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Abstract. Agentintegrationarchitecturegnablea heterogeneouslistributed setof agents
to work togetherto addresgproblemsof greatercompleity thanthoseaddressetyy the indi-
vidual agentghemseles. Unfortunately integrating softwareagentsandhumansto perform
real-world tasksin a large-scalesystemremainsdifficult, especiallydueto threemain chal-
lengesensuringobustexecutionin thefaceof adynamicenvironment,providing abstractask
specificationsvithoutall thelow-level coordinatiordetails,andfinding appropriateagentdor
inclusionin theoverall systemTo addresshesechallengespur Teamcorgorojectprovidesthe
integrationarchitecturewith general-purposéeeamvork coordinationcapabilities.We malke
eachagentteam-eadyby providing it with a proxy capableof generateamvork reasoning.
Thus,akey novelty andstrengthof our framework is that powerful teamwvork capabilitiesare
built into its foundationsby providing the proxiesthemseleswith ateamwork model.

Given this teamwvork model, the Teamcoreproxiesaddressethe first agentintegration
challenge robust execution, by automaticallygeneratingthe requiredcoordinationactions
for the agentsthey representWe can also exploit the proxies’ reusablegeneralteamwork
knowledgeto addresghe secondagentintegration challenge.Throughteam-orientedpro-
gramming adeveloperspecifieshierarchicabrganizatiorandits goalsandplans,abstracting
away from coordinatiordetails.Finally, KARMA, ourKnowledgeabléAgentResourceMan-
agerAssistant,canaid the developerin conqueringthe third agentintegration challengeby
locating agentsthat matchthe specifiedorganization$ requirementsOur integration archi-
tectureenableseamvork amongagentswith no coordinationcapabilities,andit establishes
andautomategonsistenteamwrk amongagentsvith somecoordinationcapabilitiesThus,
team-orienteghrogrammingprovidesalevel of abstractiorthatcanbeusedon top of previous
approachego agent-orientegrrogrammingWe illustratehow the Teamcorearchitecturesuc-
cessfullyaddressethe challenge®f agentintegrationin two applicationdomains:simulated
rehearsabf a military evacuationmissionandfacilitation of humancollaboration.
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1. Intr oduction

An increasingnumberof agent-basedystemsnow operatein complex dy-
namicervironmentssuchasdisasterescuamissionsmonitoring/sureillance
tasks,enterprisantegration,and education/trainig ervironments.With this
increasingpopulationof available agentswe can expect anotherpowerful
trend: the reuseof specializedagentsas standardizedbuilding blocks for
large-scalesystemgHuhnsand Singh, 1998; Jennings,1999; Hendlerand
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Metzeger, 1999). This predictionis basedon two obserations. First, de-
veloperscontinueto constructsoftware systemsout of everlarger reusable
componentstatherthanasmonoliths(Szyperski1999). Thereuseof agents
ascomponentss the next logical step— enablinga richerreusemechanism
than component-wre or applicationframewvorks (Jennings,1999). Second,
thereis the alreadygrowing trend of integration of agentcomponentsn
cooperatie information systems networked embeddedsystems,and other
softwaresystemgHuhns,1999;HuhnsandSingh,1998;Sycaraetal., 1996).

Systendesignerganintegratethesesxistingagentgo construchewy multi-
agentsystemscapableof solving problemsof greatercompleity thanthose
addressedy the individual agentsthemseles. Agent integration architec-
turesenablea heterogeneousljstributedsetof agentso work togethetto ad-
dresssuchlarge-scalegproblems . Suchintegrationarchitecturegacean ever
increasingvariety of availableagentsln addition,astheseagentamove into
moreandmoredomainsthatrequirehumaninteraction theseintegrationar
chitecturesnustalsotacklethecoordinatiorof peoplewho exhibit adiversity
andcompleity beyondthatof evensoftwareagents.

Unfortunately integrating agentsto performreal-world tasksin a large-
scalesystemremainsdifficult. Thereare at leastthreekey challengeghat
agentintegrationarchitecturegace.First, it is difficult to ensurerobust and
flexible executionof thedesiredasksIn additionto therisk of failuresamong
individual agents,an integrated systemalso runs the risk of coordination
breakdavns,dueto (for instancepneagents lackingkey informationknown
to the others.However, in anopenenvironment,we cannotexpectagentso
comeready-madeo avoid suchbreakdavns. Furthermoregvenif anagents
capableof propercoordination(asis the casewith people),it is oftenprefer
ablefor the architectureto take on someof this burdenand free the agent
or personto directits resourcego its individual tasks.Second,in general,
building anintegratedsystemto accomplishrobust executioncanrequirea
potentially large numberof coordinationplansto cover all of the low-level
coordinationdetails.This problemis further exacerbatedvhenthe designer
mustcreatenew plansfor eachnew systemwiddaskor setof agentsThird,
it is often difficult to locateand recruit relevant agentsfor integrationin a
distributed,openenvironment.Thereareotherchallengesswell (e.g.,agent
communicatiorlanguages)ut this articlefocuseson thethreelisted here.

We begin with a discussiorof the coordinationchallengen agentintegra-
tion. To addresghis challenge our architecturecalled Teamcoré, focuses
on general-purposéeamvork capabilities.Existing theoriesof teamvork,
suchasjoint intentions(CohenandLevesque;1991)andSharedPlangGrosz
and Kraus, 1996a),provide an analyticalframework for designingcoordi-

1 Teamcoralerivesits namefrom its encapsulationf “core teamreasoning’asdiscussed
later.
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nation behaior with strong guaranteesThis researchaid the theoretical
groundvork for implementedsystemgshat demonstratethe real-world util-
ity of teamwvork in designingrobust organizationsof agentsthat coordinate
amongstthemseles (Tambeet al., 1999; Tambe,1997; Jennings,1995a).
Basedon thesesuccessfulapplicationsof teamwvork to closed multiagent
systemsthekey hypothesidvehindTeamcorés thatteamwork amongagents
canenhanceobust executioneven amongheterogeneouagentsin anopen
ervironment.No matterhow diversethe agentsmay be, if they actasteam
membersthenwe canexpectthemto actresponsiblytowardseachother to
cover for eachothers executionfailures,andto exchangekey information.

Therefore,our integration architectureis foundedon powerful in-built
teamwvork capabilities Essentiallythearchitectureenablegeamwork among
agentswith no coordinationcapabilities,and it establishesand automates
consistenteamwork amongagentswith somecoordinationcapabilities, by
providing themwith a proxy capableof generalteamvork reasoningEach
proxy containsa generatteamwork modelfor suchreasoningwhich it uses
to provide consistentteam readinessto the heterogeneouagentit repre-
sents.Sinceteammembersbehae responsiblytowardseachother a team
formedusingsuchproxiescanachieve its goalsrobustly, with agentsauto-
matically covering for failed teammatessupplyingkey informationto help
eachother etc. The novelty of our architecturestemsfrom thesein-built
teamwvork capabilitiesthat provide the requiredrobustnessandflexibility in
agentintegration, without requiring modificationof the agentsthemseles.
This contrastswith other architecturessuchas OAA (Matrtin et al., 1999)
that provide centralizedfacilitators,but requirethe hand-generatedddition
of suchteamwork capabilitiesto the agentsdeingintegrated.Thedistributed
natureof Teamcorealsoavoidsary centralizedottlenecksandcentralpoints
of failure.

We have implementedur TeamcorearchitecturaisingSTEAM (Tambe,
1997)astheproxies'teamvork model. STEAM providesareusablegeneral-
purposgeamwork modulethatencapsulateseasoningaboutcommonteam-
work coordination,including contingenciesn such coordination.STEAM
hasalreadyproven effective in multiple coordinationdomainssoit formsa
naturalbasisfor providing normatve teamwvork capabilitiesn themoreopen,
heterogeneousrvironmentsthat TeamcoreaddressesGiven the STEAM
module,the Teamcoreproxies automaticallygeneratethe requiredcoordi-
nation actionsin executingtheir tasks.They communicateamongstthem-
selesto ensurecoherentexecutionof the tasksandto disseminateelevant
informationto the appropriatdéeammembers.

Beyondtheformsof failurescoveredby theirteamwork model,the Team-
core proxies must also handleother threateningcontingencieqe.g., small
changesn agents'responsdimesduringarun). To addressuchcontingen-
cies, the Teamcoreproxiesadaptto the needsand performanceof specific
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individual agentsTeamcores teamwork knowledgeprovidesa critical foun-
dationfor this adaptationpy providing a layer of abstractiorthat structures
the learning process— learning coordinationknowledge from scratchfor
eachandevery possiblecontingeny is very expensve in general Currently
the proxiesadaptin two differentwaysto the agentsthey representFirst,
agentsvary in the degreeto which they canperformtheir own coordination
actions.EachTeamcoreproxy musthave adjustableautonomyandadaptits
level of decision-makingautonomyin its teamactvities, so that it defers
theappropriatadecisiongo the humanor agentit representsSecondgduring
runtimein adynamicervironment,anagents performancenaydeviatefrom
its normalbehaior (e.g.,anagents responsdime suddenlygrows longer).
For robust executionof the overall task, the proxies can perform dynamic
plan alteration, to adaptto the currentperformancef the agentsnvolved.

Becausdhe Teamcoregoroxiesautomaticallygeneratehe requiredcoor
dination actionsin executingtheir plans,they shieldthe humandeveloper
from the secondagentintegration challengeof generatingall of the low-
level coordinationdetailsby hand.With the Teamcorearchitecturewe can
exploit the proxies’ reusablegeneralteamvork knowledgeto supportab-
stractplanspecificatiorthroughteam-orientegorogramming Throughteam-
orientedprogramminga developerspecifiesa hierarchicalorganizationand
its goalsandplans,abstractingway from coordinatiordetails KARMA, our
KnowledgeablédAgentResourcetManagerAssistantcanaid thedeveloperin
conqueringhethird agentntegrationchallengeby locatingagentghatmatch
thespecifiedorganizations requirementsindassistingn allocatingorganiza-
tional rolesto theseagents.Team-orientegorogrammingprovidesa level of
abstractiorthatcanbe usedon top of previous approacheto agent-oriented
programming(Shoham1993).

Section2 motivatesthe requirementgor agentintegrationby describing
the two multiagentdomainsto which we have appliedthe Teamcorearchi-
tecture.Section3 describeshe coordinationcapabilitiesof the Teamcore
proxies and how they enforcerobust execution. Section4 describeshow
a software developer can designa multiagentorganizationthrough team-
orientedprogramming.Section5 describesTeamcores various degreesof
adaptvity. Section6 evaluatesour framewvork’s ability to addresghe inte-
grationchallengegpresentedy the two domains.Section7 comparesther
agentintegrationarchitectureselatedto TeamcoreSection8 summarizeshe
contritutionsof thework presentedhere.

2. Motivation

This paperdescribesillustrates,anddiscusseshe Teamcordramenork us-
ing two concreteexamples— evacuationof civilians strandedn 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 the goalis anintegratedsystemfor simulatedmis-
sionrehearsabf the evacuationof civilians from a threatenedocation.The
systemmustenablea humancommandeto interactvely provide locations
of the strandedcivilians, safeareasfor evacuation,andotherkey points.A
setof simulatedhelicoptershouldfly a coordinatednissionto evacuatethe
civilians. The integratedsystemmustplan routesto avoid known obstacles,
dynamicallyobtaininformationaboutenemythreatsandchangeouteswhen
neededThefollowing agentsvereavailable:

— Quickset: (from P. Cohenetal., Oregon Graduatdnstitute)Multimodal
commandnputagentdC++, Windows NT] (Cohenetal., 1997)

— Routeplanner: (from Sycaraetal., Carngyie-MellonUniversity)Retsina
pathplannerfor aircraft[C++, Windows NT] (Sycaraetal., 1996)

— Avriadne: (from Minton etal., USCInformationSciencesnstitute)Database

enginefor dynamicthreatdLisp, Unix] (Knoblocketal., 1998)

— Helicopter pilots: (from Tambe,USC Information Sciencednstitute)
Pilot agentdor simulatedhelicopterdSoar Unix]

As this list illustrates the agentsaredevelopedby differentresearchgroups,
they arewritten in differentlanguagesthey run on differentoperatingsys-
tems,they may be distributed geographicallye.g.,on machinesat different
universities),andthey have no pre-eistingteamworkcapabilities Thereare
actually 11 agentsoverall, including the Ariadne, route-plannerQuickset,
and eight different helicopters(somefor transport,somefor escort).These
agentsprovided a fixed specificationof possiblecommunicationand task
capabilities.Thus,the challengdn this domainliesin gettingthis diverseset
of distributedagentso work togetherwithout directly modifying the agents
themseles.

2.2. APPLICATION 2: ASSISTING HUMAN COLLABORATION

We have alsoappliedTeamcordo assisthumancollaborationin ourresearch
teamby automatingmary of ourroutinecoordinationtasks.Here,theagents
to beintegratedare memberf our researckgroup. The proxiesknow their
users’scheduledneetings(by monitoringtheir calendarshndtheir where-
abouts(e.g.,whetherthey areworking at their workstations) The Teamcore
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Figure 1. PDA (Palm VII) with GPSdevice and WAP-enabledcellular phonefor wireless,
handhelccommunicatiorbetweerproxy anduser

proxiesmustthenassistin robust executionof teamactities suchasmeet-
ings. For example,if a useris still working at his/her workstationat the
time of the meeting(e.qg.,to finish a paper),othersshouldbe automatically
informedof an appropriatemeetingdelay The overall systemmustalsoas-
sign peopleto roleswithin teamactities (e.g.,selectingsomeondo give a
presentatiomt aweeklyresearclgroupmeeting).

Thissystenfaceghedauntingchallenge®f theusers’heterogeneitye.g.,
differentpresentatiorcapabilitiesfor differenttopics)andthelarger scaleof
theteamactvities (e.g.,eachpersonis a memberof multiple subgroupsand
hasmultiple meetings).In addition, the systemcannotsimply assigntasks
for people,asit would the software agentsof the evacuationdomain.The
systemmustalso provide reliable communicatiorwith the usersto perform
thesecoordinationtasks.One interactionmechanisnavailableis the useof
dialog boxes on the users workstationdisplay Within our researchgroup,
five membersurrentlyhave PDAs or WAP-enabledctcellular phoneghatthe
systemcanalsoexploit for interactionslin addition,the PDA canalsopro-
vide locationinformationif connectedo a GlobalPositioningSystem(GPS)
device (asin Figurel). As afinal meansof communicationa proxy cansend
emailto a projectassistanbr someotherthird partywho cancontactheuser
directlyto passonthemessage.

Sincetheinitial submissiorof this article,thisdomainhasevolvedinto the
“Electric Elves” domain(Scerrietal., 2001;Chalupsk etal., 2001)andhas

beerreportedn thepopulampressaswell (USA Today http://www.usatodayxom).

3. Teamcore: Robust Execution of TeamPlans

Figure 2 shaws the overall Teamcoreframavork for building agentorga-
nizations.The numberedarrons shav the typical stagesof interactionsin
this systemln stagel, humandevelopersinteractwith ateam-orientegbro-
gramminginterface(TOPI) to specifyateam-orientegrogram consistingof
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Figure 2. Teamcordramewvork: Teamcoregroxiesfor heterogeneoudomainagents.

anorganizationandits teamplans. TOPI communicateshis specificationto

KARMA in stage2. In stage3, KARMA derivestherequirementdor roles
in the organization,and searchegor agentswith relevant expertise(called
domainagentsin Figure 2). To this end, KARMA queriesdifferentmiddle
agentswhite pages(Agent Naming Service),etc. Onceit haslocatedthese
domainagents, KARMA further assistsa developerin assigningagentsto

organizationatoles.

Having thusfully definedateam-orienteghrogramthedevelopedaunches
the Teamcorgroxiesthatjointly executetheteamplansof theteam-oriented
program.To performthe coordinatiomecessarjor this execution,the prox-
iesbroadcasinformationamongthemselesvia multiple broadcashets(stage
4). TheTeamcorgroxiesexecutetheteamplansand,in the processalsogen-
eratespecificrequestandprocesshe repliesof their domainagents(stage
5). KARMA alsoearesdropsn the variousbroadcast$o monitorthe Team-
coreproxies’ progresgqstage6), which it displaysto the softwaredeveloper
for delugging purposesAll communicationamongTeamcoreproxies,be-
tweena domainagentand its Teamcoreproxy, and betweena Teamcore
proxy and KARMA currently occursvia the KQML agentcommunication
languagdFinin etal., 1994).

To ensurerobust execution,the Teamcorearchitecturdransformsagents
of all typesinto a setof consistenteamplayers.As describedn Sectionl
andasillustratedin Figure2, we achieve thisteamreadineseamongheteroge-
neousagentsy providing eachagentwith a Teamcorgroxy. Thedistributed
Teamcoreproxies,basedon the Soar (Newell, 1990) rule-basedntegrated
agentarchitecture gxecutetheir joint plansin a distributed fashionandco-
ordinateas a teamduring this execution.Section3.1 describeghe contents
of the STEAM modulethatencodeghe definition of teamreadinesshatthe
Teamcoreproxiesusein coordination.Section3.2 describesow the Team-
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coreproxiesapplythis definitionin coordinatingthe actionsof theirdomain
agents.

3.1. STEAM: MAKING HETEROGENEOUS AGENTS TEAM READY

Eachproxy containghe STEAM domain-independem¢amvork module re-
sponsiblefor Teamcores teamvork reasoning(Tambeet al., 1999; Tambe,
1997).The STEAM algorithmis specifiedn detailin AppendixA. We have
implementedhe algorithm using productionrulesin Soar(Newell, 1990),
with examplesshavn in Appendix B. Implementationf the algorithmin

otherarchitecturesirealsopossible We cancateyorizetherulesasproviding

threedifferenttypesof high-level functionality asdiscussedbelon:

Coherencepresewring rulesrequireteammemberdo communicatavith each
otherto ensurecoherentnitiation andterminationof teamplans.Coher
entinitiation ensureghatall memberof theteambegin joint execution
of thesameteamplanat the sametime. Thereforetheserulespreventa
helicopterfrom flying to its destinatiorbeforeall the othermembersof
its flight teamarereadyto begin aswell. Coherenterminationrequires
thatateammembeilinform othersif it uncoverscrucialinformation.We
define“crucial information” asary conditionthatindicateghattheteam
planis achieved,unachigable,or irrelevant. For instancetherulespre-
scribethatanyonewho is goingto belatefor a meetingmustnotify the
otherattendeessincetheachievability of themeetingis now threatened.

Monitor and repair rulesensurethatteammemberanale an effort to ob-
sene the performanceof their teammatesin caseary of themshould
fail. If acritical teammember(or subteamshouldfail, we ensurethat
a capableteammember(or subteam}akes over the role of the failed
agent.For instance,the presenterat a researchgroup meetinghasa
critical role with respecto the correspondingeamplan, sincewithout
apresenterthe meetingwill fail. Therefore theserulesspecifythatthe
teamcontinuouslymonitor the presentes ability to fulfill this role. If
the presenteis unableto attend,theserulesrequirethat the teamfind
someother capableteammemberto stepin and give the presentation
instead.

Selectvity-in-communication rulesusedecisiontheoryto weighcommuni-
cationcostsandbenefitsto avoid excessie communicatiorin theteam.
We thusensurdghattheteamperformscoordinatioractionswhosevalue
in achiving coherentbehaior outweighsthe costof communication.
For instance,in the evacuationdomain,communicationis moderately
expensve, due to the risk of enemyeaesdropping.Therefore,these
ruleswould prescribecommunicatioronly whenthereis a sufficiently
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high likelihood and costof miscoordination(e.g.,transporthelicopters
arriving atrendezouspointatadifferenttime from their escorts)Com-
municationis muchlesscostlyin thehumancollaboratiordomain;how-
ever, thelikelihoodof miscoordinations alsomuchlower, sincethe hu-
manteammembergperformsomecoordinationactionsthemseles.For
instancetheruleswould notrequirecommunicationio initiateameeting
plan,sinceall of theattendeebave alreadyenteredhe meetingnto their
calendamprogramsOn the otherhand,therulesdo requirecommunica-
tion if anattendeds unableto arrive on time, sincethe otherattendees
areunlikely to know thisinformationwithoutary communication.

STEAM’s 300 Soarrulesareavailablein the public domainandhave proven
successfuin severaldifferentdomainsreportedn theliterature.The novelty
in the currentwork lies in the extensiongo STEAM thatenablethe applica-
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 the domainagents knowledgebase which is often difficult (if not
impossible}to implementin anopen heterogeneousvironment.By placing
STEAM’'steamvork knowledge(rules)in a separatd eamcorgroxy, we no
longer needto modify codein the domainagent.However, the Teamcore
proxy mustnow containan interface modulefor communicationwith the
domainagent,as illustratedin Figure 32. In particular the STEAM rules
enablghe Teamcorgroxiesto automaticallycommunicatavith eachotherto
maintainteamcoherencandrecorer from memberfailures.In contrastthe
interfacemoduleenablesa Teamcorgproxy to communicatevith its domain
agent,by translatingthe stateof the teams executioninto individual tasks
andmonitoringrequests.

TheTeamcorgroxy generatetaskrequestsccordingo theroleassigned
to its correspondinglomainagentin the organization.If the overall stateof
the teams executionrequiresthata domainagentnow performa particular
task, its Teamcoreproxy generateghe appropriaterequestmessagebased
on the domainagents interface specificationand the proxy’s knowledge of
the stateof the teamplan. The proxy’s adherencdo the STEAM rulesen-
suresthatits beliefsaboutthe stateof the teamplan agreewith thoseof its
teammatesThus, the proxy is surethat its domainagentwill performthe
requestedaskin synchronizatiorwith its teammatesThe domainagentcan
then procesghe resultingtask requestwithout necessariljbeing burdened
with understandinghe largerteamcontext.

2 Section 4 provides more details about the contentsof the team-orientedprogram
componenbf the proxy.
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Figure 3. Reasoningomponent®f a Teamcoreroxy andinteractionswith domainagent.

Thedomainagentreturnsary resultit mayproduceo its Teamcorgroxy.
The proxy may thencommunicatethe resultto its teammatesas mandated
by STEAM's coherence-preséng rules.Again, the domainagentneednot
know arnything aboutthe overall teamcontext. In the caseof a simpleagent
that providesresponseso a fixed setof queries,it seesonly arequestrom
its Teamcoregoroxy thatit processeandresponddo, justasit would for ary
otherindividual client. However, theresultof thedomainagents actionsstill
producethedesiredeamwideeffects,sincethe Teamcoreroxy forwardsthe
resultto thoseteammateso whomthe new informationis relevant.

The Teamcoregproxiesgenerateanonitoringrequestsn a similar fashion,
exceptthat multiple teammemberamay performthe samemonitoring task
without regardto ary assignedoleswithin the organization.Thus, multiple
proxies may sendrequestdo their correspondingdomainagentsfor more
robust monitoring. One key interestingissuein this architectureis that it
is often the domainagent,and not the Teamcoreproxy, that hasaccesso
informationrelevantto the achievement,irrelevance,and unachieability of
theteamplans(e.g.,aninformation-gatheringgentcansearcha databaséor
known threatsto ateamof helicopters)Yet, only the Teamcorgroxy knows
the currentteamplans, so the domainagentmay not knowv what obsera-
tions arerelevant (e.g., threatsto the helicoptersarerelevant), necessitating
communicatioraboutmonitoring.For eachteamplan,the Teamcoreproxies
alreadymaintaintheterminationconditions— conditionsthatmake theteam
planachiered, irrelevant, or unachigable. EachTeamcoreproxy alsomain-
tainsa specificatiorof whatits domainagentcanobsene. Thus,if adomain
agentcanobsere conditionsthatreflectthe achiazement,irrelevance,or un-
achievability of ateamplan,thenthe Teamcoregroxy automaticallyrequests
it to monitorary changen thoseconditions.Theresponsdrom the domain
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agentmay be communicatedvith otherTeamcoregroxies,throughthe usual
STEAM procedures.

The Teamcoreproxiescansimilarly translateSTEAM’s monitor andre-
pair rules into appropriatemessagegor the domain agents.For instance,
in the humancollaborationdomain,eachproxy monitorsits users ability
to attendthe meetingon time, perhapsaskingthe userdirectly. If the user
respondghat 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 the meetingplan (e.g.,s/heis the presenter)then
theteammustrepairtheplanbeforeproceedingTheproxies,againfollowing
the STEAM rules, first determinewhethertheir usershave the capability of
takingontherole, perhapsy askingdirectly. Finally, the proxiesfollow the
STEAM - epairrulestofill therole with oneof theusersvhomthey determine
to be capableandthennotify the selecteduser

Thus,theoverallinterfacebetweera Teamcorgroxy andits domain-level
agentperformsthefollowing threetasks:

— If executingateamplan,a, which hasterminationconditions,sendthe
conditionsto thedomainagentfor monitoring

— If executinganindividual planthatresultsin atask,sendthe taskto be
performedby thedomainagent

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

4. Team-Oriented Programming

Becausehe Teamcoreproxiesautomaticallyhandlemuch of the necessary
coordinatioramongthe agentsexecutingthe desiredtasks the developercan
specifythosetasksat a morecornvenientabstractevel throughteam-oriented
programmingSectiond.1 describediow our JAVA-basedTOPI helpsa soft-
waredeveloperin building anagentorganization.Section4.2 describesow
KARMA canaid the developerby locatingrelevant agentsand assistingin
allocationof rolesto suchagents.

4.1. CONSTRUCTING TEAM PLANS AND ORGANIZATION

Thedeveloperbeginsspecifyinganorganizatiorof interestviateam-oriented
programmingjn which the developerspecifiesthreekey aspectof ateam:
a teamorganizationhierarchy a hierarchyof reactve teamplans,and as-
signmentsof agentsto plans. The team organizationhierarchyconsistsof
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Figure 4. The evacuationscenario:(a) Partial organizationhierarchy;(b) Partial teamplan
hierarchy

rolesfor individuals and for groupsof agents.For example,Figure 4-aiil-
lustratesa portion of the organizationhierarchyof the rolesinvolved with
the evacuationscenario(describedn moredetailin Section2.1). Eachleaf
nodecorrespondso arole for anindividual agent,while the internalnodes
correspondo (sub)team®f theseroles. TaskForce is thusthe highestlevel
teamin this organizationwhile Orders-Obtaineris anindividual role.

The secondaspectof team-orientegorogrammings specifyinga hierar
chy of reactve teamplans.While thesereactve teamplansare muchlike
reactve plansfor individual agentsthe key differenceis thattheteamplans
explicitly expresgoint actvities. Thereactve teamplansrequirethatthe de-
veloperspecifythe: (i) initiation conditionsunderwhichthe planis to bepro-
posedyfii) terminationconditionsunderwhichtheplanis to be endedspecif-
ically, the conditionswhenthe reactve teamplan is achieved, irrelevant or
unachieable;and(iii) team-leel actionsto executeaspartof theplan.Figure
4-b shavs anexamplefrom the evacuationscenarigqpleaseégnorethebrack-
etednamedor now). Here,high-level reactve teamplans,suchasEvacuate
typically decomposénto otherteamplans,suchas Process-orderg(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—
thusboth simplifying the specificationandallowing for the useof different
agentgo executethis plan.

Thesoftwaredevelopemustalsospecifydomain-specifiplan-sequencing
constraintson the executionof teamplans.In the exampleof Figure 4, the
plan Landing-Zone-Maneuvers hastwo subplans:Mask-Observe which
involvesobservinghelandingzonewhile hidden,andPickup to pick people
up from the landing zone. The developermust specify the domain-specific
sequencingonstraintthata subteamassignedo performPickup cannotdo
sountil theothersubteanassignedask-Observe hasreachedts observing
locations.

Thethird aspecbf team-orienteghrogrammings theassignmendf agents
to plans.Thisis doneby first assigningherolesin theorganizatiorhierarchy

paper.tex; 23/08/2001; 17:46; p.12



13

to plansand then assigningagentsto roles. Assigningonly abstractroles
ratherthanactualagentsto plansprovidesa usefullevel of abstractionnew
agentanbe morequickly (re)assignedvhenneededFigure4-b shawvs the
assignmenof rolesto thereactie plan hierarchyfor the evacuationdomain
(in bracletsadjacento the plans).For instance TaskForce teamis assigned
to jointly perform Evacuate while the individual Orders-obtainerrole is
assignedo the leaf-level Obtain-orders plan. Associatedwith such leaf-
level plansare specificationsof the requirementgo performthe plan. For
instancefor Obtain-orders, therequirements to interactwith a human.A
role inheritsthe requirementérom eachplanthatit is assignedo. Thus,the
requirement®f arole arethe unionof therequirement®f all of its assigned
plans.Theassignmenof agentdo rolesis discussedn the next subsection.

Thereal key hereis whatis not specifiedin the team-orientegprogram:
detailsof how to realizethe coordinationspecified,e.g., hovn membersof
TaskForceshouldjointly executeEvacuate Thus,for instancethedeveloper
doesnothave to programary synchronizatioractions becaus¢hecoherence
preseration rules of the proxies’ STEAM modulegeneratehem automat-
ically, asdescribedn Section3.1. Thus,during execution,synchronization
actionsamongmembersf TaskForce areautomaticallyenforced bothwith
respecto thetime of planexecutionandtheidentity of theplan(i.e.,all mem-
berswill choosehesameplanout of a setof multiple candidates)Similarly,
thereis noneedto specifythecoordinatioractionsfor coherentlyterminating
reactive teamplans; such actionsare automaticallyexecutedby the prox-
iesin accordancevith the STEAM rules.Domain-specifigplan-sequencing
constraintssuchasthe one betweenMask-Observe andPickup discussed
above, arealsoautomaticallyenforced.

Likewise,thedeveloperdoesnothaveto specifyhow teammembershould
cover for eachotherin caseof failures;rather the proxiesusethe STEAM
rules for monitoring and repair to automaticallyreplacefallen teammates.
Theteam-orientegorogrammingphaseautomaticallygenerateshe required
capabilitiesfor eachrole in the organization,aswell asthe capabilitiesof
eachavailableagentIf anagentshouldfail duringexecution,theproxiescan
follow the STEAM rulesto automaticallyfind ary availablereplacementfor
eachof its rolesbasedn thesecapabilityrequirements.

Figure 5 shavs a samplescreenshofrom TOPI usedin programming
the evacuationscenario,wherethe three panescorrespondo the plan hi-
erarchy(left pane),organizationhierarchy(middle pane),and the domain
agents(right pane).The left paneessentiallyreflectsthe diagram4-b, e.g.,
Task Force hasbeenassignedo executeEvacuate Associatedwith each
entity areits propertiese.g.,associatedvith eachplan areits coordination
constraintspreconditionsassignegubteamandsoon.
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Figure 5. TOPIsnapshofrom generatingeam-orienteghrogramfor the evacuationscenario.

4.2. SEARCHING AND ASSIGNING AGENTS

As mentionedin the previous section,the team-orientedprogramassigns
organizationakolesto teamplans.KARMA, our KnowledgeableAgent Re-
sourcesManagerAssistant,derives requirementdor theseindividual roles
in the organizationbasedon this assignmentKARMA searchedor agents
whosecapabilitiesmatchtheserequirementsBy limiting thesearcHor avail-
able agentsto just the organizationalrequirementsKARMA avoids over-
whelmingthe softwaredeveloperwith alist of all availableagents.

KARMA hasmultiple agentsourcesat its disposal:middle agents]ocal
white pagedirectoriesof known agentsandotherregistry servicesFor in-
stance KARMA canquerythe AMatchMaler middle agent(Decler et al.,
1997)by sendingt a KQML messagspecifyinganadwertisementemplate.
AMatchMaler returnsdescription®f thoseagentsvhosead\ertisedcapabil-
ities matchthe template.In addition, KARMA cansearchits own database
of previously usedagentsor the local white pagesservice KARMA s also
interfacedwith the agentregistrationandinterconnectiorservicesprovided
by the Grid, asdevelopedunderthe DARPA CoABS program(Hendlerand
Metzeger, 1999).

Thus, from thesedifferentsourcesKARMA compilesa list of relevant
agentsandtheir properties,jncluding addresghostand port) and capabil-
ities (someinformation, such as reliability, is available to KARMA from
previous experience) Fromthis list of relevantagentqin TOPI's right pane
in Figure 5), the developer can assignagentsto the rolesin the specified
organization.Oncethe developerhasmadean assignmentiKARMA checks
thattheassignmenis valid with respecto the planrequirementsThis check
is donein threesteps.First, KARMA verifiesthat eachagenthasthe capa-
bilities requiredby its assignedole, wheretheserequirementsare derived
from all of therole’s assignelans.Second KARMA proceeddottom-up
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throughthe team-planhierarchy recursvely propagatinghe verificationto
theteamoperatorsaswell. Third, KARMA verifiesthatbasicconstraintof
anorganizationhierarchyaremaintainedg.g.,a child is not assignedigher
thanits parentin the planhierarchy Thedevelopermayalsochooseto allow
KARMA to do the assignmenautomaticallywhich KARMA may do using
agreedyapproachi.e.,assigningo eachrole thefirst availableagenthathas
all of therequiredcapabilities.
OncethedeveloperhasusedKARMA tofill in therequiredrolesin theor-

ganizationtheteam-orientegorogrammingohaseds complete andthe Team-
coreproxiescanbegin executionof theteamplans,asdescribedn Section3.

5. Adapting to team member heterogeneity

This sectionfocuseson the adaptve capabilitiesof the Teamcoreproxies.
Thesecapabilitiesextendthe proxies’ fundamentatoordinationcapabilities,
asdescribedn Section3.

5.1. DYNAMIC PLAN ALTERATION

The Teamcoreproxies’ general-purposteamvork knowledge ensureghat
the execution of the team-orientedorogramis robust even in the face of
completefailures of agents.However, the heterogeneityof the agentsand
the dynamicsof the environmentraise other typesof dangeroussituations
aswell. For instance the developermay have designedthe team-oriented
programbasedn certainperformancenodelsof theagentsnvolved,perhaps
includingresponse¢imes,quality of solution,etc.In dynamic,real-world ex-
ecution,it is possiblethatanagents actualperformancanaydeviatefrom its
normalbehaior. If the deviation is large enough the developermay prefer
adifferentteam-orienteghrogramthanthe original. In somecasesadomain
agentmaybealive but respondingnoreslowly thanit usuallydoes.Theteam
may not be able to wait indefinitely for the agents responsepn the other
hand,the agents responseresumablyhassomevalue, so the teamcannot
simply give up wheneer an agenttakes longerthanusualto respondlt is
thusimportantthatthe Teamcoregproxiesbe ableto make runtimedecisions
aboutplanexecutionbasedon the performancef the domainagents.

We have designedhe Teamcoreaarchitecturdo allow dynamicdecisions
aboutwhetherto includeor excludeary optionalplans.EachTeamcorgroxy
hasan initial specificationof its domainagents capabilities,including pa-
rameterssuchasresponsdime (e.g.,average,min/maxresponsdimes are
recordedfrom pastruns). However, if the actualruntime performanceof a
domainagentgreatlydiffersfrom expectationge.g.,sothatthe costin agent
responsdime greatly exceedsthe benefitsfrom its results),the Teamcore
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proxiestogethermodify the optional plansand avoid using this particular
domainagent.

Teamcores planrepresentatioffior this decision-makings similar to that
usedby existing approacheso decision-theoretiplanning (Blythe, 1994).
Eachplan hasassociategreconditionsand postconditionshut unlike in a
logical planformalism,the planspecificatiorhereincludesa probability dis-
tribution over the possiblevaluesof the postconditionstatefeatures condi-
tionedon the possiblevaluesof the preconditionstatefeaturesFor instance,
in the evacuationscenariothe 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 resultingroute will be
twice aslong asthe straight-linedistanceput it will alsobe saferbecauset
avoids the no-fly zone.On the otherhand,if thereis no no-fly zone,thenit
hasa 0% chanceof beinglonger sincetheresultingroutewill beexactly the
straight-lineroute.

The Teamcoreoroxiescanexaminethe variouscombinationsof the op-
tional plans,composinghe probabilisticeffects of the separatglansto de-
termine the preconditions,postconditions and distribution over the entire
sequenceThe developer can then specify a utility function over postcon-
ditionsto representhe valueof time, the costof crossinga no-fly zone,etc.
TheTeamcorgroxiescanthusevaluatethe expectedutility overthepossible
sequencesf teamplans,wheredifferentsequencearegeneratedy includ-
ing or excludingoptionalplans.The Teamcoreroxiesbegin executingaplan
sequencéhatthey determinga priori) to be optimalgiventhe probability of
variousoutcomesver thatsequencandthe specifiedutility function.

However, the proxiescan dynamicallychooseto omit optional plansif
a particulardomainagents responsdime shoulddeviate from the expected
time cost.For instanceijf they hadinitially decidedo includetherouteplan-
ning plan, but the routeplanneris takinglongerthanexpectedthe Teamcore
proxiescancompareheir currentplansequenceagainstlternatecandidates
(e.g.,flying in straight-line,but unsafe,paths),taking into accountthe in-
creasedostof thecurrentresponséime. If thetime costoutweighshevalue
of route planning,the Teamcorgoroxiescanchangesequenceandskip the
route-planningstep,knowing thatthey aresaving in the overall valueof their
execution.

In theory to fully supportsuchdecision-theoretievaluation,the devel-
opermustspecifythe valueof executingeachteamplanin termsof its time
costand possibleoutcomesWe would thenrepresentheseasa probability
distribution and utility function over possiblestateswith Prqg; qo p rep-
resentingthe probability of reachingstateq; after executingplan p in state
0o, andwith U g p representinghe utility derived from executingplan p
in stateq. However, to ensurethatthe decision-theoretievaluationremains
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practical,severalapproximation@areused First, the statesherearenot com-
pleterepresentationsf the teamstate,but ratherof only thosefeatureshat
arerelevantto the optionalplans.For instancewhenevaluatingroute plan-
ning, the Teamcoreproxiesconsidernly thelengthof therouteandwhether
thatroutecrosses no-fly zoneprior to route-planningSecondthe decision-
theoreticevaluationis donein termsof only the more abstractplansin our
team-plarhierarchysodevelopersneednot provide detailedexecutioninfor-
mationaboutall plans,andTeamcorgroxiesneednotengagen verydetailed
decision-theoreti@valuations.Third, for most plans,the derived utility is
simply taken as a negative time cost. However, in the evacuationscenario,
the teamplanscorrespondindo helicopterflight have a valuethatincreases
whenthe helicoptergeachtheir destinatiorandthatdecreasewith ary time
spentwithin ano-fly zone.

Theprobabilitydistribution over outcomesllows thedeveloperto capture
thevalueof plansthathave noinherentutility, but only gatherandmodify the
teams information.For instancethe missionbegins eitherin stategsase With
an overall routethat doesnot crossary no-fly zonesor in statequnsase With
a route that does.The developeralso specifiesan initial distribution Pr g
for the likelihood of thesestates.When executingthe route-planningplan
in statequnsafe the route plannercreatesa routearoundno-fly zones,sowe
enterstategsase With avery high probability The developerthenprovidesthe
relative value of executingtheflight planin the two stateghroughthe utility
functionvaluesU Qgsare flight andU Qqunsare flight .

TheTeamcorgroxiesusethis probabilityandutility informationto select
the sequencef planspg, pi,...,pPn thatmaximizestheir expectedutility. In
theevacuatiorscenariothereareonly four suchsequencesecausenly two
teamplans(out of the total of 40) areoptional. They reevaluatetheir choice
only whenconditions(i.e., agentresponsdimes)have changedsignificantly
Thus,whene&er a domainagentassociatedvith eitherof theseplanstakes
longerthanusualto respondjts Teamcorgoroxy canfind the optimal time
(with respectto the specifiedutility function) for terminatingthe current
information-gatheringstepand using a different plan sequencéor the rest
of theteam-orienteghrogram.

5.2. ADAPTING THE LEVEL OF AUTONOMY

The centralnotion behindthe Teamcorearchitecturds the useof proxiesto
createteamplayersout of agentswho may not know how to work together
However, agentdiffer in theirabilitiesto coordinatehemseles.Many agents
know how to do only their particulartask, servicing requestswithout ary
regardfor thelarger multiagentcontet. At the oppositeendof thespectrum,
peoplecan perform complicatedcoordinationthemseles and are thus less
reliant on the Teamcoreproxiesfor ensuringproper coordination.In fact,
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therearepotentialoverlaps(andperhapseven conflicts) betweerthe coordi-
nationactionstaken by a Teamcoregoroxy andthosepreferredby the userit

representsPeoplehave strongpreferenceaboutwhatplansandactionsthey

want their proxiesto adopton their behalf. Within the Teamcorearchitec-
ture,proxiesmediateall coordinationjput it is importantthatthey respecthe
preferencesf the agentson whosebehalfthey act, while still fulfilling their
responsibilitiesat the teamlevel. Ideally, the Teamcoreproxiesshouldact
autonomouslhyn only thoseareaswherethereis no overlap,but they should
certainlyavoid performingcoordinationactionsthattheir agentsdo not want
taken.

A key challengen integratingheterogeneouagentss thattheseconflicts
may occurin differentcasedor differentagentsFor instancejn the human
collaborationapplication(discussedn moredetailin Section2.2),a Team-
coreproxy may commitits userto substitutefor a missingdiscussiorieadey
knowing thatits useris proficientin the discussiortopics.However, the user
mayor may notwantthe proxy to autonomouslynake this commitmentThe
decisionmay vary from personto personandmay dependon mary diverse
factors.Corversely though,restrictingthe proxy to alwaysconfirmits deci-
sionwith the useris alsoundesirablesinceit would then often overwhelm
theuserwith confirmationrequestdor trivial decisions.

Thus,it is importantthata proxy have theright level of autonomyYet,to
avoid hand-tuningsuchautonomyfor eachperson(or agent),it is critical for
a proxy to automaticallyadaptits autonomyto a suitablelevel. We rely on
a supervisedearningapproach(C4.5 (Quinlan,1993))using userfeedback
asthe input data.Here, a key issuethat contrastsour work with previous
work onautonomyadaptatior(e.g.,(Rogersetal., 1999))is thatthethelevel
of autonomyis notonly dependentn theindividual but alsoon thetheother
agentsdeingintegrated For instancein thediscussiorleaderexampleabove,
thenumberof otherattendeeandtheir statemightbefactorsin theautonomy
decision.Thus,in our approachwe emphasizehe useof knowledgeabout
otherteammembergin additionto the preferencesf the integratedagent)
in usingsupervisedearningtechniquesEachproxy learnswhatdecisionst
cantake autonomouslyandwhatdecisionneedbe confirmedwith the agent
it representn thecontet of particular scenariognvolving otheragents

Specifically the Teamcoreproxiesfor peoplecanmake coordinationand
repairdecisionsautonomouslyo aidin teamactvitieslike meetingge.g.,the
humancollaborationdomain).Elevenattributesareusedin learning,someof
which have beeninspiredby existing meetingschedulingsystemssuchas
MeetingMaler?, which include meetinglocation, time, resourcesesered,
etc. However, other attributes describethe stateof the other agentspartic-
ipating in the meeting—e.g.the numberof personsattendingandthe most

3 http://mww.meetingmakré.com
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importantmembermattendingin termsof theorganizationahierarchy).These
attributesare extractedfrom the users scheduldfiles, organizationakharts,
etc. In the training phase,a proxy suggestsa coordinationdecisionand a
query as to whetherthe userwould wish it to make such a decisionau-
tonomously The proxiesuse C4.5 (Quinlan,1993)to learna decisiontree
from the interactionswith their users.Each proxy thus learnswhat situa-
tions are appropriatefor autonomousctions(decisiontree day, : States

autonomousot autonomous), aswell as which autonomousactionsare
appropriatefor thosesituations(decisiontree d,y : states actiong. In all
other situations,the proxy defersto the users choice before acting. The
overall algorithmis asfollows:

— If proxyfacedwith acoordinationdecisionin state s.

If dauo S  autonomous
Performactiond,g S
Else:/* Agentshouldnotactautonomously/

Ask userfor input
Uponreceving userinput, a, performactiona

Sincethe submissiorof this article, our further work into adjustableau-
tonomyhasresultedn changesndextensiongo our approach(Scerrietal.,
2001;PynadatrandTambe,2001).

6. Evaluation

Our applicationof the Teamcordramework to the two applicationdomains
describedn Section2 hasprovided rich testbeddor evaluatingthe archi-

tectures ability to successfullycoordinateagents Section6.1 discusseshe

Teamcorarchitectures ability to supportrobustcoordinationwithin the two

domains.Section6.2 discusseshe adwantageghat team-orientegrogram-
ming providedin integratingthe agentsn the two domains.Section6.3 dis-

cussesheeffectivenesof thearchitectures adaptve capabilities.

6.1. EVALUATION OF ROBUST EXECUTION OF TEAM PLANS

One key aspectof evaluationis robustnesspne of the motivationsfor the
teamwvork foundationsof Teamcoreln both applicationdomains,we used
our Teamcoreframevork to specify the necessargeam-orientegprogram,
assigndomainagentsandlaunchtheir proxies,which thensuccessfullyand
robustly executedthe team-orientedprogram.The overall systemruns suc-
cessfully continuingevenin thefaceof softwarefailuresin individual agents;
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insteadthe Teamcorgroxiesof theremainingagentgry to substituteanother
agentwith relevant expertiseif necessarythe maintenance-and-reippaules
of STEAM) and/orshav gracefuldegradationFor instanceif therouteplan-

neror its Teamcoreproxy wereto suddenlycrash,the systemdoesnot halt.

Insteadjt revertsbackto usingstraight-linepaths.

In the evacuationdomain,we built an agentorganizationfrom the 11
availabledomainagentqlistedin Section2.1, with eightseparatdelicopter
pilot agents).The team-orientegorogramcontained43 reactie teamplans.
KARMA locatedthedomainagentsdasedn theteam-orienteghrogramand
the specifiedorganizationhierarchy(although,this particularresearctcol-
laborationwas pre-arrangedvith the othergroups).The Teamcoreproxies
thensuccessfullyexecutedthe team-orientegprogram.In otherwords, they
communicatedvith eachotherwhenappropriateand generatedhe correct
taskingandmonitoringrequest$or thedomainagentsTo demonstratéhero-
bustnes®f theresultingagentorganizationsthe Teamcore-baseslystenmfor
evacuatiorrehearsahasoftenbeendemonstratetive outsideour laboratory

In the humancollaborationdomain,as of the writing of this paper the
proxieshave run 24 hours/day7 days/weekor threemonths? We have de-
signed,implementedand deplo/ed proxiesto coordinatethe actvities for
fifteen membersof our researchdivision. Here, the team-orientegorogram
contains15 reactive team plans, but eachteam memberhas multiple in-
stantiationsof mary of theseplans.For instance thereare several different
Successful-meetingeamplansactive in parallel,one for eachmeetingthe
userhasscheduledn the comingweek.Figure 6 plots the numberof daily
messagesxchangeddy the proxieswhile coordinatingtheseplans.Thesize
of thecountsdemonstratethelargeamountof coordinatioractionsnecessary
in managingall of the plans,while the high variability of the daily count
illustratesthe dynamicnatureof thedomain.

Thedistributed Teamcorerchitecturas well-suitedto this domain,since
peoplecan maintaincontrol of their own proxies, ratherthan centralizing
the control and meetinginformation. Eachproxy senesits users interests
in dealingwith team-lerel activities. Thus,the proxy reasonsabouttheusers
willingnessto accepjoint actvities andassignedoleswithin thoseactvities.
This reasoningequiresthatthe proxiesmonitor their users’stateand make
decisions(possiblywithout ary userinput) aboutwhat they shouldreport
aboutthatstateto theteamin the serviceof teamgoals.

The proxy oftenneeddo interactwith its user whetherto inform the user
of a changein the statusof a joint actiity (e.g.,a rescheduleaneeting)or
to askfor informationbeforeactingon ajoint actvity (e.g.,whetherthe user
wantsa meetingdelayed) As describedn Section2.2,the proxy exploitsthe
users workstationdisplays,ary available PDAs, and email to third parties.

4 Theseexperimentarunsareoccasionallyinterruptedfor bug fixesandenhancements.
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Figure 6. Numberof daily coordinationmessagesxchangedby proxiesover three-month
period.

The workstationdisplay provides a simple GraphicalUser Interface (GUI)
thatallows the userto view whatjoint actvities the proxy is currentlymon-
itoring. The GUI allows the userto initiate certainactionswithout waiting
for the proxy to make them autonomouslyThe proxy displaysthe users
scheduleandary informatve messagesn the PDA. The proxy canalsopop
up adialogbox onthe PDA for feedback.

6.2. EVALUATION OF TEAM-ORIENTED PROGRAMMING

One key dimensionof the benefitsof Teamcoreproxy’s in-built teamwork
capabilitiesis in the abstractionprovided by team-orientedorogramming.
Onekey alternatve to suchanin-built teamwork modelis reproducingall
of Teamcores capabilitiesvia domain-specificcoordinationplans.In such
a domain-specifiamplementationabout10 separatealomain-specificoor
dination planswould be requiredfor eachof the 40 teamplansin Team-
core(Tambe1997).Thatis, we wouldrequirepotentiallyhundred®f domain-
specificcoordinatiorplansto reproduc&eamcores capabilitieso coordinate
amongeachotherfor this domainalone.In contrastwith Teamcoreno co-
ordination plans were written for interTeamcorecommunication.Instead,
suchcommunication®ccurredautomaticallyfrom the specification®f team
plans.Thus,it would appearthat Teamcorehassignificantly alleviated the
codingeffort for coordinationplans.
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Figure 7. Comparisorof messageexchanged.

The Teamcoreproxies’ use of STEAM's selectvity in communication
provides the additional benefitof automaticallyminimizing the amountof
communicatiomeededor propercoordination.Figure7 shavs the number
of messagesxchangedvertime in differentruns.The X axismeasureshe
time elapsedwhile the Y axis shavs the cumulatve numberof messages
exchangedn alog scale The“normal” run shavs the numberof messages
typically exchangedamongthe Teamcoreproxiesfor the evacuationscenario
with time. Thekey hereis that theseapproximatelyl00 messageare auto-
matically generatedby the Teamcorgoroxies.The “cautious” run shavs the
numberof messagegapproximatelyl000) exchangedamongthe Teamcore
proxieswithout the decision-theoreticommunicationselectvity in Team-
core, illustrating both the overheadreductionvia such reasoningand the
difficulty of hand-codingcoordination(simplehand-codeaoordinatiormay
leadto significantoverheads)Finally, the “failure” run shavs the messages
exchangeadmongheproxiesif theAriadneagentwereto crashunexpectedly
(in the courseof a“normal” run). To compensatéor suchfailure,thereis an
initial increasein the total messageshut oncethe proxiescompensatdor
the failure, fewer messageare exchangedso that the total message the
“failure” and“normal” runsis roughlythesame.

Team-orienteghrogrammingalsosimplifiesorganizationamodifications.
Our framawvork appeardo facilitate changedo the team,at leastcompared
with the alternatve of domain-specificoordination.For instance the route
plannerwas the last additionto the team.It requiredfew modificationsto
the team-orientegorogram.To extendthe organizationahierarchy we sim-
ply addedthe route plannerasa memberof TaskForce We thenaddedthe
Process-Routesdranchof the plan hierarchyto allow for route planning.
This branchinvolvesvery simpleplanswherethe Teamcorgroxy submitsa
requesfor planningaparticularroute waitsfor thereply by therouteplanney
andthencommunicateshe new routeto the otherteammembersaccording
to STEAM’s coherence-presengrrules. Again, no new coordinationrules
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Figure 8. Comparisorof flexible vs. inflexible executionof the evacuationplan, with respect
to Ariadnes responsé¢ime andvalue.

wererequired.lt is similarly easyto modify the organizationin the human
collaborationexample,wheremembergoin andleave, andteamsform and
dissohe.

6.3. EVALUATION OF ADAPTATION

6.3.1. Evaluationof DynamicPlan Alteration

We can also evaluatethe benefitof Teamcores runtime plan modification
capabilitieqseeSections.1). Figure8 shawvs theresultsof varying Ariadne’s
responséimesonthetime of theoverall missionexecution.In theevacuation
plan,Ariadneprovidesinformationaboutmissilelocationsalonga particular
route.If therearemissilespresentthe proxiesinstructthehelicoptergo fly at
ahigheraltitudeto beoutof range . Theorganizatiorcouldsaveitself thetime
involvedwith queryingAriadneby simply having thehelicoptersalwaysfly at
thehighersafealtitude.However, the helicopterdly slower atthehigheralti-
tude,sothequeryis sometimesvorthwhile,dependingn Ariadnes response
time. In Figure8, we canseethatwhenAriadne’s responsdime exceedsl5
secondsthecostof thequeryoutweighghevalueof theinformation.In such
casesthe Teamcorgroxieswith theplan-alteratiorcapabilityskip thequery
to savein overall executiontime, while aninflexible teamcannotachieze such
savings.

6.3.2. Evaluationof AdjustableAutonomy

In evaluatingthe proxy’s adjustableautonomycomponentwe began with
datathatcamefrom “interviews” of the userson hypotheticalituationsthat
calledfor potentialreschedulingHere, we usedactualmeetingdatafrom
58 meetinggaken from the users’schedulingorogramsWe asled the users
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 testdata(i.e., randomsub-sampling
holdout).Figure9 displaysthe accurag of the agentproxies’ predictionsof
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Figure9. Progres®f proxy’slearningusers preferencefor choicedecisionduringhypothet-
ical meetingsituations.

o

actionchoicesplottedagainsthenumberof examplesusedto traintheagent
(out of the 36 training examples),for the five differentdatasets.For each
dataset,we obsere thatthe predictionaccurag would usuallyreach91%.
However, usingmorethan36 exampledid notproduceary furthernoticeable
improvements.

Figurel0 presentshetestresultsfrom two weeksof real-world execution
of proxiesfor two of the more experiencedusers(20 decisionexamplesfor
user 1, 10for user 2). During their execution,the proxiescontinuouslyrein-
voke C4.5to learnfrom new dataasit becomeswvailable.Theagentproxies
applythe learnedrulesto predictnew actionchoicesasrequired.Figure 10
shaws that user 1's proxy accuratelypredictsaction choicesafter only 10
meetingswhile user 2's proxy doesnot shav ary improvementin accurag.
Theproxy for user 2 hadfewer decisionexamplesatits disposalsowe hope
thatthe systemwill improve its predictionasmore examplesbecomeavail-
able.As for thelearningresultsfor theautonomydecisionuser 1 waswilling
to give completeautonomyto the proxy, which seemseasonablgjiven the
accurag of the proxy’s predictions.On the other hand,user 2 wantedthe
proxy to confirmits predictionswith him in all caseswhich againseemsea-
sonableggiventheinaccurag of the proxy’s predictionsof his actionchoices.
Giventheextremenatureof theseuserpreferenceghesystemhadnotrouble
learningthe correctdecisionexactly.

7. RelatedWork

Thispaperunifiesandextendsour previouspublicationson Teamcorespecif-
ically conferencepublications(Pynadathet al., 1999; Tambeet al., 2000b)
anda magazinearticle (Tambeet al., 2000a).This journal article unifiesthe
variouscontentsof theseprevious publicationswithin a singleframework. It
alsoprovidesdetailedalgorithmsfor theseparateomponentsyhichwasnot
possiblen the previous publicationggiventheir spacdimitations.
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Figure 10. Progressof proxy’s learningusers preferencedor choice decisionduring real
meetingsituations.

Sectionl briefly discusseFeamcores relationshipwith centralizednte-
grationarchitecturesuchasOAA (Martin etal., 1999).The Adaptive Agent
Architecture(AAA) (Kumaretal., 2000)providesa moredistributed exten-
sionto OAA, allowing for teamwork amongthe facilitators.However, AAA
doesnot provide teamwork amongthe agentsthemseles, thuslimiting the
robustnesst canguarantedor theintegratedsystemAnotherrelatedsystem,
the RETSINA multi-agentinfrastructureframevork (Sycaraet al., 1996),
is basedon threedifferenttypesof interactingagents:(i) interface agents;
(i) taskagents;and(iii) informationagentsMiddle agentsallow thesevar-
ious agentsto locate eachother This effort appearsquite complementary
to Teamcorelndeed,as Section4.2 discussesKARMA canuseRETSINA
middle agentdor locatingrelevantagentswhile infrastructurakeamwvork in
Teamcoranay enablethedifferentRETSINA agentgo work in teams.

COLLAGEN (Rich and Sidner 1997) modelsdialoguebetweena user
andanagent— aform of joint activity — basedon the SharedPlanéGrosz
andKraus, 1996b)modelof joint action. COLLAGEN hasbeenpreviously
comparedo STEAM, and,like Teamcoreit providesafairly cleanseparation
betweertheteamvork layerandtheproblem-solvindayerof theagent How-
ever, COLLAGENtamgetswrappingonly asingleagentor collaborationwith
auser sothattheissueof constructingandprogrammingateamof agentsand
humansds notrelevant.

OtherthanCOLLAGEN, few otheragentintegrationframewvorks explic-
itly addresshepossibilityof integratingpeoplewithin themultiagentsystem.
Therestof this sectiondescribesomeintegrationframevorksthathave been
appliedonly to software agentsbut that are still relevant to our Teamcore
architecture.Tidhar (Tidhar, 1993a; Tidhar, 1993b) usedthe term “team-
orientedprogramming”to describea conceptualframework for specifying
teambehaiors basedon mutualbeliefsandjoint plans,coupledwith orga-
nizationalstructuresThis framewvork forms the basisof animplementation
basednthedMarsagentarchitecturgTidharetal., 1998).In Tidhar'sframe-
work, the organizationahierarchyensureghatonly appropriateagentge.g.,
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teamleadersfill specificroles offering certainauthority or privilege. Tid-
har describeshow one can automaticallyunfold team plansinto plansfor
individual agentscontainingcommunicatie actsthatensureudimentaryco-
ordination.His framework alsoaddressetheissueof teamselection(Tidhar
et al., 1996) — teamselectionmatchesthe “skills” requiredfor executing
a teamplan againstagentsthat have thoseskills. While mary of the fea-
turesof Tidharetal.’s conceptuaandimplementedramenvorksareimportant
in the context of Teamcore the critical issue of agentreuse,particularly
involving heterogeneougon-dMars)agents,is not given much attention.
Thus, proxieswith monitoring, tasking,and plan alterationcapabilitiesand
an agentresourcesnanagersuchas KARMA for locatingagentsare novel
in our framevork. FurthermoreTeamcores flexibility of reoiganizationand
communicatiorselectvity (throughSTEAM) doesnotseemto be partof the
abstracteamlayer of Tidhar's frameawork.

Jennings GRATE* (Jennings1995b)work alsousesa teamvwork mod-
ule,onethathasbeenpreviously comparedo STEAM. GRATE* implements
a model of cooperationbasedon the joint intentionsframeawork, similarly
usedby STEAM. Eachagenthasits own coopeation level modulethat ne-
gotiatesinvolvementin ajoint taskand maintainsinformationaboutits own
and other agents’involvementin joint goals. Regardingthe specificissue
of agentreuse,GRATE* separateshe teamvork layer from the individual
problem-solvinglayer of an agent.However, Teamcores STEAM module
allows teamvork to a deeperlevel than the single joint goal and plan in
GRATE*. Themorecomple natureof theteamsandteamtasksin Teamcore
hasled usto explicitly focuson team-orientegorogrammingandto explore
several novel issues(e.g., automaticgenerationof monitoring conditions)
that GRATE* doesnot addressSTEAM also provides capabilitiesfor role
substitutionin repairingteamactvity, a capabilitynot availablein GRATE?*.
Furthermore GRATE* also doesnot addresshe issuesof building team-
orientedprogramsto specify agentorganizationsand KARMA-lik e agent
resourcesnanageto aid in building andmonitoringsuchprograms.

The ADEPT architecturdor modelingbusinesgprocesseglenningstal.,
1998)allows a moreflexible, hierarchicalteamorganizationthan GRATE*.
ADEPT consistsof multiple agencies eachcontaininga responsibleagent,
which handlescommunicatiorandinteractionwith otheragenciesVarious
responsibleagentanaintaineachagenyg’s “capabilities”, avoiding the useof
a centralfacilitator or broker. A taskis “contractedout” to an ageny that
hasthe capabilitiesto performthattask.As with GRATE*, ADEPT provides
afairly cleaninterfacebetweenthe individual task-achieing agentsandthe
sociallevel. However, the ADEPT framewvork doesnot seemto addresshe
issueof agentreusedirectly, althoughthearchitecturatself could potentially
incorporateneterogeneouagentsAlso, ADEPT doesnot provide anexplicit
model of teamwork, suchas that basedon joint plans/intentionsjnstead,
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the basisof collaborationseemamore closelyrelatedto the notion of social
commitmen{Castelfranchi1995).

Singhhasproposednabstractramewvork for coordinatingheterogeneous
agents(Singh, 1997). Singhs model representplannedactiity via finite-
stateautomatgabstractingaway the internalworkingsof the agents)where
transitiongepresengxternalactionsor events.Thecoordinatiorservicemain-
tainsknowledgeof individual agents’actionsaswell asthe overall joint plan
and,uponreceving a requesto performan action,informs the appropriate
agentsaasto whetheranintendedactionshouldbe executeddelayed pr omit-
tedsoasto fit with thejoint actvity of otheragentsSinghs modeldoesnot
addressnary of the issuesof teamvork; however, it providesa potentially
usefultool which couldaugmenthejoint planframevork of Teamcorevith a
languagédor specifyingflexible, coordinatednteractionsatanabstractevel.

Like the STEAM rule modulewithin Teamcorethe COOL coordination
framework (BarbuceanuandFox, 1996)alsofocuseson general-purposeo-
ordination by relying on obligationsamongagents.However, it explicitly
rejectsthe notion of joint goalsandjoint commitmentsit would appeatthat
individual commitmentsn COOL would be inadequatén addressingsgome
teamvork phenomenabut further work is necessaryn understandinghe
relationshipbetweenCOOL andTeamcore.

8. Summary

Thetwo applicationdomaingackledin this work, aswell asmostotherreal-
world domains presenuniqueagentintegrationchallengeof heterogeneity
of agents(both software and human),numberof the joint actiities, com-
plexity of the properly coordinatedbehaior, etc. While no previous agent
integration architecturehasyet resoled all of thesechallengessimultane-
ously the Teamcorearchitecturdakesa significantstepforward. Teamcores
successn its two widely disparateapplicationdomainsdemonstrateshe
power andgeneralityof the overall framenvork andprovidesstrongevidence
for its underlyinghypotheses.

The primary hypothesisehindthe Teamcorearchitectureanda key les-
sonlearnedfrom its successs thatan agentintegrationinfrastructurebased
on soundprinciplesof agentcoordinationcanautomaterobust coordination
amongdistributed, heterogeneouagents.The Teamcoreoroxies’ teamwork
modelproved sufficient in enablingrobust coordinationamongthe agentsn
both domains.The proxies’ ability to reusethe samegeneral-purposeules
to accomplishthis robustnessdespitethe vast differencesbetweenthe two
domainsdemonstratethe effectivenesof this teamwvork knowledge.

In addition, by usingthe separateTeamcoreproxiesto performthe co-
ordination,we areableto incorporatethe domainagentswithout modifying
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them. This is especiallyimportantin an openervironment,whereour ac-

cessto the internalsof the agentsis often minimal. It is also difficult (or

at leastundesirableXo modify the internalsof humans.Thus, the proxies’

teamwork knowledgesucceedeih coordinatingagentghatwereessentially
black boxes and that spannedhe entire rangeof coordinationcapabilities,
from the team-readyhnumango the software agentscompletelyincapableof

coordination.

Teamvork alsoprovidesausefullayerof abstractiorfor coordinatinghet-
erogeneouagentsAs describedn Section4, oncethe agentsbecomegood
team players(throughtheir proxies),we are free to designat the level of
team-orientegorogramming We have constructedrganizationausingteam
memberghatcoveredthe spectrunof agenthoodfrom databasesapableof
answeringKQML queries,to peoplecapableof multiple, paralleltasksand
modesof interaction.Fortunately in designingtheseorganizationspnecan
ignorethe detailsaboutthe agentshemseles. The developerinsteadthinks
in termsof relevantjoint actiities: which agentsareworking togetherwhat
is thetaskthey areperforming,andwho playswhatroles.The proxiesmake
the abstractspecificationof thesejoint activities operationalby usingtheir
teamwork modelto fill in the detailsaboutwhatandwhenmessagesvould
actuallygo amongtheagents.

Teamwvork provides a soundbasisfor a coordinationarchitecture put it
is importantthat the teamwvork be flexible, to maximizethe architectures
applicabilityacrosgnultiple domainsFor instancein theevacuationrdomain,
wherethe domain agentshad no coordinationknowledge themseles, the
Teamcoregroxieswerecompletelyresponsibldor synchronizingheactions
of theagentsThe proxieswould thenbe sureto communicatéoeforeinitiat-
ing critical planswhenmiscoordinate@xecutionamongthe variousdomain
agentswas sufiiciently likely and costly On the otherhand,in the human
collaborationdomain,the domainagentsare peoplewho are alreadyvery
capableof coordinatingthemseles. Thus,therewaslessof a burdenon the
Teamcoreproxiesto synchronizecertainteamplans,which thenhada low
costof miscoordinate@xecutionin theteam-orientegbrogram.

In addition to flexibility in coordinationspecification,the coordination
architecturanmustprovide flexibility in execution.Anotherkey lessorlearned
from Teamcores successs thatadaptie capabilitiesprovide anecessarge-
greeof robustnessvhenfacedwith dynamic,heterogeneouagentswe do
not completelyknow a priori. Without this adaptationthe proxieswould
not have beenable to properly operateon behalf of the diverse members
of our researchgroup or in the face of the dynamicagentperformancen
the evacuationdomain. The Teamcorearchitecturedemonstratedhe value
of its flexibility in successfullysupportingthe two vastly differentdomains
describedn this paper
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In conclusionthe Teamcorearchitectureprovides a novel meansfor in-
tegrating distributed, heterogeneousoftware agentsand humanslts useof
ageneral-purposteamwork modelsupportsabstracspecificatiorof coordi-
nation behaior, robust executionof that behaior, and adaptatiorto world
dynamicsand heterogeneityln addition, the proxy-basedarchitecturesup-
ports coordinationin an openernvironmentwhere agentmodificationsmay
not alwaysbe possible. The succes®f the Teamcorearchitecturen its two
applicationdomainsencouragessto continueexpandingits capabilitiesand
applicationsWe will continuerunning the proxiesfor the humancollabo-
ration domain, but we also plan to expandthe numberand typesof team
actvities that they manage We also plan to integrate more and more of
our fellow researchersaswell asadditionalsoftware agentsjnto the agent
organization.As the size and complity of the organizationgrows, the ar
chitecturewill have to addressiew issuesderiing from this scale-up(e.g.,
conflictsbetweenteamactiities). We believe thatthe architectures success
will extendto mary morereal-world domainsaswell, providing a powerful
frameawork for agentintegrationbeyondthat currentlypossiblewith existing
technology
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Appendix
A. Detailed TEAMCORE Specification

The pseudo-codelescribedbelov follows the descriptionof STEAM pro-
vided in this article. It is basedon executionof hierarchicalteamreactve
plans(asspecifiedn ateam-orienteghrogram) All reactve-plansn thehier
archyexecutein parallel,andhencehe‘in parallel”constructThecomments
in the pseudocodeareenclosedn /* */. The terminologyis first described
belaw, to clarify the pseudo-code.

— Execute-@am-Oriented-Rigram(a, ©, C, {p1, p2,...pn}) denoteghe
executionof ateamreactie-plana, by ateam®, giventhe context of
the currentintentionhierarchyC, andwith parameterpl, p2...on.

— [a]e denotegheteam®'s joint intentionto executeq.
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EU denotesomputatiorto determinesxpectedutility of anaction,e.g.,
communicatioraction.

statuq[a]e, STATUS-OFa) denotesthe statusof the joint intention
[a]e, whetherit is mutually believed to be achiered, unachieable or
irrelevant.

satisfies(Achievement-conditions(), f) denoteghatthe factf satisfies
the achierementconditionsof the teamreactve-plana; similarly with
respecto unachigability andirrelevang/ conditions.

Communicat@erminate-jpgd), f,®) denotexommunicatiorio theteam
O to terminate®’s joint commitmento a, dueto thefactf.

Update-statéteam-stat€®), f) denoteshe updatingof the teamstate
of @ with thefactf.

Update-statusflo) denotesthe updatingof the teamreactie-plana
with its currentstatusof achiazement,unachigability or irrelevangy.

Agent(a) is theindividual agentor teamexecutingreactie-plana.
actionqa) denotethe actionsof thereactve-plana.

teamtypg) is a test of whetherthe agenty is a teamor just one
individual.

self(y) is atestof whethertheagenty denotesself.

agent-status-changg@) denoteschangein the role performancecapa-
bility of agentor subteamu.

Execute-individualgadive-plan(y, self,C, {p1, p2,...pn}) denoteghe
executionof anindividual reactve-plany by self, given the context of
the currentintentionhierarchyC, andwith parameterpl, p2..pn.

Execute-eactive-plarto-send-task({, self, C, {p1, p2,...pn}) denotes
the executionof anindividual reactve-plany by self, giventhe context
of the currentintentionhierarchyC, andwith parameterg1, p2..n, to
sendataskto thedomain-leel agent.

Execute-eactive-plaro-send-montoring-conditions({, self,C, {Achievement-

conditions(t), Unachieability-condtions(@), Irrelevance-conditioga)})
denoteghe executionof anindividual reactve-plany by self, giventhe
contet of the currentintentionhierarchyC, andwith parametersf the
terminationconditionsof a, to sendall the terminationconditionsas
monitoringconditionsto the domain-leel agent.
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A.1l. TEAM-ORIENTED PROGRAM EXECUTION

Execute-€am-Oriented-Rigram(a, ©, C, {p1, p2,...pn})
{

1. Is EU(communicate}> EU (not-communicategxecuteestablishjoint commit-
mentprotocaol;

2. establishjoint-intention[a]e;

3. While NOT(statug[a]e, Achieved) statuq[a]e, Unachievable) statuq]a]e,
Irr elevant)) Do

{

a) Execute-eactive-plan-to-send-amitoring-corditionsi, self a/C, C, {Achievement-
conditionst), Unachievability-conditionsé), Irrelevance-conditions()})

b) Execute-eactive-plan-to-eceive-maitoring-resultgpi, self a/C, p1...);

c) if (satisfieg Achievement-conditions(),f) satisfiegUnachieability-conditions),
f) satisfies(Irrelevance-conditionsy), f))
[* Thisisthecasewherefactf obtainedy receving monitoringresultsfrom
domainagent
is foundto satisfythe terminationconditionof a. */

{

i) if EU(communicate} EU(not-communicatepropose-reacte-planCommunicatéerminate-
ipg(a), f, ®) with high priority;

i) if nootherhigherpriority reactive-plan,in parallel
Execute-individual-eactive-plaiCommuicate(terminae-jpga),f, ©),
self a/C, {pl,p2,...});

iii) Update-statéteam-statg0), f);
iv) Update-status]e);

}
d) if agent-status-chang@u), wherep ©
{
i) Evaluaterole-monitoringconstraints;

ii) if role-monitoringconstrainfailurecf suchthat(satisfieg Unachievability-
conditionsf), cf) thenupdate-status{]o);

}

e) if receve communicatiorof terminate-jpg@) andfactf

{
if (satisfies(Achievement-condition(),f) satisfiegUnachiezability-conditions¢),
f) satisfies(Irrelevance-conditiongy), f))

{
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i) Update-statéteam-statg0), f);
i) Update-status{]o);
}
}
f) Update-state¢am-statd®), actionga));
/* executedomain-specifi@actionsto modify teamstateof © */

g) if childrenreactve-planfl,32,..3n of a proposedascandidates
{

i) Bi  select-bestl..3n};
ii) if (teamtype(Agent(Bi)) (© = Agent(Bi))) thenin parallel
Execute-@am-Oriented-Rigram(fi, ©, a/C, {pl,p2...});
i) if (teamtype(Agent(Bi)) (Agent(Bi)) ©) thenin parallel
{

A) Execute-&am-Oriented-Ragram(Bi, Agent(Bi), a/C, {pl,p2...});
B) Instantiaterole-monitoringconstraints;

}
iv) if self(Agent(Bi)) thenin parallel

A) Execute-eactive-plan-to-send-&k(fi, self a/C, pl...);
B) Instantiaterole-monitoringconstraints;

}
}

} /* Endwhile statemenin 4 */

4. terminatejoint intention[a]e; /* Terminatingthis joint intentionalsoleadsto
terminationof childrenintentions,anda messag®eingsentto domainagentto
terminateary actwities initiated dueto thisteamplan*/

5. if statug([a]e, Unachievable)
{
if (a = Repaid /* If a is notitself Repairt/
{
Execute-@am-Oriented-Ragram(Repair, ©, C, { a, cause-of-unachiability,...})
/* Repair enablesrecovery by substitutionof anotherteam membey for in-
stance Cause-of-unachiability, passedisa parameteto Repair mayberole-
monitoring constraintviolation asin case4b, or the domain-specifizinachie-
ability conditions */
} elsef
Execute-@am-Oriented-Rigram(Complete-Rilure, ©, C, { a, cause-of-unachiability,...})
[* If Repairis itself unachi@able,complete-ailureresults*/
}
}
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} /* endproceduresxecute-Eam-Oriented-Progm?*/

B. STEAM SampleRules

The samplerules describedbelov follow the descriptionof STEAM pro-
vided in this article, and essentiallyhelp encodethe algorithmdescribedn
AppendixA. Therules,aswith the algorithmin AppendixA, arebasedon
execution of hierarchicalreactve-plans,or reactve plans.While the sam-
ple rulesbelon aredescribedn simplified if-then form, the actualrulesare
encodedn Soar

SAMPLE:RULE:CREATE-COMMUNICA TIVE-GO AL-ON-A CHIEVED
[* Thisrule focuseson generatinga communicatve goal
if anagents privatestatecontainsa beliefthatsatisfies
theachiavementconditionof ateamreactive-plan[OP]e. */
IF
agentvi’s privatestatecontainsafactF
AND
factF matchesaanachiezementconditionAC
of ateamreactve-plan[OP]g
AND
factF is not currentlymutually believed
AND
acommunicatve goalfor F is not alreadygenerated
THEN
createpossiblecommunicatie goal CG to communicatdactF to
team® to terminategfOP]o.

SAMPLE:RULE:CREATE-COMMUNICA TIVE-GO AL-ON-UNACHIEVABLE

/* Thisruleis similarto theoneabove.*/
IF
agentvi’s privatestatecontainsafactF
AND
factF matchesanunachi&ability conditionUC
of ateamreactve-plan[OP]e
AND
factF is not currentlymutuallybelieved
AND
acommunicatve goalfor F is not alreadygenerated
THEN
createpossiblecommunicatie goal CG to communicatdactF to
teamO to terminateg{OP)p.

SAMPLE:R ULE:DECISION-ON-COMMUNICA TION
/* This rule makesthe communicatiordecision.*/
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CGis apossiblecommunicatve goalto communicatdactF to
teamO to terminatgOP]o

AND
Estimatedvalueof non-communicatiofior CG is medium

AND
Estimatedvalueof communicatiorfor CGis low

THEN

postCG asa communicatve goalto communicatdactF to team
O to terminatgOP]o

SAMPLE:RULE:MONIT OR-UNACHIEVABILITY :AND-COMBIN ATION
/* Thisrule checksfor unachigability of role-monitoring
constraintsnvolving an AND-combination */
IF
A currentjoint intention[OP]g involvesan AND-combination
AND
vi is amembemperformingrole to executesub-reactie-planop
AND
no othermembenj is alsoperformingrole to execute
sub-reactie-planop
AND
vi cannotperformrole
THEN
Currentjoint intention[OP]g is unachieable,dueto acritical role
failure of vi in performingop
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