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Abstract

Flexible teamworkin real-world multi-agentdomainsis more than a union of agents’
simultaneougxecutionof individual plans,evenif suchexecutionpre-coordinatedIndeed,
uncertaintiesn complex, dynamic domainsoften obstructpre-plannedcoordination,with
a resultantoreakdownin teamwork. The centralhypothesidn this paperis thatfor durable
teamworkagentshouldbeprovidedexplicitteamplansandanunderlyingmodelof teamwork
thatexplicitly outlinestheircommitmentandresponsibilitiegsparticipantsn teamactivities.
Sucha modelenableseammembergo flexibly reasonaboutcoordinationactivities. The
underlyingmodel we have providedis basedon the joint intentions framework; although
we presentsomekey modificationsto reflectthe practicalconstraintsn (some)real-world
domains. This frameworkhasbeenimplementedn the contextof a real-world synthetic
environmenfor helicoptercombatsimulation;someempiricalresultsarepresented.

1This researchwas supportedas part of contractN66001-95-C-6013rom ARPA/ISO. Domain expertisewas
providedby Dave Sullivanof BMH Inc. | thankRameshPatil, Wei-Min Shenand TakahiraYamaguchfor helpful
commenton anearlierdraft of this paper



1 Introduction

Many Al researcheraretodaystrivingto build agentdor complex,dynamicmulti-agentdomains,
suchas,virtual theatre[T, realisticvirtual trainingenvironmentge.g.,for emegencydrill[17] or
combat[2219)), virtual interactivefiction[1], RoboCuproboticandvirtual soccer[13fndrobotic
collaboratiorby observation[1}

Most of this researcthasso far focusedon enablingindividual agents to copewith the com-
plexities of thesedynamicdomains. One promising approachthat hasemeged is the use of
hierarchical reactive plans. Reactiveplansarequalifiedby preconditionsyhich helpselectplans
for executiorbasedntheagents currenthigh-levelgoals/taskseindbeliefsaboutits environment.
Selectinghigh-levelabstracplansfor executioleadsto subgoalandthusahierarchicakxpansion
of reactive-planensues.Activated plansterminatevia terminatingconditions. Agentsbuilt in
architecturesuchasPRS[9, BB1[7], RAP[5] andSoar[1§ for dynamicdomainsmaybe (atleast
abstractly)characterizeth thisfashion.

Insteadof individuals, this paperfocuseson agent teams in dynamicdomains. All around
in our daily lives, we participate interactor observedynamicteamactivities,suchas,driving in
a convoy participatingin teamsports(e.g.,soccer),enjoyingplays (theatre)and discussionsor
watchingtelevisednilitary exercisesTheseactivitiesarebeingreflectedn manyof themulti-agent
domaingliscusse@bove.Suchteamactivitiesarenotmerelyaunionof simultaneous;oordinated
individual activities[6,3]. Forinstanceordinaryautomobiletraffic is not consideredeamwork,
despitethesimultaneousctivity, coordinatedy traffic signs[3].Indeed our commonsenseotion
of teamworkinvolves more than simple coordination,e.g., the American Heritage Dictionary
definedt ascooperative effort by the members of a team to achieve a common goal.

Yet, to sustainsuchcooperationn complex,dynamicdomains— whetherit is driving in a
convoy or playing Soccer— agentsmustbe flexible in their coordinationand communication
actions,or elserisk a breakdownin teamwork. To achievesuchflexibility we apply one key
lessonfrom the arenaof knowledge-baseslystems— anagentmustbe providedexplicit “deep”
or causamodelsof its domainsof operation4]. Thekey hereis to recognizehatwhenanagent
participatesn a teamactivity, teamworkis itself one of the domains,andhencethe agentmust
be providedan explicit modelof teamwork. Unfortunatelyin implementednulti-agentsystems,
teamactivitiesandthe underlyingmodelof teamworkareoftennotrepresenteexplicitly[10, 11].
Instead,individual agentsare often providedindividual plansto achieveindividual goals,with
detailedprecomputegblansfor coordinatiorandcommunicationHowever in real-worlddynamic
environmentsunanticipatecevents— suchasan unexpectednterruptionin communication—
often disrupt preplannedcoordination,jeopardizingthe teams joint effort (Section2 provides
detailedexamples).

Therecentformal theoriesof collaborativeactionhavebegunto providethe requiredmodels
for flexiblereasoning@boutteamactivities[3 6, 12,11]; althoughfew multi-agenimplementations
havebuilt up onthem[1] (a notableexceptionis [11], describedn Section6). In contrastthis
paperdescribeanimplementedreal-worldmulti-agentsystemthatbuilds upononesuchmodel.
Our centralhypothesidgs that for effective teamworkin complex,dynamicdomains,individual



team membersshould be provided reactive team plans, that explicitly expressa teams joint

activities— althoughthesemay hierarchicallyexpandout into reactiveplansfor anindividual's

role in theteam. To executesuchteamplans,teammembersnustbe providedan explicit model

of teamwork— their commitmentsaandresponsibilitiesasteammembers— sothey canflexibly

reasoraboutcoordinatiorandcommunicationIn ourwork, thismodelis theformaljoint intentions

framework[3, which we havemodifiedin key waysto accommodatéhe constraintdhatappear
typicalin (some)real-worlddynamicdomains.

Before describingreactiveteam plansin detail, we first concretelymotivate their needby
describingour initial experiencesn designingagentteamsfor a real-worlddomain. Given our
focus on a real-world multi-agentdomain— with key characteristicsuch as dynamismand
realisticcommunicatiorcoststhat arerepresentativef otherreal-worlddomains— the lessons
learnedhereappearto havewider significance. All our implementationsre basedon the Soar
architecture[1620]. We assumesomefamiliarity with Soaf's problem-solvingmodel, which
involvesapplyinganoperatotierarchyto statedo reacha desiredstate.

2 A Real-world Domain and Initial Experiences

We arebuildingintelligentpilot agentdor syntheticaircraftin abattlefieldsimulator commercially
developedor themilitary for training[d. Thesepilot agentdaveparticipatedn largescalecombat
exercisessomeinvolving experthumanpilots[24. This paperwill focuson pilot agentsfor a
companyof (upto eight)attackhelicopterswhich executemissionsn a synthetic3D terrainwith
hills, valleysandridges(e.g.,southerrCalifornia) [24].2

As shownin Figurel, in a typical attackmission,the companymay fly 25-50kilometersat
varyingaltitudesto haltataholdingpoint. Oneor two scout helicoptersn thecompanyfly forward
to checkthe battle position,i.e., the locationfrom wherethe companywill attackenemyforces.
Oncethe battlepositionis scouted pthermembersof the companymoveforward, eachhovering
in its owndesignatedubareaf the battleposition. Here,anindividual pilot agenthides/maskgs
helicopter To attack,the pilot hashis helicopter‘popup” (rise high), to shootmissilesat enemy
targets. The helicopterthen quickly masksand movesas protectionagainstreturnfire, before
poppingup again.Whenthemissioncompletesthe helicoptersegroupandreturnto base.

In ourfirstimplementatiomof thehelicoptecompanyeachpilot agentvasprovidedanoperator
(reactiveplan) hierarchyto executdts mission[24. Figure?2 illustratesa portion of this operator
hierarchy(at any onetime, only onepathin this hierarchyfrom therootto a leaf nodeis active).
Eachoperatorconsistsof (i) preconditionrules,to help selectthe operator;(ii) applicationrules
to applythe operatoronceselecteda high-level,non-leafoperatomay subgoal)(ii) termination
rules,to terminatethe operator

To coordinateamongmultiple pilot agentswe usedtechniquegjuite comparablgo previous
suchefforts, includingour own, in the syntheticbattlefielddomain[22 18, 25]. In particular each

2This basicsimulationtechnology onceprovenpromisingin training for military applicationshasled to other
possibleapplicationgangingfrom trainingfor disasterelief to interactiveentertainment.
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Figurel: A companyof helicopteran simulatedcombat.Theridgeline is idealfor masking.

individualwasprovidedspecificplansto coordinatewith others.Forinstancewhenattheholding
point, the scoutfirst executedan operatorto fly to the battle position,andthenanotheroperator
to inform thosewaiting at the holding point that the battle positionis scouted. Similarly, to fly

in formation,eachagentwasassigned “partner’ agentto follow in formation(unlessthe agent
wasleadingtheformation). Eventually all coordinatiorwithin agroupwasaccomplishedby each
agentcoordinatingwith its partner
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Figure2: A portionof the operatoihierarchyfor anindividual helicopterpilot agent.

The resultingpilot agentseachcontainedabout1000rules, and the companywas testedin
October1995in a three-dayexercise(with upto 400 agentsin the syntheticbattlefield). While
the helicoptercompanyexecutedhelicoptertacticsadequatelythe exerciserevealedsomekey
problemsin teamwork— seeFigure3 for someillustrative examples.

While a programmercould add specializeccoordinationactionsto addresshe abovefailures
oncediscoveredanticipatingsuchfailuresis extremelydifficult, particularly as we scale-upto
increasinglycomplexteammissions.Insteadtheapproactpursuedn this work is to focusonthe
rootof suchteamworkfailures— thataswith othermulti-agentsystemsindividualteammembers
havebeenprovidedfixed coordinationplans,which breakdownwhenunanticipateaventsoccur
In particular the teamgoalsand/orteamplansare not represente@xplicitly. Furthermorean
underlyingmodel of teamwork,spelling out teammembers commitmentsand responsibilities

3This demonstrationvasdonejointly with PaulRosenbloonandKarl Schwamb.
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1. Uponreachingheholdingareathe companywaited,while the scoutstartedlying forward. Unfor-
tunately the scoutunexpectedlyerashednto a hillside. Hence the restof the companyjust waited
indefinitelyatthe holdingarea,waitingto receivea messagdérom the (crashedycoutthatthe battle
positionwasscouted.

2. Uponrecognizinghatthe missionwascompletedpnecompanymember(the commanderjeturned
to home base,abandoningothersat the battle position. The commandés “partnef agentwas
unexpectedlghotdown,andhencet failedto coordinatedvith othersin its company

3. While attackingthe targetsfrom the battle position,only onememberof the companycould seethe
taigets. Thus,only onememberengagedhetargets;the othersreturnedwithoutfiring a singleshot.

4. Somecompanymemberdailed to recognizethatthey hadreachedh waypoint— the agentleading
the formation had reachedthe waypoint, but thosetrailing in formation concludedthey had not
individually doneso (despitetolerancerangesn measuringlistances).

Figure3: Someillustrative exampleof breakdownn teamwork.

towardsotherswhen executinga teamactivity, is absent. Thatis why, for instance,an agent
endsup abandoningts teammemberan a risky situation(ltem 2, Figure3). Thatis alsowhy
the companycannotrecoverwhenthe scoutcrashegltem 1, Figure 3) — thereis no explicit
representationf thecompanys teamgoalattheholdingpointandthe scouts partin it.

3 Explicit Model of Teamwork

To provideagentswith anexplicit modelof teamworkwe rely onthejoint intentions framework[3
15], sincecurrentlyit is perhapghe mostwell-understoodramework. In this framework,ateam
© jointly intendsa teamactionif teammembersarejointly committedto completingthatteam
action,while mutuallybelievingthattheyweredoingit. A joint commitmentn turnis definedas
ajoint persistengoal (JPG).A JPGto achievep, wherep standdor completionof ateamaction,
is denotedlPG@, p). JPGE, p) holdsiff threeconditionsaresatisfied:

1. All teammembemnutuallybelievethatp is currentlyfalse.
2. All teammembermutually know thattheywantp to beeventuallytrue.

3. All teammembermutually believethatuntil p is mutually knownto be achievedunachievabler
irrelevanttheymutuallybelievethattheyeachhold p asaweakgoal(WG). WG(y, p, @), wherey is
ateammemberlin ©, impliesthaty either(i) Believesp is currentlyfalseandwantsit be eventually
true (i.e., p is a normal achievement goal); or (i) Having privately discoveredo to be achieved,
unachievabler irrelevant,;; hascommittedto havingthis privatebeliefbecome®’s mutualbelief.

4JPGQ, p) alsoincludesacommonescapelauseq, omittedherefor the sakeof brevity.



Two importantissuesshouldbe noted. First, thereis a changéan expressiveness plans— in
this framework,an entireteamcanbe treatedasjointly committingto ateamplan. For example,
whenacompanyof helicopterdliesto awaypoint,it is ateamjointly committingto ateamactivity
— eachindividualis notflying onits ownto thatwaypoint,while merelycoordinatingwith others.
Thus,it is sufiicientif theteamreacheshewaypoint,eachindividual neednotdo soindividually®.
Sucha changen planexpressivenesalleviatesconcernsuchasthefourthitemin Figure3.

Second,to establisha joint intention, agentsmust hold a WG (weak goal) which ensures
that memberscannotfreely disengagdrom their joint commitmentat will. In particular while
a JPGE,p) is dissolvedwhen a teammembery privately believesthat p is either achieved,
unachievabl®r irrelevant, . is left with a commitmentto havethis belief becomemutualbelief.
To establishmutual belief, an agentmust communicatewith otherteammembers. While this
communications anoverheaaf teamactivity, it enableganindividualto ensurghatits teammates
will notwastetheirtime or facerisksunnecessarilyThis alleviatedifficultiessuchasthe second
exampldn Figure3, whereanindividualdisengageffom thejoint commitmenwithoutinforming
otherteammembersandexposedhemto unnecessargisks.

This frameworkprovidesanunderlyingmodelof teamwork enablingflexible reasoningbout
coordinatioractivities. Forinstancethereis anexplicit justificationfor communicationgnabling
agentsto reasonaboutit. The following now presentssomekey modificationsto accomodate
real-worldconstraints Eventhoughwe drawuponexampledsrom our domain,we expectsimilar
issuesto arisein otherdynamicenvironments. (Operationalizatiorof theseideasdescribedn
Sectiord).

3.1 Modifying Commitments

Fulfilling the requirementsn WG(u,p,0) requiresa teammemberto unconditionallycommitto
communicatingwith otherteammemberswhenevernt dropsp asa normalachievemengoal.
Howeverin manyenvironmentssuchassynthetidbattlefieldsor socceffields,communicatiorcan
be costly, risky or otherwiseproblematic.Forinstancejn battlefieldsimulationscommunication
may breakradio silence,severelyjeopardizinga teams overall joint activities. Therefore,the
unconditionalcommitmentto communicationis modified to be conditionalon communication
benefitsto the teamoutweighingcosts(to the team). Also includedin this modificationis an
agentscommitmento searctfor alternativdower-costmethodf communicatiorfe.g.,theagent
may travel to personallydeliver the messageif usingtheradiois risky). Nonethelessin some
casespenefitswill be outweighedby costs,and henceno commitmentto communicationwill
result. In otherextremecasesan agentmay be simply disabledfrom communicatiorevenatfter
droppingits normalachievemengoal (e.g.,a pilot maybeshotdown).
Suchcommunicatiordifficultiesrequirethatotherteammembergakeup someof therespon-
sibility for attainingmutualbelief. In particular ateammembemustattemptto trackthe teams
beliefsin the statusof their joint goal. For instancejf a companyof helicoptersreaches well

5This may meanthatthefirst or somepre-specifieghercentagef vehiclesreachcloseto thewaypoint.



specifiedwaypoint,theteamcanbetrackedasrecognizingts achievementandthusunnecessary
messagéroadcastsanbeavoided.

A secondmodificationfocuseson the dissolutionof a joint commitment(JPG).In particular
currently if anindividual i is knownto drop the normalachievmengoal, the joint commitment
is automaticallydissolved.Yet, suchanautomatiaissolutionis ofteninappropriate Forinstance,
if onehelicoptery in the companyof eightis shotdown during an engagementhe helicopter
companydoesnotautomaticallydissolveits joint intentionto executeats mission;thatwouldwaste
the teams jointly investedefforts in the missionand renderthe companyhighly ineffective in
combat. Thereforejf ateammembery is knownto dropits normalachievemengoal,the JIPG5
dissolutionis modifiedto be conditionalon: (i) x’s role beingcritical to the continuationof the
joint intention(asdiscussedn the nextsection);or (ii) pre-specifieconventions.However if p
communicateschievementinachievabilityor irrelevancethenthe JPGis dissolvedasusual.

3.2 Complex Teams, Individual Rolesand Failures

While notdefinedin termsof individualintentions ajoint intentionleadsindividualsor subteams
in the teamto intendto do their “share” (role) of a teamactivity (subjectto the joint intention
remainingvalid)[3]. In ourwork, arole constrain@nindividual or asubteanmo undertakecertain
activitiesin serviceof thejoint intention,andtherole mayvary with thejoint intention.

One key issuehereis that in complexteams,that involve multiple subteamsthe success
or failure of an individual’s role performancedoesnot directly determinethe achievemenor
unachievabilityfor the teams joint venture. As a result, an individual may succeedr fail in
its role, yet communicationmay not necessarilyresult. Henceagentsmustcommunicateheir
role succes®r failuresto otherparticipantgshouldothersbe bankingon this role performance).
Furthermore sinceagentsmay be unableto communicatge.g., becauseostsexceedbenefits),
teammembersnusttrackotheragentstole performanceBasedoninformationaboutothers’role
non-performancegeammembersandeterminghe viability of the teams joint intentionor their
ownrole. Two heuristicanaybeused:

1. Critical expertise heuristic: If the succes®f theteams joint intentionis solely dependent
on therole of anindividual agent,thenthe agents role non-performancéfailure) implies
thattheteams joint intentionis unachievable.

2. Dependency heuristic: If anagents own role performanceas dependenon the role of the
non-performingagentthentheagents ownrole performances unachievable.

4 Implementing the Modified Joint I ntentions Framewor k

To implementthe modifiedjoint intentionsframeworkthe conceptof team operators hasbeen
defined.Fortheteam®, ateamoperatolOPwill bedenotedas| OPlp. Theusualoperatorsasseen
in Figure2 will henceforthbe referredto asindividual operators.As with individual operators,




teamoperatorsalsoconsistof: (i) preconditionrulesfor selectionii) applicationrules(complex
teamoperatorswill leadto subgoals);and (iii) terminationrules. However unlike individual
operatorsteamoperatorencodehe expressivenesandcommitmentf joint intentions.

4.1 Team Operators. Expressiveness

Teamoperatorexpressa teams joint activity ratherthanan agents own activity. Thus, while
individual operatorsapplyto anagents own state,a teamoperatorappliesto a “teamstate”. The
teamstateis an agents (abstractimodel of the teams mutual beliefs aboutthe world, which
includeidentitiesof membersn theteam,informationabouttheir joint tasksetc. Forinstancefor
a helicoptercompany the teamstatemay include the routesto fly to the battle position. Figure
4 showsthe new operatorhierarchyof helicopterpilot agentswhereoperatorsshownin boxes
suchas| Engage, areteamoperatorgthe non-boxecbnesareindividual operators). Theseteam
operatorsaarenottiedto anyspecificnumberof agentswithin ateam.
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Figure4: A portionof thenewoperatorthierarchy executedy anindividual pilot agent.

To establistajoint intention OPJs, eachteammembeiindividually selectghatteamoperator
Typically, this selectionis automaticallysynchronizedsincethe selectionis constrainedy the
teamstate(theteamoperatois preconditiongnustmatchtheteamstate).Thus,sinceagentdrack
their teamstate,visually andalsovia communicatiorfor terminatingthe previousteamoperatoy
it is usuallyunnecessarp explicitly communicatgrior to the selectiorof the nextteamoperator
Thisis asit shouldbe for well-understoodeamactivities. Note thatin generalthe subgoalof a
teamoperatormay leadto eithera teamoperatoror anindividual operatorto be applied. Thus,
ajoint intentionmay leadto eitheranotheroint intentionor to individual intentionsin a subgoal
(subjecto theparengoint intentionremainingvalid). Forinstancewhilethechildrenof

areall individual operatorsthe childrenof‘ FIy-fIight-pIan‘@ areall teamoperators.




4.2 Team operator: Communication

Onceselectedateamoperatoicanonly beterminatedy updatingheteamstate(mutualbeliefs)to
satisfytheteamoperatotsterminatiorrules. Updatingtheteamstatemayleadto acommunicative
goal. In particular if anagents privatestatecontainsa beliefthatmakesateamoperatorachieved
or unachievableand such a belief is absentin its team state,then it automaticallycreatesa
communicativegoal, i.e., a communicationoperator When executed this operatorleadsthe
agentto broadcasthe information to the team. For instance,supposethe teamis executing
, whichis achievedf theteamstatecontainsthe belief Completed(Engagement). Now,

if a(commanderpilot agents own statecontainsCompl eted(Engagement), andthisis absentn its
teamstate thena communicatioroperators proposedo inform teammembergthe commander
cannogust headbackto homebasealone).

To alleviatecommunicatiorcosts,certainsafeguardsire alreadybuilt into the proposalof a
communicatioroperator In particular a communicatioroperatoris not generatedf the private
belief doesnot contributeto the achievmenbr unachievabilityof any activeteamoperatoy or if
theteamstateis alreadyupdated,i.e the teamis alreadyawareof the belief. Furthermorepased
on the modificationsdiscussedn Section3.1, evenif a communicatioroperatoris proposedjt
is not implementedmmediately Instead,the agentfirst evaluateghe cost and benefitsof the
communicativeoperator For instance,if radiois the currentmeansof communicationand if
the missionrequiresradio silence,communicatiorovertheradiois prohibited. An agentinstead
attemptsto reducecommunicatiorcostsvia alternativecommunicatiormethods.e.g.,travelling
to personallydeliverthe messagelf theagentfinally satisfiests communicativegoal,the sender
andthereceiverghenupdatetheir teamstate(we assumeghatcommunicatednformationreaches
otheragentssecurly). This thencauseghe teamoperatorto be terminated(eitherbecauset is
achievedor unachievable)lf a high-levelteamoperatolis achievedr unachievableits children
areautomaticallyassumedirelevant.

4.3 Team Operators. Roles, Failuresand Recovery

For teamoperatorsjolesareinstantiatedvia suboperator@ the operatorhierarchy If an| OPJ
hasR roles,denoted OPlo< 71, ..., yr >, then®@’s R sub-teamsy ..oz, mustundertakesachof
theseroles. Many teamoperatorshowevey canbe definedvia multiple role combinations.For
instance| Engaggs may be performedby anywherebetweertwo to eightagents someof them

attackhelicoptersandsomescouts.A separateepresentatioof @< 1, ..., Yr > for eachrole
combinationwould resultin alarge numberteamoperators.

To alleviatethis concerngconstraintarespecifiedto only implicitly definerole combinations.
For instance for , the constraintsspecifythat the allowablerole-performingsubteams
areindividual teammembersj.e., therole performingsubteany; = | wherele ©; without any
constrainton the numberof participants.Eachagentinstantiateshe constraintrelevantto itself,
to know f it is expectedo actaloneor aspartof a subteam.Theactualrole anagentundertakes
is basedon this allowablesubunit,andany staticspecificatiorof the subunits role in the current



situation(e.g.,anagentmaybe specifiedo beascout). Thisrole specificatioris in turn basedn
the subunits or individual’s capability For a companyof helicoptersa specificindividual may
be the commande(capabilitydepend®n the chainof command)a scout(capabilitydepend®n
training),or theleaderof aformation(everyteammembeipossesshis capability).

As mentionedn Section3.2,it is usefulfor anagento monitorotheragentsrole performance.
Thisis accomplishedh oneof threeways. First, the otheragentmayitself communicate Second,
it is possibleto tracktheotheragentsrole performanceyiatechniquesuchasRESC[2321], that
dynamicallyinfer otheragents’higherlevel goalsandbehaviorsdrom observatiorof thatagents
actions.Givenits expensehoweversuchdetailedirackingis performedselectively— insteadan
agentoftenonly monitorstheparticipationof otherteammembersThird, otherheuristicscanalso
be applied,e.g.,anagentcannotperformtwo conflicingrolessimultaneously Thus,if a scoutis
scoutingthe battleposition,it cannotparticipaten anyotherrole atthe holdingarea(e.g.,to fly in
formation).

Thefollowing describeshe overallrecoveryalgorithm,shouldanagentdeterminghat € ©
is simply unableto performanyrole (e.g.,x’s helicoptercrashes):

1. LetR = {r1,...0y } bethesetof currentlyknownrolesof x.

2. Foreac@ in currentlyactivehierarchyandfor eachr; € R applycritical expertise heuristic to
determinef [OPo unachievable.

3. If some OPJo unachievablegueto critical roler,

() Terminatd OPJo andits activechildren.
(b) If selfcapableof performingr., Communicateakeovenf r. to ©; Re-establishOPlo.

(c) If selfincapableof performingr., Wait for anotheagentto takeoverr,; Re-establis@. If
wait too long,| OPJs unrepairable.

4. For eachr; € R apply dependency heuristic to determineif unachievableapply domain-specific
recoverystrategies.

5. Forallr; € R, r; #r., If selfcapableof performingr;, Communicatéakeoverofr; to ©.

6. While ;; disabledrom performinganyroles,checkeveryfuture@ viacritical expertiseéheuristic.

Onekeyreasorthisrecoveryproceduravorksis theexplicit representationf teamoperators.
In particular step2 appliesthe critical expertise heuristic. To operationalizehis heuristic,the
agentcompareshe achievementondition of an[OP, with the achievementondition of 1's
role. If identical, u wassolely responsiblgor achievemenof [OPs, andhence OPs is now
unachievableThus,if ¢ is ascout,thistestindicatesthatit is critical to the scoutingof the battle
position. In Step3-a, the agentterminatesOPJs only if 1 playsa critical role in [OPJ. In step
3-b,theagentattemptdo substitutatself for x’s critical roleif capabilityexists,or elseit waitsfor
someonelseto fill in therole (step3-c). Otherwisetheimplicated@ isirreparable.
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In step4, the agentattemptsto recoverfrom any individual operatordependenciestep4).
Here,to operationalizeéhe dependency heuristic, theagentchecksheachievementonditionof its
ownrolefor y’srole. Forinstanceif anagenis to trail i in formation,its achievementiependsn
1. Non-criticalrolesareexaminedater, astheymaybecritical in thefuture (step5). It is possible
that oneagentdoesnot possessll of 's capabilities,and hencemay takeoveronly oneof y's
roles,while otheragentdakeover:’s otherroles. Not all of ;.’srolesmaybeknownimmediately;
andhenceanynewoperatolis alsocheckedor critical dependencyn x (step6).

To seethe aboveprocedurein action, considera companyof five helicopters,Cheetah421
throughCheetah425yith therole andcapabilitiesasshown:

Current roles:

Cheetah42%¥— CommanderScout

Cheetah422Cheetah423,Cheetah4Z2heetah425— Attack

Current capabilities:

Cheetah421,Cheetah423- Scout

Cheetah422Cheetah423,Cheetah4Z2heetah425— Attack

Chainof command:Cheetah421->Cheetah422->Cheetah423->Cheetah424->Cheetah425

Supposethe teamis currentlyexecuting‘ wait-while-bp-scouteﬁ. In serviceof this team
operatoy the scout(Cheetah421is moving forwardto scoutthe battle position,while the restof
the companyis waiting at the holding area. Now if the scoutcrashegasin Item 1 in Figure3),

wait-while-bp-scoute@ is deemedunachievablécritical expertiseheuristic). Two changewill
thentakeplace.First,Cheetah42%iill takeoverthecritical role of thescout— it hasthecapability
of becominga scout. This enablesthe‘ wait-while-bp-scouteﬁ operatorto bere-establishefbr
execution.Next, Cheetah422he nextin commandwill replaceCheetah42asthecommander

5 Experimental Results

Agentsbasedon our new approacheachcurrently contain1000 rules, with roughly 10% rules
dedicatedur explicit modelof teamwork. This newimplementatioraddressethreebasictypes
of problemsseenin our previousimplementation:

¢ Recoveryfrom incapabilitiesof key individuals, suchasa commandeior a scout(e.g.,addresses
ltem 1, Figure3).

¢ Bettercommunicatiorandcoordinatiorwithin theteam,asmembersecognizeaesponsibilitiege.g.,
addressekems?2 and3, Figure3).

¢ Improvedtrackingof ownteamstatedueto improvedexpressivenegg.g.,addressekem 4, Figure
3); alsopossibleto trackteams high-levelgoalsandbehaviorsnot possiblebefore.

Figure5 illustratesthatour currentimplementatiorprovidessignificantflexibility in thelevel
of coordinationamongteammembers. The figure attemptsto plot the amountof coordination
amongteammembergqy-axis) over simulationtime (x-axis). The percentag®f teamoperators
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in a pilot agents operatorhierarchy(which consistof teamandindividual operators)s a rough
indicatorof theamountof coordination.In particular alower percentagef teamoperatorsmplies
a higherpercentagef individual operatorsandhencedow coordinatioramongmemberswhile a
higherpercentagef teamoperatorsndicategightercoordination.Time is measureth simulation
cycles,with 9475cyclesin thisrun.

H
100 ) ¢ FLY F F A FLY FLY
F FLIGHT F E # FLIGHT EtfwT

8ol P f PLAN

P
- 1 HALT AT
% of TEAM || HOLDING AREA
OPERATORS 60|
in HHERARCHY ‘
ENGAGE
40 L Scout TARGETS

2

PLAN

= -Hr>I

' \ i ! >

500 1875 4336 7154 9475
SIMULATION TIME ———>

Figure5: Percenteamoperatorsn anindividual’s operatothierarchy(FFP= Fly Flight Plan).

Thevarying percentag®f teamoperatorsoverthe run indicatesthe flexibility in the level of
coordination. Thus, for the first 500 cycles, whenthe agentsare flying a flight plan (FFP)in
closeformation, they are tightly coordinatedan individual's operatorhierarchyhas80% team
operators.For the next50 cycles,the companyhalts,andthenresumedlying its flight plan. At
cycle1875,thecompanyreachesheholdingareawherethescoutfiles forwardto scoutthebattle
position— the scouts percentages shownseparatehby a dashedine. Basically the scoutis
now only looselycoordinatingwith therestof the company(33%teamoperators) After scouting,
the companymovesthe battle positionat cycle 4336,anduntil cycle 7154,engagesargets. The
33%teamoperatorsn engagingargetsindicatethattheteammembersreto alargeextentacting
independentlyNonethelesgheteamoperatompercentages neverzero,i.e.,theseagentneveract
completelyalone.Laterthecompanyreturnsto base.

Figure 6 illustratesthe reductionin communicationdue to our modificationsto the joint
intentionsframework. It showsresultsfrom a singletestrun of our implementation.Figure6-a
projectspercentagesf operatorshadtheagentvorkedwith theoriginaljoint intentiongramework.
In this casethereare25%teamoperatorsandamongtheapprox75%individual operatorsthere
are 25% communicationoperatorsand the rest executethe agents’actions. Figure 6-b shows
the percentagérom anactualrun with the modifiedjoint intentionsframework. Communication
percentagelecreasesorethan10-fold (justabout2% on communication)lnsteadthereis more
emphasi®n agent-andteam-trackingperformedusingRESC[23,21], with about8% operators.

12



PERCENT
of TOTAL
OPERATORS

50
SR I
OPERATORS 30
20 |
10|
o

TEAM  [ACTION TRACKING COMM TEAM  |ACTION TRACKING COMM
INDIVIDUAL INDIVIDUAL
(@) OLDFRAMEWORK (b) MODIFIED FRAMEWORK

Figure6: Reductionn percentagef communicatioroperators.

6 Related Work

Few otherresearclefforts haveimplementedheoriesof joint action. Jennings implementation
of thejoint intentionsframeworkin anindustrialmulti-agentsettingis onenotableexception[1]1
HuberandDurfeedescribea similarimplementationalthoughin asmallerscaletestbed[8 There
areseverakey differencesn ourwork. First,in boththeseefforts, agents’collaborativeactivity
appeargo involve atwo level hierarchyof ajoint goalanda joint plan,with individualsengaged
in specificrolesin the plan. Whenthe joint goal is accomplishedthe collaborativeactivity is
terminated. In contrast,our work focuseson complex,long-termteamactivities, involving the
executionof a dynamicallychangingteamoperatorhierarchy A high-levelmissionleadsto the
executionof a whole variety teamoperators.It thusbecomesssentiato maintainandtrack an
explicit teamstate,andmanipulatat via teamoperators— elseagentswill losetrackof the next
teamaction. Secondthe aboveefforts typically involve two-threeagentsin the joint intention.
The scaleupfrom two-threeagentto five-eightagentper teams(as in our work) createsnew
possibilities.More specifically evenif asingleagents incapacitatedheteamoperatotierarchy
doesnot completelyfall apart. However agentshaveto explicitly checkif lower-level team
operatorsaareunachievableandrecoverfrom failures. Recoveryis important,elsetheentireteam
effort will goto waste.Finally, in [11] issuesof communicatiomrisk arenot consideredalthough
theyareconsideredn [8]).

Ourrecentwork onteamtracking[2] — whichinvolvesinferring otherteams joint goalsand
intentionsbasedon observation®f their actions— is the predecessao the work reportedhere.
However givenits focuson trackingotherteams,issuessuchascommunicationyecoveryfrom
unachievabléeamoperatorsvereall explicitly excludedrom considerationThedomainof focus
therewastrackingthe behaviorof a teamof enemyfighterjets.

7 Summary and Discussion

In a variety of dynamicmulti-agentenvironmentsurrentlyunderdevelopmentachievingflexi-
bility in teamworkis critical[7, 22,1, 13]. Yet, giventheuncertainityin suchdomainspreplanned
coordinationcannotsustainsuchflexible teamwork. To alleviatethis problem,we haveprovided
individual agentswith an explicit representationf teamgoalsand plans,andan underlyingex-
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plicit modelof teamactivity, which hasalreadysubstantiallimprovedagentsiflexibility in their
teamwork. Furthercontributionsof this paperinclude: (i) Detailedillustration of animplemen-
tation of the modifiedjoint intentionsframework[3 in a real-worldmulti-agentdomain;(ii) key
modificationgo thejoint intentionsframeworkto reflectimportantconstraintsn the domain;(iii)
introductionandimplementatiorof teamoperators(reactivieeamplans);(iv) techniquegor recov-
eryfrom failure of teamactivities. As animportantside-efect,agentdevelopmenhasspeededip,
sinceonceagentareequippedvith suchamodelof teamworktheknowledgesngineecanspecify
higherlevelteam plans, andlet theindividual agentseasoraboutthe coordinationactivitiesand
recovery

Ourworkfocusednonereal-wald domainwith keycharachteristicthatappearepresentative
of otherreal-worlddomains;andthusthe lessondearnedappearto havewider significance.The
key lessonshereare that as we build agentteamsfor increasily complexmulti-agentsystems,
agentsshouldbe provided(i) explicit representationsf teamactivities, and more importantly
(i) somecore commonsens&nowledgeof teamwork,separatérom the agents domain-level
expertisgle.g.,helicoptertactics). Thesdessonsappearsapplicableto otherdynamicmulti-agent
domainsjncludingotherapplicationf the simulationtechnologydescribederesuchastraining
for (natural)disasterelief, medicalemegenciestc. Indeed o testtheseessonsye havebegun
implementinghis frameworkfor playersin the RoboCupvirtual soccertournament[1B

References

[1] J.BatesA. B. Loyall, andW. S. Reilly. Integratingreactivity, goalsandemotionsn a broad
agent. TechnicalReportCMU-CS-92-142 Schoolof ComputerScience CarnegieMellon
University, May 1992.

[2] R.B. CalderJ.E. Smith,A. J. Courtemanche]. M. F. Mar, andA. Z. Ceranowicz.Modsaf
behaviorsimulationandcontrol. In Proceedings of the Conference on Computer Generated
Forces and Behavioral Representation, 1993.

[3] P.R.CohenandH. J.LevesqueTeamwork.Nous, 35,1991.

[4] R. Davis. Expertsystems:wherearewe? andwheredo we go from here? Al Magazine,
3(2), Spring1982.

[5] J.Firby. An investigationinto reactiveplanningin complexdomains.In Proceedings of the
National Conference on Artificial Intelligence (AAAI), 1987.

[6] B. J.GroszandC. L. Sidner Plansfor discourse.In Intentions in Communication, pages
417-445MIT PressCambridgeMA, 1990.

[7] B. Hayes-Rothl. Brownston,andR. V. Gen. Multiagentcollaobrationn directedimprovi-
sation.In Proceedings of the International Conference on Multi-Agent Systems (ICMAS-95),
1995.

14



[8] M. HuberandE. Durfee.Onactingtogether:WithoutcommunicationIn Proceedings of the
AAAI Soring Symposium on Reasoning about Mental states, 1995.

[9] F F Ingrand,M. P. Geogeff, , andA. S. Rao. An architecturdor real-timereasoningand
systemcontrol. IEEE EXPERT, 7(6),1992.

[10] N. Jennings.Commitmentsandconventions:the foundationof coordinationin multi-agent
systems.The Knowledge Engineering Review, 8, 1994.

[11] N.JenningsControllingcooperativgproblemsolvingin industrialmulti-agentsystemsising
joint intentions.Artificial Intelligence, 75,1995.

[12] D. Kinny, M. Ljungbeg, A. Rao,E. Sonenbay, G. Tidhard,andE. Werner Plannedeam
activity. In C. CastelfranchandE. Werner editors,Artificial Social Systems, Lecture notes
in Al 830. SpringerVerlag,New York, 1992.

[13] H. Kitano, M. Asada,Y. Kuniyoshi,l. Noda,andE. Osawa.Robocup:Therobotworld cup
initiative. In Proceedings of 1JCAI-95 Workshop on Entertainment and Al/Alife, 1995.

[14] Y. Kuniyoshi, S. RougeauxM. Ishii, N. Kita, S. SakaneandM. Kakikura. Cooperation
by observation: the frameworkand the basictask pattern. In Proceedings of the |IEEE
International Conference on Robotics and Automation, May 1994.

[15] H. J.LevesqueP. R.CohenandJ.Nunes.Onactingtogetherin Proceedings of the National
Conference on Artificial Intelligence. Menlo Park,Calif.: AAAI press;1990.

[16] A. Newell. Unified Theories of Cognition. HarvardUniv. PressCambridgeMass.,1990.

[17] K. Pimentel and K. Teixeira. Mrtual reality: Through the new looking glass.
Windcrest/McGraw-Hill Blue RidgeSummit,PA, 1994.

[18] S.RajputandC. R. Karr. Cooperativébehaviornin modsaf. TechnicalReportIST-CR-95-35,
Institutefor simulationandtraining, Universityof CentralFlorida,1995.

[19] A. S.Rao,A. Lucas,D. Morley, M. SelvestrelandG. Murray. Agent-orientedarchitecture
for air-combatsimulation. TechnicalReportTechnicalNote 42, The AustralianAtrtificial
Intelligencelnstitute,1993.

[20] P. S. Rosenbloom,J. E. Laird, A. Newell,, andR. McCarl. A preliminaryanalysisof the
soararchitectureasa basisfor generaintelligence.Artificial Intelligence, 47(1-3):289-325,
1991.

[21] M. Tambe. Trackingdynamicteamactivity. In Proceedings of the National Conference on
Artificial Intelligence (AAAI), August1996.

15



[22] M. TambeW. L. JohnsonR. JonesF. Koss,J.E. Laird, P. S.RosenbloomandK. Schwamb.
Intelligentagentdor interactivesimulationenvironmentsAl Magazine, 16(1),Spring1995.

[23] M. TambeandP. S.RosenbloomRESC:An approactior real-time,dynamicagentracking.
In Proceedings of the International Joint Conference on Artificial Intelligence (1JCAI), 1995.

[24] M. Tambe,K. Schwamb,andP. S. Rosenbloom.Building intelligent pilots for simulated
rotarywing aircraft. In Proceedings of the Fifth Conference on Computer Generated Forces
and Behavioral Representation, May 1995.

[25] G. Tidhar, M. Selvestrel,and C. Heinze. Modeling teamsand teamtacticsin whole air
missionmodelling. TechnicaReportTechnicaNote60, The AustralianArtificial Intelligence
Institute,1995.

16



