often onlymonitorsthe participation
of other team members.Third, other heuristics
can also be applied, e.g., an agent cannot perform two conflicting roles simultaneously. Thus, if a scout is scouting
the battle position, it cannotparticipate in any other role at
the holding area (e.g., to fly in formation).
The following describes the overall recovery algorithm,
should an agent determine that # E O is simply unable to
performany role (e.g., #’s helicopter crashes):
1. Let"g = {rl ,...r~,¢ } be the set of currentlyknown
roles of #.

*Suchsynchronizationmaynot alwaysbe straightforward,
however.Deriving a synchronizationmechanism
in this frameworkis an issue for future work.

2. For each ~ in currently active hierarchy and for each ri
E "R. applycritical expertiseheuristic to determineif
unachievable.

6the next team operator.
In general, the subgoal of a teamoperator maylead to either a teamoperator or an individual operator to be applied.
Thus, a joint intention maylead to either another joint intention or to individual intentions in a subgoal (subject to the
parent joint intention remainingvalid). For instance, while
the children of ~ ate all individual operators, the
children of ~[-~--’fligi~t-pl~-~ are all teamoperators.

~
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3. If some[-0-~) unachievable,
dueto critical role rc
(a) Terminate~ and its active children.
(b) If self capableof performingr~, Communicate
takeover of
r~ to O;Re-establish
I OP~a.
(c) If self incapableof performing
r~, Waitfor anotheragent to
takeoverrc; Re-establish[-0-’~" If wait too long.
unrepairable.
4. ForeachriE "T~applydependency
heuristic to determineif own
role unachievable,applydomain-specific
recoverystrategies.
rj, Com5. Forall rj E ")~, rj -~ re, It" self capableof performing
municatetakeoverof r~ to O.
6. While# disabledfromperformingany roles, checkeveryfuture
[-~’~via critical expertiseheuristic.
Onekey reason this recovery procedure works is the explicit representation of team operators. In particular, step
2 applies the critical expertise heuristic. Tooperationalize
this heuristic, the agent comparesthe achievementcondition of an ~ with the achievement condition of p’s role.
If identical, # was solely responsible for achievement of
[-O’~, and hence ~ is now unachievahle. Thus, if il is
a scout, this test indicatesthat it is critical to the scoutingof
the battle position. In Step 3-a, the agent terminates
only ifp plays a critical role in ~0-~. In step 3-b, the agent
attemptsto substitute itself for #’s critical role if capability
exists, or else it waits for someoneelse to fill in the role
(step 3-c). Otherwise the implicated ~ is irreparable.
In step 4, the agent attempts to recover from any individual operator dependencies. Here, to operationalize
the dependem~."heuristic, the agent checks the achievement
condition of its ownrole for p’s role. For instance, if an
agent is to trail p in formation, its achievementdependson
p. Non-critical roles are examinedlater, as they maybe critical in the future (step 5). It is possible that one agent does
not possess all of p’s capabilities, and hence maytakeover
only one ofp’s roles, while other agents takeover p’s other
roles. Not all of p’s roles maybc knownimmediately; and
hence any new operator is also checkedfor critical dependencyon p (step 6).
To see the above procedurein action, consider a company
of five helicopters, Cheetah41through Cheetah45,with the
role and capabilities as shown:
Current roles:
Cheetah41 <~ Commander,Scout
Cheetah42, Cheetah43,Cheetah44.Cheetah45<-- Auack
Currentcapabilities:
Cheetah41,Cheetah43<~ Scout
Cheetah42,Cheetah43,Cheetah44,
Cheetah45<-- Attack
Chain of command:Cheetah41->Cheetah42->Cheetah43>Cheetah44->Cheetah45
Suppose,
the team is currently
executing
] wait-while-bp-scouted ~. In service of this team opera1
/
tor, the scout (Cheetah41) is movingforward to scout the
battle position, while the rest of the companyis waiting at
the holding area. Nowif the scout crashes (as in Item 1 in
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Figure 3), wait-whilc-bp-scouted~ is dc~medunachievable (critical expertise heuristic). Twochangeswill then
take place. First, Cheetah43will take over the critical role
of the scout -- it has the capability of becominga scout.
This enables the I wait-while-bp-scouted~-~ operator to be
re-established for execution. Next, Cheetah42,the next in
command,will replace Cheetah41as the commander.

5 Experimental Observations
Agents based on our new approach each currently contain
1000rules, with roughly 10%rules dedicated to our explicit
model of teamwork. This new implementation addresses
three basic types of problems seen in our previous implementation:
¯ Recovery
fromincapabilities of keyindividuals,suchas a commanderor a scout(e.g., addressesItemI. Figure3).
¯ Better communication
and coordination within the team, as
members
recognizeresponsibilities (e.g., addressesItems2 and
3, Figure3).
¯ Improvedtracking of ownteamstate due R) improvedexpressiveness(e.g., addressesItem4, Figure3); also possibleto track
team’shigh-levelgoals andbehaviors,not possiblebefore.
Figure 5 illustrates that our current implementationprovides significant flexibility in the level of coordination
among team members. The figure attempts to plot the
amountof coordination amongteam members(y-axis) over
simulation time (x-axis). The percentage of team operators
in a pilot agent’s operator hierarchy(whichconsists of team
and individual operators) is a rough indicator of the amount
of coordination. In particular, a lower percentage of team
operators implies a higher percentage of individual operators and hence low coordination amongmembers:while a
higher percentage of team operators indicates tighter coordination. Timeis measuredin simulation cycles, with 9475
cycles in this run.

500

1875
4336
SIMULATK:)N
T~klE--->

7154

941,5

Figure 5: Percent team operators in an individual’s operator
hierarchy (FFP= Fly Flight Plan).
The varying percentage of team operators over the run
indicates the flexibility in the level of coordination. Thus,
for the first 500 cycles, whenthe agents are flying a flight
plan (FFP)in close formation, they are tightly coordinated,
an individual’s operator hierarchy has 80%team operators.
For the next 50 cycles, the companyhalts, and then resumesflying its flight plan. At cycle 1875. the company
reaches the holding area, where the scout Iiies forward to
scout the battle position -- the scout’s percentageis shown
separately by a dashedline. Basically, the scout is nowonly
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loosely coordinating with the rest of the company(33%
team operators). After scouting, the companymoves the
battle position at cycle 4336)and until cycle 7154, engages
targets. The 33%team operators in engaging targets indicate that the team membersare to a large extent acting
independently. Nonetheless, the team operator percentage
is never zero, i.e., these agents never act completelyalone.
Later the companyreturns to base.
Figure 6 is similar to Figure 5, except that in this run,
the battle position is already scouted, and thus a scout’s role
is unnecessary. The percentage of team operators, i.e., the
amountof coordination, is seen to change accordingly.
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Figure 6: Percent team operators in an individual’s operator
hierarchy, with no scouts.
-Figure 7 illustrates the reduction in communicationdue
to our modifications to the joint intentions framework.It
showsresults from a typical test run of our implementation.
Figure 7-a projects percentages of operators, had the agents
workedwith a straightforward implementationof the joint
intentions framework-- communicatingat the termination
of each team operator. In this case, there are 25%team
operators; and amongthe approx 75%individual operators,
there are 25%communicationoperators and the rest execute the agents’ actions. Figure 7-b showsthe percentage
~oman actual run with the modifiedjoint intentions framework. Communicationpercentage decreases more than I 0fold (just about 2%on communication).Instead, there
more emphasis on agent- and team-tracking, performed using RESC(Tambe
& Rosenbloom 1995; Tambe1996), with
about 8%operators.

Figure 7: Reduction in percentage of communicationoperators.

6 Related Work
Fewother research efforts have implementedtheories of
joint action. Jennings’s implementationof the joint intentions frameworkin an industrial multi-agent setting is one
notable exception(Jennings 1995). Huber and Durfce describe a similar implementation,although in a smaller scale

testbed(Huber &Durfee 1995). There are several
key differences in our work. First, in both these efforts, agents’
collaborative activity appears to involve a two level hierarchy of a joint goal and a joint plan, with individuals engaged
in specific roles in the plan. Whenthe joint goal is accomplished, the collaborativeactivity is terminated. In contrast,
our work focuses on complex, long-term team activities,
involving the execution of a dynamically changing team
operator hierarchy. A high-level mission leads to the execution of a wholevariety team operators. It thus becomes
essential to maintain and track an explicit team state, and
manipulate it via team operators -- else agents will lose
track of the next team action. Second, the above efforts
typically involve two to three agents in the joint intention.
The scaleup from two-three agent to five-eight agent per
teams (as in our work) creates new possibilities.
More
specifically, evenifa single agent is incapacitated, the team
operator hierarchy does not completely fall apart. However,
agents have to explicitly checkif lower-level teamoperators
are unachievable, and recover from failures. Recoveryis
important, else the entire team effort will go to waste. Finally, in (Jennings 1995) issues of communicationrisk are
not considered (although they are considered in (Huber
Durfee 1995)).
Our recent work on team tracking(Tambe 1996)-- which
involves inferring other team’s joint goals and intentions
based on observations of their actions -- is the predecessor
to the work reported here. However,given its focus on
tracking other teams, issues such as communication,recovery from unachievable team operators were all explicitly
excluded from consideration. The domain of focus there
was tracking the behaviors of a team of enemyfighter jets.

7 Summaryand Discussion
In a variety of dynamicmulti-agent environmentscurrently
under development, achieving flexibility in teamworkis
eritical(Hayes-Roth, Brownston, &Gen 1995; Tambeet al.
1995; Bates, Loyall, & Reilly 1992; Kitano et al. 1995).
Yet, given the uncertainity in such domains, preplanned
coordination cannot sustain such flexible teamwork. To
alleviate this problem, we have provided individual agents
with an explicit representation of team goals and plans, and
an underlying explicit model of team activity, which has
already substantially improvedagents’ flexibility in their
teamwork.Further contributions of this paper include: (i)
Detailed illustration of an implementationof the modified
joint intentions framework(Cohen& Levesque 1991) in
real-world multi-agent domain;(ii) key modificationsto the
joint intentions frameworkto reflect important constraints
in the domain:(iii) introduction and implementationof team
operators(reactive team plans); (iv) techniquesfor recovery
from failure of team activities. Asan importantside-effect,
agent development has speeded up, since once agents are
equipped with such a model of teamwork, the knowledge
engineer can specify higher-level team plans, and let the
individual agents reason about the coordination activities
and recovery.
Our work focused on one real-world domain, with key
Tambe
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charachteristics that appear representative of other realworld domains; and thus the lessons learned appear to
have wider significance. The key lessons here are that
as we build agent teams for increasily complexmulti-agent
systems, agents should be provided (i) explicit representations of team activities, and moreimportantly (ii) some
core commonsenseknowledge of teamwork, separate from
the agent’s domain-levelexpertise (e.g., helicopter tactics).
These lessons appears applicable to other dynamicmultiagent domains, including other applications of the simulation technologydescribed here such as training for (natural)
disaster relief, medicalemergenciesetc. Indeed,to test these
lessons, we have begun implementing this framework for
players in the RoboCup
virtual soccer tournament(Kitanoet
al. 1995).
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