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Abstract. Agent integrationarchitecturesenablea heterogeneous,distributedsetof agents
to work togetherto addressproblemsof greatercomplexity thanthoseaddressedby theindi-
vidual agentsthemselves.Unfortunately, integratingsoftwareagentsandhumansto perform
real-world tasksin a large-scalesystemremainsdifficult, especiallydueto threemain chal-
lenges:ensuringrobustexecutionin thefaceof adynamicenvironment,providing abstracttask
specificationswithoutall thelow-level coordinationdetails,andfindingappropriateagentsfor
inclusionin theoverallsystem.To addressthesechallenges,ourTeamcoreprojectprovidesthe
integrationarchitecturewith general-purposeteamwork coordinationcapabilities.We make
eachagentteam-readyby providing it with a proxy capableof generalteamwork reasoning.
Thus,a key novelty andstrengthof our framework is thatpowerful teamwork capabilitiesare
built into its foundationsby providing theproxiesthemselveswith a teamwork model.

Given this teamwork model, the Teamcoreproxiesaddressesthe first agentintegration
challenge,robust execution,by automaticallygeneratingthe requiredcoordinationactions
for the agentsthey represent.We can also exploit the proxies’ reusablegeneralteamwork
knowledgeto addressthe secondagentintegration challenge.Through team-orientedpro-
gramming, adeveloperspecifiesahierarchicalorganizationanditsgoalsandplans,abstracting
awayfrom coordinationdetails.Finally, KARMA, ourKnowledgeableAgentResourcesMan-
agerAssistant,canaid the developerin conqueringthe third agentintegrationchallengeby
locatingagentsthat matchthe specifiedorganization’s requirements.Our integrationarchi-
tectureenablesteamwork amongagentswith no coordinationcapabilities,andit establishes
andautomatesconsistentteamwork amongagentswith somecoordinationcapabilities.Thus,
team-orientedprogrammingprovidesa level of abstractionthatcanbeusedontopof previous
approachesto agent-orientedprogramming.We illustratehow theTeamcorearchitecturesuc-
cessfullyaddressedthechallengesof agentintegrationin two applicationdomains:simulated
rehearsalof a military evacuationmissionandfacilitationof humancollaboration.
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1. Intr oduction

An increasingnumberof agent-basedsystemsnow operatein complex dy-
namicenvironments,suchasdisasterrescuemissions,monitoring/surveillance
tasks,enterpriseintegration,andeducation/training environments.With this
increasingpopulationof available agents,we can expect anotherpowerful
trend: the reuseof specializedagentsas standardizedbuilding blocks for
large-scalesystems(HuhnsandSingh,1998; Jennings,1999;Hendlerand
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Metzeger, 1999). This prediction is basedon two observations.First, de-
veloperscontinueto constructsoftwaresystemsout of ever-larger reusable
components,ratherthanasmonoliths(Szyperski,1999).Thereuseof agents
ascomponentsis thenext logical step— enablinga richerreusemechanism
thancomponent-ware or applicationframeworks (Jennings,1999).Second,
there is the alreadygrowing trend of integration of agentcomponentsin
cooperative information systems,networked embeddedsystems,and other
softwaresystems(Huhns,1999;HuhnsandSingh,1998;Sycaraetal.,1996).

Systemdesignerscanintegratetheseexistingagentstoconstructnew multi-
agentsystemscapableof solvingproblemsof greatercomplexity thanthose
addressedby the individual agentsthemselves. Agent integration architec-
turesenableaheterogeneous,distributedsetof agentsto work togetherto ad-
dresssuchlarge-scaleproblems.Suchintegrationarchitecturesfaceanever-
increasingvarietyof availableagents.In addition,astheseagentsmove into
moreandmoredomainsthatrequirehumaninteraction,theseintegrationar-
chitecturesmustalsotacklethecoordinationof peoplewhoexhibit adiversity
andcomplexity beyondthatof evensoftwareagents.

Unfortunately, integratingagentsto performreal-world tasksin a large-
scalesystemremainsdifficult. Thereareat leastthreekey challengesthat
agentintegrationarchitecturesface.First, it is difficult to ensurerobust and
flexibleexecutionof thedesiredtasks.In additionto theriskof failuresamong
individual agents,an integratedsystemalso runs the risk of coordination
breakdowns,dueto (for instance)oneagent’s lackingkey informationknown
to theothers.However, in anopenenvironment,we cannotexpectagentsto
comeready-madeto avoid suchbreakdowns.Furthermore,evenif anagentis
capableof propercoordination(asis thecasewith people),it is oftenprefer-
able for the architectureto take on someof this burdenand free the agent
or personto direct its resourcesto its individual tasks.Second,in general,
building an integratedsystemto accomplishrobust executioncanrequirea
potentially large numberof coordinationplansto cover all of the low-level
coordinationdetails.This problemis furtherexacerbatedwhenthedesigner
mustcreatenew plansfor eachnew systemwidetaskor setof agents.Third,
it is often difficult to locateandrecruit relevant agentsfor integration in a
distributed,openenvironment.Thereareotherchallengesaswell (e.g.,agent
communicationlanguages),but thisarticlefocuseson thethreelistedhere.

Webegin with adiscussionof thecoordinationchallengein agentintegra-
tion. To addressthis challenge,our architecture,calledTeamcore1, focuses
on general-purposeteamwork capabilities.Existing theoriesof teamwork,
suchasjoint intentions(CohenandLevesque,1991)andSharedPlans(Grosz
and Kraus,1996a),provide an analytical framework for designingcoordi-

1 Teamcorederivesits namefrom its encapsulationof “core teamreasoning”asdiscussed
later.
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nation behavior with strong guarantees.This researchlaid the theoretical
groundwork for implementedsystemsthatdemonstratedthereal-world util-
ity of teamwork in designingrobust organizationsof agentsthat coordinate
amongstthemselves (Tambeet al., 1999; Tambe,1997; Jennings,1995a).
Basedon thesesuccessfulapplicationsof teamwork to closedmultiagent
systems,thekey hypothesisbehindTeamcoreis thatteamwork amongagents
canenhancerobust executioneven amongheterogeneousagentsin an open
environment.No matterhow diversethe agentsmay be, if they act asteam
members,thenwe canexpectthemto actresponsiblytowardseachother, to
cover for eachother’s executionfailures,andto exchangekey information.

Therefore,our integration architectureis foundedon powerful in-built
teamwork capabilities.Essentially, thearchitectureenablesteamwork among
agentswith no coordinationcapabilities,and it establishesand automates
consistentteamwork amongagentswith somecoordinationcapabilities,by
providing themwith a proxy capableof generalteamwork reasoning.Each
proxy containsa generalteamwork modelfor suchreasoning,which it uses
to provide consistentteam readinessto the heterogeneousagentit repre-
sents.Sinceteammembersbehave responsiblytowardseachother, a team
formedusingsuchproxiescanachieve its goalsrobustly, with agentsauto-
matically covering for failed teammates,supplyingkey informationto help
eachother, etc. The novelty of our architecturestemsfrom thesein-built
teamwork capabilitiesthatprovide the requiredrobustnessandflexibility in
agentintegration,without requiringmodificationof the agentsthemselves.
This contrastswith other architecturessuchas OAA (Martin et al., 1999)
thatprovide centralizedfacilitators,but requirethehand-generatedaddition
of suchteamwork capabilitiesto theagentsbeingintegrated.Thedistributed
natureof Teamcorealsoavoidsany centralizedbottlenecksandcentralpoints
of failure.

We have implementedour TeamcorearchitectureusingSTEAM (Tambe,
1997)astheproxies’teamwork model.STEAM providesareusable,general-
purposeteamwork modulethatencapsulatesreasoningaboutcommonteam-
work coordination,including contingenciesin suchcoordination.STEAM
hasalreadyproveneffective in multiple coordinationdomains,so it formsa
naturalbasisfor providing normative teamwork capabilitiesin themoreopen,
heterogeneousenvironmentsthat Teamcoreaddresses.Given the STEAM
module,the Teamcoreproxiesautomaticallygeneratethe requiredcoordi-
nation actionsin executingtheir tasks.They communicateamongstthem-
selvesto ensurecoherentexecutionof the tasksandto disseminaterelevant
informationto theappropriateteammembers.

Beyondtheformsof failurescoveredby their teamwork model,theTeam-
core proxiesmust also handleother threateningcontingencies(e.g., small
changesin agents’responsetimesduringa run).To addresssuchcontingen-
cies, the Teamcoreproxiesadaptto the needsandperformanceof specific
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individual agents.Teamcore’s teamwork knowledgeprovidesa critical foun-
dationfor this adaptation,by providing a layerof abstractionthatstructures
the learningprocess— learningcoordinationknowledgefrom scratchfor
eachandevery possiblecontingency is very expensive in general.Currently,
the proxiesadaptin two differentways to the agentsthey represent.First,
agentsvary in thedegreeto which they canperformtheir own coordination
actions.EachTeamcoreproxy musthave adjustableautonomyandadaptits
level of decision-makingautonomyin its teamactivities, so that it defers
theappropriatedecisionsto thehumanor agentit represents.Second,during
runtimein adynamicenvironment,anagent’sperformancemaydeviatefrom
its normalbehavior (e.g.,an agent’s responsetime suddenlygrows longer).
For robust executionof the overall task, the proxiescan perform dynamic
planalteration, to adaptto thecurrentperformanceof theagentsinvolved.

Becausethe Teamcoreproxiesautomaticallygeneratethe requiredcoor-
dination actionsin executingtheir plans,they shield the humandeveloper
from the secondagentintegration challengeof generatingall of the low-
level coordinationdetailsby hand.With the Teamcorearchitecture,we can
exploit the proxies’ reusablegeneralteamwork knowledge to supportab-
stractplanspecificationthroughteam-orientedprogramming. Throughteam-
orientedprogramming,a developerspecifiesa hierarchicalorganizationand
its goalsandplans,abstractingawayfrom coordinationdetails.KARMA, our
KnowledgeableAgentResourcesManagerAssistant,canaidthedeveloperin
conqueringthethird agentintegrationchallengeby locatingagentsthatmatch
thespecifiedorganization’s requirementsandassistingin allocatingorganiza-
tional rolesto theseagents.Team-orientedprogrammingprovidesa level of
abstractionthatcanbeusedon top of previousapproachesto agent-oriented
programming(Shoham,1993).

Section2 motivatesthe requirementsfor agentintegrationby describing
the two multiagentdomainsto which we have appliedthe Teamcorearchi-
tecture.Section3 describesthe coordinationcapabilitiesof the Teamcore
proxies and how they enforcerobust execution.Section4 describeshow
a software developer can designa multiagentorganizationthrough team-
orientedprogramming.Section5 describesTeamcore’s variousdegreesof
adaptivity. Section6 evaluatesour framework’s ability to addressthe inte-
grationchallengespresentedby the two domains.Section7 comparesother
agentintegrationarchitecturesrelatedto Teamcore.Section8 summarizesthe
contributionsof thework presentedhere.

2. Moti vation

This paperdescribes,illustrates,anddiscussestheTeamcoreframework us-
ing two concreteexamples— evacuationof civilians strandedin a hostile
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areaand humancollaboration— wherewe have successfullyappliedthis
framework. The restof this sectionprovides more detaileddescriptionsof
thesetwo domains.

2.1. APPLICATION 1: EVACUATION REHEARSAL

In theevacuationdomain,thegoalis anintegratedsystemfor simulatedmis-
sionrehearsalof theevacuationof civilians from a threatenedlocation.The
systemmustenablea humancommanderto interactively provide locations
of the strandedcivilians, safeareasfor evacuation,andotherkey points.A
setof simulatedhelicoptersshouldfly a coordinatedmissionto evacuatethe
civilians. The integratedsystemmustplan routesto avoid known obstacles,
dynamicallyobtaininformationaboutenemythreats,andchangerouteswhen
needed.Thefollowing agentswereavailable:

� Quickset: (from P. Cohenetal.,OregonGraduateInstitute)Multimodal
commandinputagents[C++, Windows NT] (Cohenetal., 1997)

� Routeplanner: (fromSycaraetal.,Carnegie-MellonUniversity)Retsina
pathplannerfor aircraft[C++, Windows NT] (Sycaraetal., 1996)

� Ariadne: (fromMintonetal.,USCInformationSciencesInstitute)Database
enginefor dynamicthreats[Lisp, Unix] (Knoblocketal., 1998)

� Helicopter pilots: (from Tambe,USC InformationSciencesInstitute)
Pilot agentsfor simulatedhelicopters[Soar, Unix]

As this list illustrates,theagentsaredevelopedby differentresearchgroups,
they arewritten in different languages,they run on differentoperatingsys-
tems,they maybe distributedgeographically(e.g.,on machinesat different
universities),andthey have no pre-existingteamworkcapabilities. Thereare
actually 11 agentsoverall, including the Ariadne, route-planner, Quickset,
andeight differenthelicopters(somefor transport,somefor escort).These
agentsprovided a fixed specificationof possiblecommunicationand task
capabilities.Thus,thechallengein thisdomainlies in gettingthisdiverseset
of distributedagentsto work together, without directly modifying theagents
themselves.

2.2. APPLICATION 2: ASSISTING HUMAN COLLABORATION

Wehave alsoappliedTeamcoreto assisthumancollaborationin our research
teamby automatingmany of our routinecoordinationtasks.Here,theagents
to be integratedaremembersof our researchgroup.Theproxiesknow their
users’scheduledmeetings(by monitoringtheir calendars)andtheir where-
abouts(e.g.,whetherthey areworking at their workstations).TheTeamcore
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Figure 1. PDA (Palm VII) with GPSdevice andWAP-enabledcellular phonefor wireless,
handheldcommunicationbetweenproxyanduser.

proxiesmustthenassistin robust executionof teamactivities suchasmeet-
ings. For example, if a user is still working at his/her workstationat the
time of the meeting(e.g.,to finish a paper),othersshouldbe automatically
informedof an appropriatemeetingdelay. Theoverall systemmustalsoas-
signpeopleto roleswithin teamactivities (e.g.,selectingsomeoneto give a
presentationataweeklyresearchgroupmeeting).

Thissystemfacesthedauntingchallengesof theusers’heterogeneity(e.g.,
differentpresentationcapabilitiesfor differenttopics)andthelargerscaleof
theteamactivities (e.g.,eachpersonis a memberof multiple subgroupsand
hasmultiple meetings).In addition, the systemcannotsimply assigntasks
for people,as it would the software agentsof the evacuationdomain.The
systemmustalsoprovide reliablecommunicationwith theusersto perform
thesecoordinationtasks.Oneinteractionmechanismavailableis the useof
dialog boxes on the user’s workstationdisplay. Within our researchgroup,
five memberscurrentlyhave PDAs or WAP-enabledcellularphonesthat the
systemcanalsoexploit for interactions.In addition,the PDA canalsopro-
vide locationinformationif connectedto aGlobalPositioningSystem(GPS)
device (asin Figure1). As afinal meansof communication,aproxycansend
emailto aprojectassistantor someotherthird partywhocancontacttheuser
directly to passon themessage.

Sincetheinitial submissionof thisarticle,thisdomainhasevolvedinto the
“Electric Elves” domain(Scerriet al., 2001;Chalupsky et al., 2001)andhas
beenreportedin thepopularpressaswell (USAToday, http://www.usatoday.com).

3. Teamcore: Robust Execution of TeamPlans

Figure 2 shows the overall Teamcoreframework for building agentorga-
nizations.The numberedarrows show the typical stagesof interactionsin
this system.In stage1, humandevelopersinteractwith a team-orientedpro-
gramminginterface(TOPI) to specifya team-orientedprogram,consistingof
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Figure2. Teamcoreframework: Teamcoreproxiesfor heterogeneousdomainagents.

anorganizationandits teamplans.TOPI communicatesthis specificationto
KARMA in stage2. In stage3, KARMA derivesthe requirementsfor roles
in the organization,andsearchesfor agentswith relevant expertise(called
domainagents in Figure2). To this end,KARMA queriesdifferentmiddle
agents,white pages(Agent NamingService),etc.Onceit haslocatedthese
domainagents,KARMA further assistsa developerin assigningagentsto
organizationalroles.

Having thusfully definedateam-orientedprogram,thedeveloperlaunches
theTeamcoreproxiesthatjointly executetheteamplansof theteam-oriented
program.To performthecoordinationnecessaryfor this execution,theprox-
iesbroadcastinformationamongthemselvesviamultiplebroadcastnets(stage
4).TheTeamcoreproxiesexecutetheteamplansand,in theprocess,alsogen-
eratespecificrequestsandprocessthe repliesof their domainagents(stage
5). KARMA alsoeavesdropson thevariousbroadcaststo monitortheTeam-
coreproxies’progress(stage6), which it displaysto thesoftwaredeveloper
for debugging purposes.All communicationamongTeamcoreproxies,be-
tween a domain agentand its Teamcoreproxy, and betweena Teamcore
proxy andKARMA currentlyoccursvia the KQML agentcommunication
language(Finin et al., 1994).

To ensurerobust execution,theTeamcorearchitecturetransformsagents
of all typesinto a setof consistentteamplayers.As describedin Section1
andasillustratedin Figure2,weachievethisteamreadinessamongheteroge-
neousagentsby providing eachagentwith aTeamcoreproxy. Thedistributed
Teamcoreproxies,basedon the Soar(Newell, 1990) rule-basedintegrated
agentarchitecture,executetheir joint plansin a distributed fashionandco-
ordinateasa teamduring this execution.Section3.1 describesthe contents
of theSTEAM modulethatencodesthedefinitionof teamreadinessthat the
Teamcoreproxiesusein coordination.Section3.2 describeshow theTeam-
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coreproxiesapplythis definitionin coordinatingtheactionsof their domain
agents.

3.1. STEAM: MAKING HETEROGENEOUS AGENTS TEAM READY

EachproxycontainstheSTEAM domain-independentteamwork module,re-
sponsiblefor Teamcore’s teamwork reasoning(Tambeet al., 1999;Tambe,
1997).TheSTEAM algorithmis specifiedin detail in AppendixA. We have
implementedthe algorithm using productionrules in Soar(Newell, 1990),
with examplesshown in AppendixB. Implementationsof the algorithmin
otherarchitecturesarealsopossible.Wecancategorizetherulesasproviding
threedifferenttypesof high-level functionality, asdiscussedbelow:

Coherencepreserving rulesrequireteammemberstocommunicatewith each
otherto ensurecoherentinitiation andterminationof teamplans.Coher-
entinitiation ensuresthatall membersof theteambegin joint execution
of thesameteamplanat thesametime.Therefore,theserulespreventa
helicopterfrom flying to its destinationbeforeall theothermembersof
its flight teamarereadyto begin aswell. Coherentterminationrequires
thata teammemberinform othersif it uncoverscrucialinformation.We
define“crucial information”asany conditionthatindicatesthattheteam
planis achieved,unachievable,or irrelevant.For instance,therulespre-
scribethatanyonewho is goingto belatefor a meetingmustnotify the
otherattendees,sincetheachievability of themeetingis now threatened.

Monitor and repair rulesensurethat teammembersmake an effort to ob-
serve the performanceof their teammates,in caseany of themshould
fail. If a critical teammember(or subteam)shouldfail, we ensurethat
a capableteammember(or subteam)takes over the role of the failed
agent.For instance,the presenterat a researchgroup meetinghas a
critical role with respectto thecorrespondingteamplan,sincewithout
a presenter, themeetingwill fail. Therefore,theserulesspecifythat the
teamcontinuouslymonitor the presenter’s ability to fulfill this role. If
the presenteris unableto attend,theserulesrequirethat the teamfind
someothercapableteammemberto stepin andgive the presentation
instead.

Selectivity-in-communication rulesusedecisiontheoryto weighcommuni-
cationcostsandbenefitsto avoid excessive communicationin theteam.
Wethusensurethattheteamperformscoordinationactionswhosevalue
in achieving coherentbehavior outweighsthe costof communication.
For instance,in the evacuationdomain,communicationis moderately
expensive, due to the risk of enemyeavesdropping.Therefore,these
ruleswould prescribecommunicationonly whenthereis a sufficiently
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high likelihoodandcostof miscoordination(e.g.,transporthelicopters
arriving at rendezvouspointatadifferenttimefrom theirescorts).Com-
municationis muchlesscostlyin thehumancollaborationdomain;how-
ever, thelikelihoodof miscoordinationis alsomuchlower, sincethehu-
manteammembersperformsomecoordinationactionsthemselves.For
instance,theruleswouldnotrequirecommunicationto initiateameeting
plan,sinceall of theattendeeshavealreadyenteredthemeetinginto their
calendarprograms.On theotherhand,therulesdo requirecommunica-
tion if anattendeeis unableto arrive on time, sincetheotherattendees
areunlikely to know this informationwithoutany communication.

STEAM’s300Soarrulesareavailablein thepublicdomainandhave proven
successfulin severaldifferentdomainsreportedin theliterature.Thenovelty
in thecurrentwork lies in theextensionsto STEAM thatenabletheapplica-
tion of its rulesto amuchbroaderclassof agentsandproblemdomains.

3.2. TEAMCORE’ S INTERFACE WITH DOMAIN AGENTS

In previous work (Tambeet al., 1999; Tambe,1997),STEAM resideddi-
rectly in thedomainagent’s knowledgebase,which is oftendifficult (if not
impossible)to implementin anopen,heterogeneousenvironment.By placing
STEAM’s teamwork knowledge(rules)in aseparateTeamcoreproxy, we no
longer needto modify code in the domainagent.However, the Teamcore
proxy must now containan interfacemodulefor communicationwith the
domainagent,as illustrated in Figure 32. In particular, the STEAM rules
enabletheTeamcoreproxiestoautomaticallycommunicatewith eachotherto
maintainteamcoherenceandrecover from memberfailures.In contrast,the
interfacemoduleenablesa Teamcoreproxy to communicatewith its domain
agent,by translatingthe stateof the team’s executioninto individual tasks
andmonitoringrequests.

TheTeamcoreproxygeneratestaskrequestsaccordingto theroleassigned
to its correspondingdomainagentin theorganization.If theoverall stateof
the team’s executionrequiresthat a domainagentnow performa particular
task, its Teamcoreproxy generatesthe appropriaterequestmessage,based
on the domainagent’s interfacespecificationandthe proxy’s knowledgeof
the stateof the teamplan. The proxy’s adherenceto the STEAM rulesen-
suresthat its beliefsaboutthe stateof the teamplan agreewith thoseof its
teammates.Thus, the proxy is surethat its domainagentwill perform the
requestedtaskin synchronizationwith its teammates.Thedomainagentcan
thenprocessthe resultingtask request,without necessarilybeingburdened
with understandingthelargerteamcontext.

2 Section 4 provides more details about the contentsof the team-orientedprogram
componentof theproxy.
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Figure3. Reasoningcomponentsof a Teamcoreproxyandinteractionswith domainagent.

Thedomainagentreturnsany resultit mayproduceto its Teamcoreproxy.
The proxy may thencommunicatethe result to its teammates,asmandated
by STEAM’s coherence-preserving rules.Again, thedomainagentneednot
know anything abouttheoverall teamcontext. In thecaseof a simpleagent
thatprovidesresponsesto a fixedsetof queries,it seesonly a requestfrom
its Teamcoreproxy thatit processesandrespondsto, just asit would for any
otherindividual client.However, theresultof thedomainagent’s actionsstill
producethedesiredteamwideeffects,sincetheTeamcoreproxy forwardsthe
resultto thoseteammatesto whomthenew informationis relevant.

TheTeamcoreproxiesgeneratemonitoringrequestsin a similar fashion,
except that multiple teammembersmay performthe samemonitoring task
without regardto any assignedroleswithin theorganization.Thus,multiple
proxiesmay sendrequeststo their correspondingdomainagentsfor more
robust monitoring. One key interestingissuein this architectureis that it
is often the domainagent,and not the Teamcoreproxy, that hasaccessto
informationrelevant to theachievement,irrelevance,andunachievability of
theteamplans(e.g.,aninformation-gatheringagentcansearchadatabasefor
known threatsto a teamof helicopters).Yet,only theTeamcoreproxyknows
the currentteamplans,so the domainagentmay not know what observa-
tions arerelevant (e.g.,threatsto thehelicoptersarerelevant),necessitating
communicationaboutmonitoring.For eachteamplan,theTeamcoreproxies
alreadymaintaintheterminationconditions— conditionsthatmake theteam
planachieved, irrelevant,or unachievable.EachTeamcoreproxy alsomain-
tainsa specificationof whatits domainagentcanobserve.Thus,if a domain
agentcanobserve conditionsthatreflecttheachievement,irrelevance,or un-
achievability of a teamplan,thentheTeamcoreproxyautomaticallyrequests
it to monitorany changein thoseconditions.Theresponsefrom thedomain
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agentmaybecommunicatedwith otherTeamcoreproxies,throughtheusual
STEAM procedures.

The Teamcoreproxiescansimilarly translateSTEAM’s monitor andre-
pair rules into appropriatemessagesfor the domain agents.For instance,
in the humancollaborationdomain,eachproxy monitors its user’s ability
to attendthe meetingon time, perhapsaskingthe userdirectly. If the user
respondsthat s/heis unableto attend,the proxy follows the STEAM rules
and automaticallyforwardsthis information to the rest of the team.If the
userfills a critical role in themeetingplan (e.g.,s/heis thepresenter),then
theteammustrepairtheplanbeforeproceeding.Theproxies,againfollowing
theSTEAM rules,first determinewhethertheir usershave thecapabilityof
takingon therole,perhapsby askingdirectly. Finally, theproxiesfollow the
STEAM repairrulesto fill therolewith oneof theuserswhomthey determine
to becapableandthennotify theselecteduser.

Thus,theoverall interfacebetweenaTeamcoreproxyandits domain-level
agentperformsthefollowing threetasks:

� If executinga teamplan,α, which hasterminationconditions,sendthe
conditionsto thedomainagentfor monitoring

� If executinganindividual planthat resultsin a task,sendthetaskto be
performedby thedomainagent

� If the information sentby the domainagentmatchesthe termination
conditionsof a teamplan, usethe STEAM algorithm as specifiedin
AppendixA.

4. Team-OrientedProgramming

Becausethe Teamcoreproxiesautomaticallyhandlemuchof the necessary
coordinationamongtheagentsexecutingthedesiredtasks,thedevelopercan
specifythosetasksatamoreconvenientabstractlevel throughteam-oriented
programming.Section4.1describeshow ourJAVA-basedTOPI helpsasoft-
waredeveloperin building anagentorganization.Section4.2describeshow
KARMA canaid the developerby locatingrelevant agentsandassistingin
allocationof rolesto suchagents.

4.1. CONSTRUCTING TEAM PLANS AND ORGANIZATION

Thedeveloperbeginsspecifyinganorganizationof interestvia team-oriented
programming,in which thedeveloperspecifiesthreekey aspectsof a team:
a teamorganizationhierarchy, a hierarchyof reactive teamplans,and as-
signmentsof agentsto plans.The teamorganizationhierarchyconsistsof
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Figure 4. The evacuationscenario:(a) Partial organizationhierarchy;(b) Partial teamplan
hierarchy.

roles for individuals and for groupsof agents.For example,Figure 4-a il-
lustratesa portion of the organizationhierarchyof the roles involved with
the evacuationscenario(describedin moredetail in Section2.1). Eachleaf
nodecorrespondsto a role for an individual agent,while the internalnodes
correspondto (sub)teamsof theseroles.TaskForce is thusthehighestlevel
teamin this organization,while Orders-Obtaineris anindividual role.

The secondaspectof team-orientedprogrammingis specifyinga hierar-
chy of reactive teamplans.While thesereactive teamplansare much like
reactive plansfor individual agents,thekey differenceis that theteamplans
explicitly expressjoint activities.Thereactive teamplansrequirethatthede-
veloperspecifythe:(i) initiation conditionsunderwhichtheplanis to bepro-
posed;(ii) terminationconditionsunderwhichtheplanis to beended,specif-
ically, the conditionswhenthe reactive teamplan is achieved, irrelevant or
unachievable;and(iii) team-level actionsto executeaspartof theplan.Figure
4-bshows anexamplefrom theevacuationscenario(pleaseignorethebrack-
etednamesfor now). Here,high-level reactive teamplans,suchasEvacuate,
typically decomposeinto other teamplans,suchasProcess-orders(to in-
terpretordersprovided by a humancommander).Process-ordersis itself
achieved via other sub-planssuchas Obtain-orders. The precisedetail of
how to executea leaf-level plansuchasObtain-orders is left unspecified—
thusbothsimplifying thespecification,andallowing for theuseof different
agentsto executethisplan.

Thesoftwaredevelopermustalsospecifydomain-specificplan-sequencing
constraintson the executionof teamplans.In the exampleof Figure4, the
plan Landing-Zone-Maneuvers has two subplans:Mask-Observe which
involvesobservingthelandingzonewhile hidden,andPickup to pick people
up from the landingzone.The developermustspecify the domain-specific
sequencingconstraintthata subteamassignedto performPickup cannotdo
sountil theothersubteamassignedMask-Observehasreachedits observing
locations.

Thethirdaspectof team-orientedprogrammingis theassignmentof agents
to plans.This is doneby first assigningtherolesin theorganizationhierarchy
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to plansand then assigningagentsto roles. Assigningonly abstractroles
ratherthanactualagentsto plansprovidesa usefullevel of abstraction:new
agentscanbemorequickly (re)assignedwhenneeded.Figure4-b shows the
assignmentof rolesto thereactive planhierarchyfor theevacuationdomain
(in bracketsadjacentto theplans).For instance,TaskForce teamis assigned
to jointly perform Evacuate, while the individual Orders-obtainerrole is
assignedto the leaf-level Obtain-orders plan. Associatedwith such leaf-
level plansare specificationsof the requirementsto perform the plan. For
instance,for Obtain-orders, the requirementis to interactwith a human.A
role inheritstherequirementsfrom eachplanthat it is assignedto. Thus,the
requirementsof a role aretheunionof therequirementsof all of its assigned
plans.Theassignmentof agentsto rolesis discussedin thenext subsection.

The real key hereis what is not specifiedin the team-orientedprogram:
detailsof how to realizethe coordinationspecified,e.g., how membersof
TaskForceshouldjointly executeEvacuate. Thus,for instance,thedeveloper
doesnothaveto programany synchronizationactions,becausethecoherence
preservation rulesof the proxies’ STEAM modulegeneratethemautomat-
ically, asdescribedin Section3.1. Thus,during execution,synchronization
actionsamongmembersof TaskForceareautomaticallyenforced,bothwith
respectto thetimeof planexecutionandtheidentityof theplan(i.e.,all mem-
berswill choosethesameplanoutof asetof multiplecandidates).Similarly,
thereis noneedto specifythecoordinationactionsfor coherentlyterminating
reactive teamplans;suchactionsare automaticallyexecutedby the prox-
ies in accordancewith the STEAM rules.Domain-specificplan-sequencing
constraints,suchasthe onebetweenMask-Observe andPickup discussed
above,arealsoautomaticallyenforced.

Likewise,thedeveloperdoesnothavetospecifyhow teammembersshould
cover for eachotherin caseof failures;rather, the proxiesusethe STEAM
rules for monitoring and repair to automaticallyreplacefallen teammates.
The team-orientedprogrammingphaseautomaticallygeneratesthe required
capabilitiesfor eachrole in the organization,as well as the capabilitiesof
eachavailableagent.If anagentshouldfail duringexecution,theproxiescan
follow theSTEAM rulesto automaticallyfind any availablereplacementsfor
eachof its rolesbasedon thesecapabilityrequirements.

Figure 5 shows a samplescreenshotfrom TOPI usedin programming
the evacuationscenario,wherethe threepanescorrespondto the plan hi-
erarchy(left pane),organizationhierarchy(middle pane),and the domain
agents(right pane).The left paneessentiallyreflectsthe diagram4-b, e.g.,
Task Force hasbeenassignedto executeEvacuate. Associatedwith each
entity are its properties,e.g.,associatedwith eachplan areits coordination
constraints,preconditions,assignedsubteam,andsoon.
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Figure5. TOPIsnapshotfrom generatingteam-orientedprogramfor theevacuationscenario.

4.2. SEARCHING AND ASSIGNING AGENTS

As mentionedin the previous section,the team-orientedprogramassigns
organizationalrolesto teamplans.KARMA, our KnowledgeableAgentRe-
sourcesManagerAssistant,derives requirementsfor theseindividual roles
in the organizationbasedon this assignment.KARMA searchesfor agents
whosecapabilitiesmatchtheserequirements.By limiting thesearchfor avail-
able agentsto just the organizationalrequirements,KARMA avoids over-
whelmingthesoftwaredeveloperwith a list of all availableagents.

KARMA hasmultiple agentsourcesat its disposal:middle agents,local
white pagesdirectoriesof known agents,andotherregistry services.For in-
stance,KARMA canquery the AMatchMaker middle agent(Decker et al.,
1997)by sendingit aKQML messagespecifyinganadvertisementtemplate.
AMatchMaker returnsdescriptionsof thoseagentswhoseadvertisedcapabil-
ities matchthe template.In addition,KARMA cansearchits own database
of previously usedagentsor the local white pagesservice.KARMA is also
interfacedwith the agentregistrationandinterconnectionservicesprovided
by theGrid, asdevelopedundertheDARPA CoABSprogram(Hendlerand
Metzeger, 1999).

Thus,from thesedifferentsources,KARMA compilesa list of relevant
agents,and their properties,including address(hostandport) andcapabil-
ities (someinformation, such as reliability, is available to KARMA from
previousexperience).Fromthis list of relevantagents(in TOPI’s right pane
in Figure 5), the developercan assignagentsto the roles in the specified
organization.Oncethedeveloperhasmadeanassignment,KARMA checks
thattheassignmentis valid with respectto theplanrequirements.Thischeck
is donein threesteps.First, KARMA verifiesthat eachagenthasthecapa-
bilities requiredby its assignedrole, wheretheserequirementsarederived
from all of the role’s assignedplans.Second,KARMA proceedsbottom-up
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throughthe team-planhierarchy, recursively propagatingthe verificationto
theteamoperatorsaswell. Third, KARMA verifiesthatbasicconstraintsof
anorganizationhierarchyaremaintained,e.g.,a child is not assignedhigher
thanits parentin theplanhierarchy. Thedevelopermayalsochooseto allow
KARMA to do theassignmentautomatically, which KARMA maydo using
agreedyapproach,i.e.,assigningto eachrolethefirst availableagentthathas
all of therequiredcapabilities.

OncethedeveloperhasusedKARMA to fill in therequiredrolesin theor-
ganization,theteam-orientedprogrammingphaseis complete,andtheTeam-
coreproxiescanbegin executionof theteamplans,asdescribedin Section3.

5. Adapting to teammemberheterogeneity

This sectionfocuseson the adaptive capabilitiesof the Teamcoreproxies.
Thesecapabilitiesextendtheproxies’fundamentalcoordinationcapabilities,
asdescribedin Section3.

5.1. DYNAMIC PLAN ALTERATION

The Teamcoreproxies’ general-purposeteamwork knowledgeensuresthat
the execution of the team-orientedprogramis robust even in the face of
completefailuresof agents.However, the heterogeneityof the agentsand
the dynamicsof the environmentraiseother typesof dangeroussituations
as well. For instance,the developermay have designedthe team-oriented
programbasedoncertainperformancemodelsof theagentsinvolved,perhaps
includingresponsetimes,quality of solution,etc.In dynamic,real-world ex-
ecution,it is possiblethatanagent’s actualperformancemaydeviatefrom its
normalbehavior. If the deviation is large enough,the developermay prefer
adifferentteam-orientedprogramthantheoriginal. In somecases,adomain
agentmaybealivebut respondingmoreslowly thanit usuallydoes.Theteam
may not be able to wait indefinitely for the agent’s response;on the other
hand,the agent’s responsepresumablyhassomevalue,so the teamcannot
simply give up whenever an agenttakes longer thanusualto respond.It is
thusimportantthat theTeamcoreproxiesbeableto make runtimedecisions
aboutplanexecutionbasedon theperformanceof thedomainagents.

We have designedtheTeamcorearchitectureto allow dynamicdecisions
aboutwhetherto includeor excludeany optionalplans.EachTeamcoreproxy
hasan initial specificationof its domainagent’s capabilities,including pa-
rameterssuchasresponsetime (e.g.,average,min/maxresponsetimesare
recordedfrom pastruns).However, if the actualruntimeperformanceof a
domainagentgreatlydiffersfrom expectations(e.g.,sothatthecostin agent
responsetime greatly exceedsthe benefitsfrom its results),the Teamcore
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proxiestogethermodify the optional plansand avoid using this particular
domainagent.

Teamcore’s planrepresentationfor this decision-makingis similar to that
usedby existing approachesto decision-theoreticplanning(Blythe, 1994).
Eachplan hasassociatedpreconditionsandpostconditions,but unlike in a
logicalplanformalism,theplanspecificationhereincludesaprobabilitydis-
tribution over the possiblevaluesof the postconditionstatefeatures,condi-
tionedon thepossiblevaluesof thepreconditionstatefeatures.For instance,
in theevacuationscenario,the teamplan for planninga routearoundobsta-
cles (e.g.,no-fly zones)is optional.A specificationfor the route-planning
teamplan could statethat if thereis a no-fly zonebetweenthe origin and
destinationpoints,thenthereis 50% chancethat the resultingroutewill be
twice aslong asthestraight-linedistance,but it will alsobesaferbecauseit
avoids theno-fly zone.On theotherhand,if thereis no no-fly zone,thenit
hasa0%chanceof beinglonger, sincetheresultingroutewill beexactly the
straight-lineroute.

The Teamcoreproxiescanexaminethe variouscombinationsof the op-
tional plans,composingtheprobabilisticeffectsof theseparateplansto de-
termine the preconditions,postconditions,and distribution over the entire
sequence.The developercan then specify a utility function over postcon-
ditionsto representthevalueof time, thecostof crossinga no-fly zone,etc.
TheTeamcoreproxiescanthusevaluatetheexpectedutility over thepossible
sequencesof teamplans,wheredifferentsequencesaregeneratedby includ-
ing or excludingoptionalplans.TheTeamcoreproxiesbegin executingaplan
sequencethatthey determine(a priori) to beoptimalgiventheprobabilityof
variousoutcomesover thatsequenceandthespecifiedutility function.

However, the proxiescan dynamicallychooseto omit optional plansif
a particulardomainagent’s responsetime shoulddeviate from theexpected
timecost.For instance,if they hadinitially decidedto includetherouteplan-
ningplan,but therouteplanneris takinglongerthanexpected,theTeamcore
proxiescancomparetheir currentplansequenceagainstalternatecandidates
(e.g.,flying in straight-line,but unsafe,paths),taking into accountthe in-
creasedcostof thecurrentresponsetime.If thetimecostoutweighsthevalue
of routeplanning,theTeamcoreproxiescanchangesequencesandskip the
route-planningstep,knowing thatthey aresaving in theoverall valueof their
execution.

In theory, to fully supportsuchdecision-theoreticevaluation,the devel-
opermustspecifythevalueof executingeachteamplanin termsof its time
costandpossibleoutcomes.We would thenrepresenttheseasa probability
distribution and utility function over possiblestates,with Pr

�
q1 � q0 � p� rep-

resentingtheprobability of reachingstateq1 after executingplan p in state
q0, andwith U

�
q � p� representingthe utility derived from executingplan p

in stateq. However, to ensurethat thedecision-theoreticevaluationremains
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practical,severalapproximationsareused.First, thestatesherearenot com-
pleterepresentationsof the teamstate,but ratherof only thosefeaturesthat
arerelevant to theoptionalplans.For instance,whenevaluatingrouteplan-
ning,theTeamcoreproxiesconsideronly thelengthof therouteandwhether
thatroutecrossesano-fly zoneprior to route-planning.Second,thedecision-
theoreticevaluationis donein termsof only the moreabstractplansin our
team-planhierarchy, sodevelopersneednotprovidedetailedexecutioninfor-
mationaboutall plans,andTeamcoreproxiesneednotengagein verydetailed
decision-theoreticevaluations.Third, for most plans,the derived utility is
simply taken asa negative time cost.However, in the evacuationscenario,
the teamplanscorrespondingto helicopterflight have a valuethat increases
whenthehelicoptersreachtheirdestinationandthatdecreaseswith any time
spentwithin ano-fly zone.

Theprobabilitydistributionoveroutcomesallowsthedeveloperto capture
thevalueof plansthathavenoinherentutility, but only gatherandmodify the
team’s information.For instance,themissionbeginseitherin stateqsafewith
an overall routethat doesnot crossany no-fly zonesor in statequnsafewith
a route that does.The developeralso specifiesan initial distribution Pr

�
q�

for the likelihood of thesestates.When executingthe route-planningplan
in statequnsafe, the routeplannercreatesa routearoundno-fly zones,so we
enterstateqsafewith averyhighprobability. Thedeveloperthenprovidesthe
relative valueof executingtheflight planin thetwo statesthroughtheutility
functionvaluesU

�
qsafe� flight � andU

�
qunsafe� flight � .

TheTeamcoreproxiesusethisprobabilityandutility informationto select
thesequenceof plansp0, p1,. . . ,pn thatmaximizestheir expectedutility. In
theevacuationscenario,thereareonly four suchsequences,becauseonly two
teamplans(out of the total of 40) areoptional.They reevaluatetheir choice
only whenconditions(i.e.,agentresponsetimes)have changedsignificantly.
Thus,whenever a domainagentassociatedwith eitherof theseplanstakes
longerthanusualto respond,its Teamcoreproxy canfind the optimal time
(with respectto the specifiedutility function) for terminatingthe current
information-gatheringstepandusinga differentplan sequencefor the rest
of theteam-orientedprogram.

5.2. ADAPTING THE LEVEL OF AUTONOMY

ThecentralnotionbehindtheTeamcorearchitectureis theuseof proxiesto
createteamplayersout of agentswho maynot know how to work together.
However, agentsdiffer in theirabilitiestocoordinatethemselves.Many agents
know how to do only their particulartask, servicingrequestswithout any
regardfor thelargermultiagentcontext. At theoppositeendof thespectrum,
peoplecanperformcomplicatedcoordinationthemselves andare thus less
reliant on the Teamcoreproxies for ensuringpropercoordination.In fact,
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therearepotentialoverlaps(andperhapsevenconflicts)betweenthecoordi-
nationactionstaken by a Teamcoreproxy andthosepreferredby theuserit
represents.Peoplehavestrongpreferencesaboutwhatplansandactionsthey
want their proxiesto adopton their behalf.Within the Teamcorearchitec-
ture,proxiesmediateall coordination,but it is importantthatthey respectthe
preferencesof theagentson whosebehalfthey act,while still fulfilling their
responsibilitiesat the teamlevel. Ideally, the Teamcoreproxiesshouldact
autonomouslyin only thoseareaswherethereis no overlap,but they should
certainlyavoid performingcoordinationactionsthattheiragentsdo notwant
taken.

A key challengein integratingheterogeneousagentsis thattheseconflicts
mayoccurin differentcasesfor differentagents.For instance,in thehuman
collaborationapplication(discussedin moredetail in Section2.2), a Team-
coreproxy maycommitits userto substitutefor amissingdiscussionleader,
knowing thatits useris proficientin thediscussiontopics.However, theuser
mayor maynotwanttheproxy to autonomouslymake thiscommitment.The
decisionmayvary from personto person,andmaydependon many diverse
factors.Conversely, though,restrictingtheproxy to alwaysconfirmits deci-
sion with the useris alsoundesirable,sinceit would thenoften overwhelm
theuserwith confirmationrequestsfor trivial decisions.

Thus,it is importantthata proxyhave theright level of autonomy. Yet, to
avoid hand-tuningsuchautonomyfor eachperson(or agent),it is critical for
a proxy to automaticallyadaptits autonomyto a suitablelevel. We rely on
a supervisedlearningapproach(C4.5 (Quinlan,1993))usinguserfeedback
as the input data.Here,a key issuethat contrastsour work with previous
work onautonomyadaptation(e.g.,(Rogersetal., 1999))is thatthethelevel
of autonomyis notonly dependenton theindividualbut alsoon thetheother
agentsbeingintegrated.For instance,in thediscussionleaderexampleabove,
thenumberof otherattendeesandtheirstatemightbefactorsin theautonomy
decision.Thus,in our approachwe emphasizethe useof knowledgeabout
otherteammembers(in additionto the preferencesof the integratedagent)
in usingsupervisedlearningtechniques.Eachproxy learnswhatdecisionsit
cantake autonomously, andwhatdecisionneedbeconfirmedwith theagent
it representsin thecontext of particular scenariosinvolvingotheragents.

Specifically, theTeamcoreproxiesfor peoplecanmake coordinationand
repairdecisionsautonomouslyto aidin teamactivities likemeetings(e.g.,the
humancollaborationdomain).Elevenattributesareusedin learning,someof
which have beeninspiredby existing meetingschedulingsystems,suchas
MeetingMaker3, which include meetinglocation, time, resourcesreserved,
etc. However, other attributesdescribethe stateof the other agentspartic-
ipating in the meeting—e.g.,the numberof personsattendingandthe most

3 http://www.meetingmaker6.com
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importantmemberattending(in termsof theorganizationalhierarchy).These
attributesareextractedfrom the user’s schedulefiles, organizationalcharts,
etc. In the training phase,a proxy suggestsa coordinationdecisionand a
query as to whetherthe userwould wish it to make such a decisionau-
tonomously. The proxiesuseC4.5 (Quinlan,1993) to learna decisiontree
from the interactionswith their users.Eachproxy thus learnswhat situa-
tions areappropriatefor autonomousactions(decisiontreedauto : states��
autonomous� not autonomous� ), as well as which autonomousactionsare

appropriatefor thosesituations(decisiontreedact : states� actions). In all
other situations,the proxy defersto the user’s choice before acting. The
overall algorithmis asfollows:

� If proxy facedwith a coordinationdecisionin state,s:

� If dauto
�
s�
	 autonomous:

� Performactiondact
�
s�

� Else:/* Agentshouldnotactautonomously*/
� Ask userfor input� Uponreceiving userinput,a, performactiona

Sincethe submissionof this article,our further work into adjustableau-
tonomyhasresultedin changesandextensionsto ourapproach(Scerriet al.,
2001;PynadathandTambe,2001).

6. Evaluation

Our applicationof theTeamcoreframework to the two applicationdomains
describedin Section2 hasprovided rich testbedsfor evaluatingthe archi-
tecture’s ability to successfullycoordinateagents.Section6.1 discussesthe
Teamcorearchitecture’s ability to supportrobustcoordinationwithin thetwo
domains.Section6.2 discussesthe advantagesthat team-orientedprogram-
ming provided in integratingtheagentsin thetwo domains.Section6.3dis-
cussestheeffectivenessof thearchitecture’s adaptive capabilities.

6.1. EVALUATION OF ROBUST EXECUTION OF TEAM PLANS

One key aspectof evaluationis robustness,one of the motivationsfor the
teamwork foundationsof Teamcore.In both applicationdomains,we used
our Teamcoreframework to specify the necessaryteam-orientedprogram,
assigndomainagents,andlaunchtheir proxies,which thensuccessfullyand
robustly executedthe team-orientedprogram.The overall systemrunssuc-
cessfully, continuingevenin thefaceof softwarefailuresin individualagents;
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instead,theTeamcoreproxiesof theremainingagentstry tosubstituteanother
agentwith relevant expertiseif necessary(the maintenance-and-repair rules
of STEAM) and/orshow gracefuldegradation.For instance,if therouteplan-
neror its Teamcoreproxy wereto suddenlycrash,thesystemdoesnot halt.
Instead,it revertsbackto usingstraight-linepaths.

In the evacuationdomain,we built an agentorganizationfrom the 11
availabledomainagents(listedin Section2.1,with eightseparatehelicopter
pilot agents).The team-orientedprogramcontained43 reactive teamplans.
KARMA locatedthedomainagentsbasedon theteam-orientedprogramand
the specifiedorganizationhierarchy(although,this particularresearchcol-
laborationwaspre-arrangedwith the othergroups).The Teamcoreproxies
thensuccessfullyexecutedthe team-orientedprogram.In otherwords,they
communicatedwith eachotherwhenappropriateandgeneratedthe correct
taskingandmonitoringrequestsfor thedomainagents.Todemonstratethero-
bustnessof theresultingagentorganizations,theTeamcore-basedsystemfor
evacuationrehearsalhasoftenbeendemonstratedliveoutsideour laboratory.

In the humancollaborationdomain,as of the writing of this paper, the
proxieshave run 24 hours/day, 7 days/weekfor threemonths.4 We have de-
signed,implemented,and deployed proxiesto coordinatethe activities for
fifteen membersof our researchdivision. Here,the team-orientedprogram
contains15 reactive team plans,but eachteam memberhas multiple in-
stantiationsof many of theseplans.For instance,thereareseveral different
Successful-meetingteamplansactive in parallel,onefor eachmeetingthe
userhasscheduledin the comingweek.Figure6 plots the numberof daily
messagesexchangedby theproxieswhile coordinatingtheseplans.Thesize
of thecountsdemonstratesthelargeamountof coordinationactionsnecessary
in managingall of the plans,while the high variability of the daily count
illustratesthedynamicnatureof thedomain.

ThedistributedTeamcorearchitectureis well-suitedto this domain,since
peoplecan maintaincontrol of their own proxies,rather than centralizing
the control andmeetinginformation.Eachproxy serves its user’s interests
in dealingwith team-level activities.Thus,theproxyreasonsabouttheuser’s
willingnessto acceptjoint activitiesandassignedroleswithin thoseactivities.
This reasoningrequiresthat theproxiesmonitor their users’stateandmake
decisions(possiblywithout any user input) aboutwhat they shouldreport
aboutthatstateto theteamin theserviceof teamgoals.

Theproxyoftenneedsto interactwith its user, whetherto inform theuser
of a changein the statusof a joint activity (e.g.,a rescheduledmeeting)or
to askfor informationbeforeactingona joint activity (e.g.,whethertheuser
wantsameetingdelayed).As describedin Section2.2,theproxyexploits the
user’s workstationdisplays,any availablePDAs, andemail to third parties.

4 Theseexperimentalrunsareoccasionallyinterruptedfor bugfixesandenhancements.
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Figure 6. Numberof daily coordinationmessagesexchangedby proxiesover three-month
period.

The workstationdisplayprovides a simpleGraphicalUser Interface(GUI)
thatallows theuserto view what joint activities theproxy is currentlymon-
itoring. The GUI allows the userto initiate certainactionswithout waiting
for the proxy to make them autonomously. The proxy displaysthe user’s
scheduleandany informative messageson thePDA. Theproxy canalsopop
upadialogboxon thePDA for feedback.

6.2. EVALUATION OF TEAM-ORIENTED PROGRAMMING

Onekey dimensionof the benefitsof Teamcoreproxy’s in-built teamwork
capabilitiesis in the abstractionprovided by team-orientedprogramming.
Onekey alternative to suchan in-built teamwork model is reproducingall
of Teamcore’s capabilitiesvia domain-specificcoordinationplans.In such
a domain-specificimplementation,about10 separatedomain-specificcoor-
dination planswould be requiredfor eachof the 40 teamplans in Team-
core(Tambe,1997).Thatis,wewouldrequirepotentiallyhundredsof domain-
specificcoordinationplansto reproduceTeamcore’scapabilitiestocoordinate
amongeachotherfor this domainalone.In contrast,with Teamcore,no co-
ordinationplanswere written for inter-Teamcorecommunication.Instead,
suchcommunicationsoccurredautomaticallyfrom thespecificationsof team
plans.Thus, it would appearthat Teamcorehassignificantlyalleviated the
codingeffort for coordinationplans.
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Figure7. Comparisonof messagesexchanged.

The Teamcoreproxies’ useof STEAM’s selectivity in communication
provides the additionalbenefitof automaticallyminimizing the amountof
communicationneededfor propercoordination.Figure7 shows thenumber
of messagesexchangedover time in differentruns.TheX axismeasuresthe
time elapsedwhile the Y axis shows the cumulative numberof messages
exchangedon a log scale. The“normal” run shows thenumberof messages
typically exchangedamongtheTeamcoreproxiesfor theevacuationscenario
with time. Thekey hereis that theseapproximately100messagesareauto-
maticallygeneratedby theTeamcoreproxies.The“cautious” run shows the
numberof messages(approximately1000)exchangedamongtheTeamcore
proxieswithout the decision-theoreticcommunicationselectivity in Team-
core, illustrating both the overheadreductionvia such reasoningand the
difficulty of hand-codingcoordination(simplehand-codedcoordinationmay
leadto significantoverheads).Finally, the “f ailure” run shows themessages
exchangedamongtheproxiesif theAriadneagentwereto crashunexpectedly
(in thecourseof a “normal” run).To compensatefor suchfailure,thereis an
initial increasein the total messages;but oncethe proxiescompensatefor
the failure, fewer messagesareexchanged,so that the total messagesin the
“f ailure” and“normal” runsis roughlythesame.

Team-orientedprogrammingalsosimplifiesorganizationalmodifications.
Our framework appearsto facilitatechangesto the team,at leastcompared
with the alternative of domain-specificcoordination.For instance,the route
plannerwas the last addition to the team.It requiredfew modificationsto
the team-orientedprogram.To extendtheorganizationalhierarchy, we sim-
ply addedthe routeplannerasa memberof TaskForce. We thenaddedthe
Process-Routesbranchof the plan hierarchyto allow for route planning.
This branchinvolvesvery simpleplanswheretheTeamcoreproxy submitsa
requestfor planningaparticularroute,waitsfor thereplyby therouteplanner,
andthencommunicatesthenew routeto theotherteammembersaccording
to STEAM’s coherence-preserving rules.Again, no new coordinationrules
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Figure 8. Comparisonof flexible vs. inflexible executionof theevacuationplan,with respect
to Ariadne’s responsetimeandvalue.

wererequired.It is similarly easyto modify the organizationin the human
collaborationexample,wheremembersjoin andleave, andteamsform and
dissolve.

6.3. EVALUATION OF ADAPTATION

6.3.1. Evaluationof DynamicPlanAlteration
We can also evaluatethe benefitof Teamcore’s runtime plan modification
capabilities(seeSection5.1).Figure8 shows theresultsof varyingAriadne’s
responsetimesonthetimeof theoverallmissionexecution.In theevacuation
plan,Ariadneprovidesinformationaboutmissilelocationsalongaparticular
route.If therearemissilespresent,theproxiesinstructthehelicoptersto fly at
ahigheraltitudeto beoutof range.Theorganizationcouldsaveitself thetime
involvedwith queryingAriadneby simplyhaving thehelicoptersalwaysfly at
thehighersafealtitude.However, thehelicoptersfly slowerat thehigheralti-
tude,sothequeryis sometimesworthwhile,dependingonAriadne’sresponse
time. In Figure8, we canseethatwhenAriadne’s responsetime exceeds15
seconds,thecostof thequeryoutweighsthevalueof theinformation.In such
cases,theTeamcoreproxieswith theplan-alterationcapabilityskip thequery
tosavein overallexecutiontime,while aninflexible teamcannotachievesuch
savings.

6.3.2. Evaluationof AdjustableAutonomy
In evaluatingthe proxy’s adjustableautonomycomponent,we began with
datathatcamefrom “interviews” of theuserson hypotheticalsituationsthat
called for potential rescheduling.Here, we usedactualmeetingdatafrom
58 meetingstaken from theusers’schedulingprograms.We asked theusers
what actionsthey would want their proxiesto take if they becamedelayed
andwhetherthey would want their proxiesto confirm decisionswith them
beforeacting.We extractedfive differentdatasetsby randomlyselecting36
meetingsfor training dataand 22 for test data(i.e., randomsub-sampling
holdout).Figure9 displaystheaccuracy of theagentproxies’predictionsof
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Figure9. Progressof proxy’s learninguser’spreferencesfor choicedecisionduringhypothet-
ical meetingsituations.

actionchoices,plottedagainstthenumberof examplesusedto train theagent
(out of the 36 training examples),for the five differentdatasets.For each
dataset,we observe that the predictionaccuracy would usuallyreach91%.
However, usingmorethan36examplesdid notproduceany furthernoticeable
improvements.

Figure10presentsthetestresultsfrom two weeksof real-world execution
of proxiesfor two of themoreexperiencedusers(20 decisionexamplesfor
user1, 10 for user2). During their execution,theproxiescontinuouslyrein-
voke C4.5to learnfrom new dataasit becomesavailable.Theagentproxies
apply the learnedrulesto predictnew actionchoicesasrequired.Figure10
shows that user1’s proxy accuratelypredictsaction choicesafter only 10
meetings,while user2’s proxy doesnot show any improvementin accuracy.
Theproxy for user2 hadfewerdecisionexamplesat its disposal,sowehope
that thesystemwill improve its predictionasmoreexamplesbecomeavail-
able.As for thelearningresultsfor theautonomydecision,user1 waswilling
to give completeautonomyto the proxy, which seemsreasonablegiven the
accuracy of the proxy’s predictions.On the other hand,user2 wantedthe
proxy to confirmits predictionswith him in all cases,whichagainseemsrea-
sonablegiventheinaccuracy of theproxy’s predictionsof hisactionchoices.
Giventheextremenatureof theseuserpreferences,thesystemhadnotrouble
learningthecorrectdecisionexactly.

7. RelatedWork

ThispaperunifiesandextendsourpreviouspublicationsonTeamcore,specif-
ically conferencepublications(Pynadathet al., 1999;Tambeet al., 2000b)
anda magazinearticle (Tambeet al., 2000a).This journalarticleunifiesthe
variouscontentsof thesepreviouspublicationswithin a singleframework. It
alsoprovidesdetailedalgorithmsfor theseparatecomponents,whichwasnot
possiblein thepreviouspublicationsgiventheir spacelimitations.
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Figure 10. Progressof proxy’s learninguser’s preferencesfor choicedecisionduring real
meetingsituations.

Section1 briefly discussesTeamcore’s relationshipwith centralizedinte-
grationarchitecturessuchasOAA (Martin etal., 1999).TheAdaptive Agent
Architecture(AAA) (Kumaret al., 2000)providesa moredistributedexten-
sionto OAA, allowing for teamwork amongthefacilitators.However, AAA
doesnot provide teamwork amongthe agentsthemselves,thus limiting the
robustnessit canguaranteefor theintegratedsystem.Anotherrelatedsystem,
the RETSINA multi-agentinfrastructureframework (Sycaraet al., 1996),
is basedon threedifferent typesof interactingagents:(i) interfaceagents;
(ii) taskagents;and(iii) informationagents.Middle agentsallow thesevar-
ious agentsto locateeachother. This effort appearsquite complementary
to Teamcore.Indeed,asSection4.2 discusses,KARMA canuseRETSINA
middleagentsfor locatingrelevantagents,while infrastructuralteamwork in
TeamcoremayenablethedifferentRETSINA agentsto work in teams.

COLLAGEN (Rich and Sidner, 1997) modelsdialoguebetweena user
andanagent— a form of joint activity — basedon theSharedPlans(Grosz
andKraus,1996b)modelof joint action.COLLAGEN hasbeenpreviously
comparedtoSTEAM,and,likeTeamcore,it providesafairly cleanseparation
betweentheteamwork layerandtheproblem-solvinglayerof theagent.How-
ever, COLLAGENtargetswrappingonly asingleagentfor collaborationwith
auser, sothattheissueof constructingandprogrammingateamof agentsand
humansis not relevant.

OtherthanCOLLAGEN, few otheragentintegrationframeworksexplic-
itly addressthepossibilityof integratingpeoplewithin themultiagentsystem.
Therestof thissectiondescribessomeintegrationframeworksthathavebeen
appliedonly to software agents,but that arestill relevant to our Teamcore
architecture.Tidhar (Tidhar, 1993a;Tidhar, 1993b) usedthe term “team-
orientedprogramming”to describea conceptualframework for specifying
teambehaviors basedon mutualbeliefsandjoint plans,coupledwith orga-
nizationalstructures.This framework forms the basisof an implementation
basedonthedMarsagentarchitecture(Tidharetal.,1998).In Tidhar’s frame-
work, theorganizationalhierarchyensuresthatonly appropriateagents(e.g.,
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teamleaders)fill specificroles offering certainauthorityor privilege. Tid-
har describeshow one can automaticallyunfold teamplansinto plansfor
individualagentscontainingcommunicative actsthatensurerudimentaryco-
ordination.His framework alsoaddressedtheissueof teamselection(Tidhar
et al., 1996) — teamselectionmatchesthe “skills” requiredfor executing
a teamplan againstagentsthat have thoseskills. While many of the fea-
turesof Tidharetal.’sconceptualandimplementedframeworksareimportant
in the context of Teamcore,the critical issueof agentreuse,particularly
involving heterogeneous(non-dMars)agents,is not given much attention.
Thus,proxieswith monitoring,tasking,andplan alterationcapabilitiesand
an agentresourcesmanagersuchasKARMA for locatingagentsarenovel
in our framework. Furthermore,Teamcore’s flexibility of reorganizationand
communicationselectivity (throughSTEAM) doesnotseemto bepartof the
abstractteamlayerof Tidhar’s framework.

Jennings’s GRATE* (Jennings,1995b)work alsousesa teamwork mod-
ule,onethathasbeenpreviouslycomparedto STEAM.GRATE* implements
a model of cooperationbasedon the joint intentionsframework, similarly
usedby STEAM. Eachagenthasits own cooperation level modulethatne-
gotiatesinvolvementin a joint taskandmaintainsinformationaboutits own
and other agents’involvementin joint goals.Regardingthe specific issue
of agentreuse,GRATE* separatesthe teamwork layer from the individual
problem-solvinglayer of an agent.However, Teamcore’s STEAM module
allows teamwork to a deeperlevel than the single joint goal and plan in
GRATE*. Themorecomplex natureof theteamsandteamtasksin Teamcore
hasled us to explicitly focuson team-orientedprogrammingandto explore
several novel issues(e.g., automaticgenerationof monitoring conditions)
that GRATE* doesnot address.STEAM alsoprovidescapabilitiesfor role
substitutionin repairingteamactivity, a capabilitynotavailablein GRATE*.
Furthermore,GRATE* also doesnot addressthe issuesof building team-
orientedprogramsto specify agentorganizationsand KARMA-lik e agent
resourcesmanagerto aid in building andmonitoringsuchprograms.

TheADEPTarchitecturefor modelingbusinessprocesses(Jenningsetal.,
1998)allows a moreflexible, hierarchicalteamorganizationthanGRATE*.
ADEPT consistsof multiple agencies, eachcontaininga responsibleagent,
which handlescommunicationandinteractionwith otheragencies.Various
responsibleagentsmaintaineachagency’s “capabilities”,avoiding theuseof
a centralfacilitator or broker. A task is “contractedout” to an agency that
hasthecapabilitiesto performthattask.As with GRATE*, ADEPTprovides
a fairly cleaninterfacebetweenthe individual task-achieving agentsandthe
sociallevel. However, theADEPT framework doesnot seemto addressthe
issueof agentreusedirectly, althoughthearchitectureitself couldpotentially
incorporateheterogeneousagents.Also, ADEPTdoesnotprovideanexplicit
model of teamwork, suchas that basedon joint plans/intentions;instead,
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thebasisof collaborationseemsmorecloselyrelatedto thenotionof social
commitment(Castelfranchi,1995).

Singhhasproposedanabstractframework for coordinatingheterogeneous
agents(Singh,1997).Singh’s model representsplannedactivity via finite-
stateautomata(abstractingaway theinternalworkingsof theagents),where
transitionsrepresentexternalactionsorevents.Thecoordinationservicemain-
tainsknowledgeof individual agents’actionsaswell astheoverall joint plan
and,uponreceiving a requestto performan action,informs theappropriate
agentsasto whetheranintendedactionshouldbeexecuted,delayed,or omit-
tedsoasto fit with thejoint activity of otheragents.Singh’s modeldoesnot
addressmany of the issuesof teamwork; however, it providesa potentially
usefultool whichcouldaugmentthejoint planframework of Teamcorewith a
languagefor specifyingflexible, coordinatedinteractionsatanabstractlevel.

Like theSTEAM rule modulewithin Teamcore,theCOOL coordination
framework (BarbuceanuandFox, 1996)alsofocuseson general-purposeco-
ordinationby relying on obligationsamongagents.However, it explicitly
rejectsthenotionof joint goalsandjoint commitments.It would appearthat
individual commitmentsin COOL would be inadequatein addressingsome
teamwork phenomena,but further work is necessaryin understandingthe
relationshipbetweenCOOLandTeamcore.

8. Summary

Thetwo applicationdomainstackledin thiswork, aswell asmostotherreal-
world domains,presentuniqueagentintegrationchallengesof heterogeneity
of agents(both software and human),numberof the joint activities, com-
plexity of the properly coordinatedbehavior, etc. While no previous agent
integration architecturehasyet resolved all of thesechallengessimultane-
ously, theTeamcorearchitecturetakesasignificantstepforward.Teamcore’s
successin its two widely disparateapplicationdomainsdemonstratesthe
power andgeneralityof theoverall framework andprovidesstrongevidence
for its underlyinghypotheses.

Theprimary hypothesisbehindtheTeamcorearchitectureanda key les-
sonlearnedfrom its successis thatanagentintegrationinfrastructurebased
on soundprinciplesof agentcoordinationcanautomaterobust coordination
amongdistributed,heterogeneousagents.TheTeamcoreproxies’ teamwork
modelprovedsufficient in enablingrobustcoordinationamongtheagentsin
both domains.The proxies’ ability to reusethe samegeneral-purposerules
to accomplishthis robustness,despitethe vastdifferencesbetweenthe two
domains,demonstratestheeffectivenessof this teamwork knowledge.

In addition,by using the separateTeamcoreproxiesto perform the co-
ordination,we areableto incorporatethedomainagentswithout modifying
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them.This is especiallyimportant in an openenvironment,whereour ac-
cessto the internalsof the agentsis often minimal. It is also difficult (or
at leastundesirable)to modify the internalsof humans.Thus, the proxies’
teamwork knowledgesucceededin coordinatingagentsthatwereessentially
black boxes and that spannedthe entire rangeof coordinationcapabilities,
from theteam-readyhumansto thesoftwareagentscompletelyincapableof
coordination.

Teamwork alsoprovidesausefullayerof abstractionfor coordinatinghet-
erogeneousagents.As describedin Section4, oncetheagentsbecomegood
teamplayers(throughtheir proxies),we are free to designat the level of
team-orientedprogramming.We have constructedorganizationsusingteam
membersthatcoveredthespectrumof agenthood,from databasescapableof
answeringKQML queries,to peoplecapableof multiple, paralleltasksand
modesof interaction.Fortunately, in designingtheseorganizations,onecan
ignorethedetailsabouttheagentsthemselves.Thedeveloperinsteadthinks
in termsof relevant joint activities: which agentsareworking together, what
is thetaskthey areperforming,andwho playswhatroles.Theproxiesmake
the abstractspecificationof thesejoint activities operationalby usingtheir
teamwork modelto fill in thedetailsaboutwhatandwhenmessageswould
actuallygo amongtheagents.

Teamwork providesa soundbasisfor a coordinationarchitecture,but it
is important that the teamwork be flexible, to maximizethe architecture’s
applicabilityacrossmultipledomains.For instance,in theevacuationdomain,
where the domainagentshad no coordinationknowledge themselves, the
Teamcoreproxieswerecompletelyresponsiblefor synchronizingtheactions
of theagents.Theproxieswould thenbesureto communicatebeforeinitiat-
ing critical planswhenmiscoordinatedexecutionamongthevariousdomain
agentswas sufficiently likely and costly. On the other hand,in the human
collaborationdomain,the domainagentsare peoplewho are alreadyvery
capableof coordinatingthemselves.Thus,therewaslessof a burdenon the
Teamcoreproxiesto synchronizecertainteamplans,which thenhada low
costof miscoordinatedexecutionin theteam-orientedprogram.

In addition to flexibility in coordinationspecification,the coordination
architecturemustprovideflexibility in execution.Anotherkey lessonlearned
from Teamcore’s successis thatadaptive capabilitiesprovideanecessaryde-
greeof robustnesswhen facedwith dynamic,heterogeneousagentswe do
not completelyknow a priori. Without this adaptation,the proxieswould
not have beenable to properly operateon behalf of the diversemembers
of our researchgroup or in the faceof the dynamicagentperformancein
the evacuationdomain.The Teamcorearchitecturedemonstratedthe value
of its flexibility in successfullysupportingthe two vastly differentdomains
describedin thispaper.
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In conclusion,the Teamcorearchitectureprovidesa novel meansfor in-
tegratingdistributed,heterogeneoussoftwareagentsandhumans.Its useof
ageneral-purposeteamwork modelsupportsabstractspecificationof coordi-
nationbehavior, robust executionof that behavior, andadaptationto world
dynamicsandheterogeneity. In addition, the proxy-basedarchitecturesup-
portscoordinationin an openenvironmentwhereagentmodificationsmay
not alwaysbepossible.The successof theTeamcorearchitecturein its two
applicationdomainsencouragesusto continueexpandingits capabilitiesand
applications.We will continuerunning the proxiesfor the humancollabo-
ration domain,but we also plan to expandthe numberand typesof team
activities that they manage.We also plan to integrate more and more of
our fellow researchers,aswell asadditionalsoftwareagents,into the agent
organization.As the sizeandcomplexity of the organizationgrows, the ar-
chitecturewill have to addressnew issuesderiving from this scale-up(e.g.,
conflictsbetweenteamactivities). We believe that thearchitecture’s success
will extendto many morereal-world domainsaswell, providing a powerful
framework for agentintegrationbeyondthatcurrentlypossiblewith existing
technology.
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Appendix

A. DetailedTEAMCORE Specification

The pseudo-codedescribedbelow follows the descriptionof STEAM pro-
vided in this article. It is basedon executionof hierarchicalteamreactive
plans(asspecifiedin ateam-orientedprogram).All reactive-plansin thehier-
archyexecutein parallel,andhencethe“in parallel”construct.Thecomments
in the pseudocodeareenclosedin /* */. The terminologyis first described
below, to clarify thepseudo-code.

� Execute-Team-Oriented-Program(α, Θ, C, { ρ1, ρ2,...,ρn}) denotesthe
executionof a teamreactive-planα, by a teamΘ, given thecontext of
thecurrentintentionhierarchyC, andwith parametersρ1, ρ2...ρn.

� [α]Θ denotestheteamΘ’s joint intentionto executeα.
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� EU denotescomputationto determineexpectedutility of anaction,e.g.,
communicationaction.

� status([α]Θ, STATUS-OF-α) denotesthe statusof the joint intention
[α]Θ, whetherit is mutually believed to be achieved, unachievable or
irrelevant.

� satisfies(Achievement-conditions(α), f) denotesthat the fact f satisfies
the achievementconditionsof the teamreactive-planα; similarly with
respectto unachievability andirrelevancy conditions.

� Communicate(terminate-jpg(α), f,Θ) denotescommunicationto theteam
Θ to terminateΘ’s joint commitmentto α, dueto thefactf.

� Update-state(team-state(Θ), f) denotesthe updatingof the teamstate
of Θ with thefactf.

� Update-status([α]Θ ) denotesthe updatingof the teamreactive-planα
with its currentstatusof achievement,unachievability or irrelevancy.

� Agent(α) is theindividual agentor teamexecutingreactive-planα.

� actions(α) denotetheactionsof thereactive-planα.

� teamtype(ψ) is a test of whetherthe agentψ is a team or just one
individual.

� self(ψ) is a testof whethertheagentψ denotesself.

� agent-status-change(µ) denoteschangein the role performancecapa-
bility of agentor subteamµ.

� Execute-individual-reactive-plan(ψ, self,C, { ρ1, ρ2,...,ρn}) denotesthe
executionof an individual reactive-planψ by self, given thecontext of
thecurrentintentionhierarchyC, andwith parametersρ1, ρ2...ρn.

� Execute-reactive-plan-to-send-task(ψ, self, C, { ρ1, ρ2,...,ρn}) denotes
theexecutionof anindividual reactive-planψ by self,giventhecontext
of thecurrentintentionhierarchyC, andwith parametersρ1, ρ2...ρn, to
senda taskto thedomain-level agent.

� Execute-reactive-plan-to-send-monitoring-conditions(ψ, self,C, {Achievement-
conditions(α), Unachievability-conditions(α), Irrelevance-conditions(α)})
denotestheexecutionof anindividual reactive-planψ by self,giventhe
context of thecurrentintentionhierarchyC, andwith parametersof the
terminationconditionsof α, to sendall the terminationconditionsas
monitoringconditionsto thedomain-level agent.
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A.1. TEAM-ORIENTED PROGRAM EXECUTION

Execute-Team-Oriented-Program(α, Θ, C, { ρ1, ρ2,...,ρn})
{

1. Is EU(communicate)> EU (not-communicate)executeestablishjoint commit-
mentprotocol;

2. establishjoint-intention[α]Θ;

3. WhileNOT(status([α]Θ, Achieved) � status([α]Θ, Unachievable) � status([α]Θ,
Irr elevant)) Do
{

a) Execute-reactive-plan-to-send-monitoring-conditions(βi, self, α/C, C, {Achievement-
conditions(α), Unachievability-conditions(α), Irrelevance-conditions(α)})

b) Execute-reactive-plan-to-receive-monitoring-results(βi, self, α/C, ρ1...);

c) if (satisfies(Achievement-conditions(α), f) � satisfies(Unachievability-conditions(α),
f) � satisfies(Irrelevance-conditions(α), f))
/* Thisis thecasewherefactf obtainedby receiving monitoringresultsfrom
domainagent
is foundto satisfytheterminationconditionof α. */

{

i) if EU(communicate)> EU(not-communicate)propose-reactive-planCommunicate(terminate-
jpg(α), f, Θ) with high priority;

ii) if no otherhigherpriority reactive-plan,in parallel
Execute-individual-reactive-plan(Communicate(terminate-jpg(α), f, Θ),
self, α/C, { ρ1, ρ2,...});

iii) Update-state(team-state(Θ), f);

iv) Update-status([α]Θ);

}

d) if agent-status-change(µ), whereµ 
 Θ
{

i) Evaluaterole-monitoringconstraints;

ii) if role-monitoringconstraintfailurecf suchthat(satisfies(Unachievability-
conditions(α), cf) thenupdate-status([α]Θ);

}

e) if receivecommunicationof terminate-jpg(α) andfactf
{
if (satisfies(Achievement-conditions(α), f) � satisfies(Unachievability-conditions(α),
f) � satisfies(Irrelevance-conditions(α), f))
{
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i) Update-state(team-state(Θ), f);

ii) Update-status([α]Θ);

}
}

f) Update-state(team-state(Θ), actions(α));
/* executedomain-specificactionsto modify teamstateof Θ */

g) if childrenreactive-planβ1,β2,...βn of α proposedascandidates
{

i) βi � select-best{β1...βn};

ii) if (teamtype(Agent(βi)) � (Θ = Agent(βi))) thenin parallel
Execute-Team-Oriented-Program(βi, Θ, α/C, { ρ1,ρ2...});

iii) if (teamtype(Agent(βi)) � (Agent(βi)) � Θ) thenin parallel
{

A) Execute-Team-Oriented-Program(βi, Agent(βi), α/C, { ρ1,ρ2...});

B) Instantiaterole-monitoringconstraints;

}

iv) if self(Agent(βi)) thenin parallel
{

A) Execute-reactive-plan-to-send-task(βi, self, α/C, ρ1...);

B) Instantiaterole-monitoringconstraints;

}

}

} /* Endwhile statementin 4 */

4. terminatejoint intention[α]Θ; /* Terminatingthis joint intentionalsoleadsto
terminationof childrenintentions,anda messagebeingsentto domainagentto
terminateany activities initiateddueto this teamplan*/

5. if status([α]Θ, Unachievable)
{
if (α != Repair) /* If α is not itself Repair*/
{
Execute-Team-Oriented-Program(Repair,Θ, C, { α, cause-of-unachievability,...})
/* Repair enablesrecovery by substitutionof anotherteam member, for in-
stance.Cause-of-unachievability, passedasa parameterto Repair, mayberole-
monitoringconstraintviolation asin case4b, or thedomain-specificunachiev-
ability conditions.*/
} else{
Execute-Team-Oriented-Program(Complete-Failure,Θ, C, { α, cause-of-unachievability,...})
/* If Repairis itself unachievable,complete-failureresults*/
}
}
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} /* endprocedureexecute-Team-Oriented-Program*/

B. STEAM SampleRules

The samplerules describedbelow follow the descriptionof STEAM pro-
vided in this article,andessentiallyhelp encodethe algorithmdescribedin
AppendixA. The rules,aswith the algorithmin AppendixA, arebasedon
executionof hierarchicalreactive-plans,or reactive plans.While the sam-
ple rulesbelow aredescribedin simplified if-then form, theactualrulesare
encodedin Soar.

SAMPLE:RULE:CREATE-COMMUNICA TIVE-GO AL-ON-A CHIEVED
/* This rule focusesongeneratingacommunicativegoal
if anagent’sprivatestatecontainsa belief thatsatisfies
theachievementconditionof a teamreactive-plan[OP]Θ. */
IF

agentνi’ s privatestatecontainsa factF
AND

factF matchesanachievementconditionAC
of a teamreactive-plan[OP]Θ

AND
factF is notcurrentlymutuallybelieved

AND
a communicativegoalfor F is not alreadygenerated

THEN
createpossiblecommunicativegoalCGto communicatefactF to
teamΘ to terminate[OP]Θ.

SAMPLE:RULE:CREATE-COMMUNICA TIVE-GO AL-ON-UN ACHIEVABLE
/* This rule is similar to theoneabove.*/
IF

agentνi’ s privatestatecontainsa factF
AND

factF matchesanunachievability conditionUC
of a teamreactive-plan[OP]Θ

AND
factF is notcurrentlymutuallybelieved

AND
a communicativegoalfor F is not alreadygenerated

THEN
createpossiblecommunicativegoalCGto communicatefactF to
teamΘ to terminate[OP]Θ.

SAMPLE:RULE:DECISION-ON-COMMUNICA TION
/* This rule makesthecommunicationdecision.*/
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IF
CG is a possiblecommunicativegoalto communicatefactF to
teamΘ to terminate[OP]Θ

AND
Estimatedvalueof non-communicationfor CG is medium

AND
Estimatedvalueof communicationfor CG is low

THEN
postCGasa communicativegoalto communicatefactF to team
Θ to terminate[OP]Θ

SAMPLE:RULE:MONIT OR-UNACHIEVABILITY :AND-COMBIN ATION
/* This rule checksfor unachievability of role-monitoring
constraintsinvolving anAND-combination.*/
IF

A currentjoint intention[OP]Θ involvesanAND-combination
AND

νi is a memberperformingrole to executesub-reactive-planop
AND

no othermemberνj is alsoperformingrole to execute
sub-reactive-planop

AND
νi cannotperformrole

THEN
Currentjoint intention[OP]Θ is unachievable,dueto acritical role
failureof νi in performingop
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