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Abstract. Exploringagentconversationin thecontext of fine-grainedagentco-
ordinationresearchhasraisedseveral intellectualquestions.The major issues
pertainto interactionsbetweendifferentagentconversations,therepresentations
chosenfor differentclassesof conversations,theexplicit modelingof interactions
betweentheconversations,andhow to addresstheseinteractions.This paperis
not soambitiousasto attemptto addressthesequestions,only framethemin the
context of quantified,scheduling-centricmulti-agentcoordinationresearch.

1 Intr oduction
Basedon a long history of work in agentsandagentcontrol componentsfor building
distributedAI andmulti-agentsystems,we areattemptingto frameandaddressa set
of intellectualquestionspertainingto agentconversation.Interactionliesat theheartof
thematter;theissueis interactionbetweendifferentagentconversations,thatpossibly
occurat differentlevelsof abstraction,but alsointeractionbetweenthemachineryfor
holdinga conversationwith otheragentsandtheunderlyingmachineryfor controlling
theindividualagent.Henceforthwewill usethetermcoordinationprotocolto describe
the specificationfor a dialoguebetweenoneor moreagentsthat is held for the pur-
poseof coordinatingtheir activities; a conversationis aninstantiationof a protocol.A
coordinationmechanism, in contrast,denotesa largergroupingof concerns– it is the
wayin whichanagentreasonsaboutinteractions,plansto resolvethem,andcarriesout
communicationactivities to do so.We returnto the issueof coordinationmechanisms
in Section2.3,however, thenotionof a mechanismis intertwinedin thefollowing in-
tellectualissues:

– Assumingamodelwhereagentsareengagedin multipleconversationsconcurrently, andasyn-
chronously, what are the ramificationsof interactionsbetweenthe different conversations?
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Shouldinteractionsbe accountedfor at the conversationallevel or by the underlyingagent
controlcomponents?For example,if anagentis engagedin dialogueswith two otheragentsin
anattemptto contract-outtwo differenttasks,e.g., � and � , andthetasksaremutuallyexclu-
sive,whathappensif bothtasksarecontractedat thesametime?Or oneis contractedwhile the
otheris beingnegotiated?In ourwork, recoverywouldgenerallytakeplacevia decommitment
[1], possiblywith somepenaltyinvolved,but, this responseis generallytriggeredby theagent
controlcomponents,not theconversationmachineryitself.

– Conversationsheldto coordinatemultipleagentsgenerallyentailtheexchangeof taskor goal
informationandtemporalconstraints.This informationmaybeviewedasparticularbindings
onvariablesthatareusedby theconversationmachinery. Usingthisview, onecanenvision the
conversationmachineryqueryinganoracle(temporalbelief-base,truth maintenancesystem,
agentscheduler, etc.) for particularbindingsthatshouldbeusedduring thedialogue,e.g.,“I
canprovide you the resultby time 10.” However, what if multiple candidatetasksarebeing
negotiatedthat requirethe sameresource(s)?1 The conversationsareclearly interdependent,
however, theunderlyingagentcontrolmechanismsthat identify theconstrainedsituationand
enumeratepossibleresponsesis alsopartof theinteraction.In otherwords,theinvolvedcon-
versationsmustquerytheunderlyingoraclefor information,andin this case,theoracleneeds
theinformationfrom all theconversationsin orderto makedecisionsaboutprioritiesandwhat
canbeaccomplished.As soonasoneof theconversationsresultsin a committedor intended
courseof action,theotherconversationsareimpacted.Thequestionis whatis theappropriate
interfacebetweentheconversationmachineryandthelower level controlcomponents?

– Consideranothersituationthatapproachesthesameissuefrom a differentperspective. Let �
be anagentthathasa harddeadlineloomingandlackssufficient time to coordinateover all
soft task interactions(optionalcoordinationpoints), it must thusmodulatethe conversation
machineryto reflectthe upcomingdeadline.Optionsincludecurtailing conversationalactiv-
ities, i.e., endingexisting dialoguesor refrainingfrom startingnew dialogues,or modifying
conversationsto reflect the needfor haste.The first caseinvolves simply terminatingstan-
darddialogues,thesecondcase,however, requiresdialoguesthatareparameterizedor include
branchesthat have different temporalrequirements(possiblyanytime [7,18,42] in nature).
However, theproblemis not thatneat– it is actuallycyclical. Non-localinformationobtained
via communicationinfluencesthe agent’s beliefsandthus impactsits intentionsor planned
actions.Thus,continuinga dialogueandgainingmoreinformationmight actuallychangethe
choicesthat an agenthasmadeandthusresult in the agenthaving moretime for conversa-
tions. Conversely, time spentconversingmay simply detractfrom domainproblemsolving.
The questionis whetheror not we must addressthe issueand if so, what are the implica-
tionsto theconversationalmachineryof theagent?Certainly, onecanarguethatfor agentsto
addressreal-timeandreal-resourceconcerns,theissuemustbeaddressed.

Attemptingto framethesequestionsleadsoneto considerthe implicationsof agents
having multiple, asynchronous,conversationspertainingto differentmattersanddeal-
ing with activitiesatdifferentlevelsof abstraction.As discussedin Section5, intra-level
andinter-level interactionin conjunctionwith interactionsbetweenconversationsand
agentcontrolcomponentspushesharderon theissueof interaction.

Thesequestionsaretheoutcomeof aneffort to modify ouragentcoordinationtech-
nology, namelyGPGP[26] andDesign-to-Criteria[37,35], to supportopenness,situa-
tion specificity, andadaptationto differentapplicationdomains.For example,in a cur-

1 The issueis moreclearif resourcesarenot simpleobjectsthat requireexclusive access,but
areinsteadsharable,e.g.,network bandwidth,wherethe performanceof anactionusingthe
resourcemaydegradebasedonthestateof theresource– andthedegreesof degradationvary.
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Fig.1. A Portionof thePrototypicalAgentArchitecture

rentprojectweareinterfacingouragentcontroltechnologywith ahigher-level process
view [21] of the taskof sendingrobot teamsinto hazardousenvironmentsto perform
unmannedexploration(e.g.,damagedbuildings to accessstructuralconditions).This
applicationrequiresdifferentprotocolsanddifferentbehaviors thanapplicationssuch
asthe coordinationof agentsin an intelligent environment[25], or informationgath-
ering agents[8]. In an effort to openGPGPfor differentapplicationsandto adaptits
protocols,we redesignedandreimplementedthe importantconceptsfrom GPGPand
created�	�	�	�	
 [40].

It is importantto notethat while our view of agentcontrol differs from othersin
thecommunity, from theperspective of theagentconversation,thequestionswe have
posedarerelevant to otheragenttechnologies.Perhapstheoverall questionis therole
of agentconversationresearchandwork in multi-agentcoordination.Ononehandcon-
versationalwork oftenfocuseson structuringthedialoguebetweenagents[24,23,13],
or the formal models,motivations,and implicationsof information exchange[6, 30,
31]. On the otherhand,coordinationwork [29,33,34,19,14,9] generallypertainsto
makingdecisionsaboutwhat an agentshoulddo, when,andhow it shouldbe done.
Thesetwo areasof researcharerelated(interdependent?)andwebelievebothcanben-
efit from crossfertilization andexploring our researchideas,andtheseconversational
issues,in context. Work akin to this hasbegun using abstractionsof the underlying
agentmachineryor simplifiedagenttaskmodels[13,30].

Additionalcontext is requiredto properlyframeandunderstandourquestionsabout
interactionsandthe agentconversationalmachinery. In somesense,interactionsstem
from the complexity of the agentcontrol problem.In our work, agentshave multiple
interactinggoalsor tasksandmultiple differentwaysto performthem.Agentsarealso
resourceboundedandmustaddressreal-timeandreal-resourcelimitations.Thecombi-
nationof resourcelimitationsandalternativedifferentgoalsto perform,andalternative
differentwaysto performthem,resultsin agentcontrolasanoptimizationstyleproblem



ratherthana satisfactionstyleproblem,i.e., theissuebecomesevaluationof trade-offs
of differentalternative coursesof action.The interdependenciesandthe optimization
problemview meanthat decisionsrarely have limited or local scopebut insteadmay
impactall of theotherchoices/decisionsmadeby the agent.In the following sections
we clarify by describingour particularview of agentcontrolandour domainindepen-
dentarchitecture.We alsodiscussthe finite-statemachineapproachfor coordination
protocolspecificationusedin GPGP2andreturnto thequestionsposedthissection.

2 Agent Control Components
We framethe generalagentcontrol problemasan action-selection-sequencingactiv-
ity. Agentshave multiple tasksto perform,different ways to perform the tasks,and
the control problemis to choosesubsetsof thesefor scheduling,coordinationwith
otheragents,andexecution.Theobjectiveof agentcontrolproblemsolvingis to enable
agentsto meetreal-timeandreal-resourceconstraints,andto facilitateagentcoordina-
tion throughislandsof predictableor stableagentactivity.

We approachthecontrolproblemfrom a domainindependentperspective, i.e., our
researchfocus is on the constructionof generalizedagentcontrol componentsthat
canbecoupledwith domainproblemsolvers,planners,or legacy systemsto construct
agentssuitablefor deploymentin amulti-agentsystem.Thisgeneralizationis achieved
by abstractingaway from the agentsinternals.In our work, domainproblemsolvers
describeor translatetheir problemsolvingoptions,their candidatetasksandtheprim-
itive actionsusedto accomplishthem, into a task modelinglanguagecalledTÆMS
[11]. The TÆMS modelsarethenpassedto genericcontrol components,suchasthe
Design-to-Criteria(DTC) agentschedulerandthe(GPGP/GPGP2) agentcoordination
module.Othercomponentsincludea learningmodule[32,20] andamodulefor system
diagnosis[17,22].

With respectto otherapproachesto agentcontrol,e.g.,BDI-based[28,4] problem
solvers,our tools operateat a differentlevel of detail.We returnto this issuein Sec-
tion 4, thoughthegeneralideais thattheDTC/GPGPtoolsperformdetailedfeasibility
analysisand implementationof high-level goalsand tasksselectedby other compo-
nents,like a BDI problemsolver. The DTC/GPGPcontrol modelassumesthat some
othercomponentis producingthe high-level tasksthat the agentis to achieve, either
asthe resultof local-only domainproblemsolving or asthe resultof communication
(at higherlevels)with otheragents.A subsetof thelargergenericagentarchitectureis
shown in Figure1. In this paper, we describeagentcontrol in the context of the two
primary control components,namelythe Design-to-Criteriaschedulerandthe GPGP
coordinationmodule.

2.1 TÆMS Task Models

TÆMS(TaskAnalysis,EnvironmentModeling,andSimulation)is a domainindepen-
dent task modelingframework usedto describeand reasonaboutcomplex problem
solvingprocesses.TÆMSmodelsareusedin multi-agentcoordinationresearch[10,38]
andarebeingusedin many otherresearchprojects,including:cooperative-information-
gathering[27], collaborativedistributeddesign[12], intelligentenvironments[25], co-
ordinationof softwareprocess[21], andothers[5, 36,3,9]. Typically a problemsolver
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Fig.2. SimplifiedSubsetof anInformationGatheringTaskStructure

representsdomainproblemsolvingactionsin TÆMS,possiblyatsomelevel of abstrac-
tion, andthenpassesthe TÆMS modelson to agentcontrol problemsolverslike the
multi-agentcoordinationmodulesor theDesign-to-Criteriascheduler.2

TÆMSmodelsarehierarchicalabstractionsof problemsolvingprocessesthatde-
scribealternativewaysof accomplishingadesiredgoal;they representmajortasksand
major decisionpoints, interactionsbetweentasks,and resourceconstraintsbut they
do not describethe intimatedetailsof eachprimitive action.All primitive actionsin
TÆMS,calledmethods, arestatisticallycharacterizedvia discreteprobabilitydistribu-
tions in threedimensions:quality, costandduration.Quality is a deliberatelyabstract
domain-independentconceptthat describesthe contribution of a particularaction to
overallproblemsolving.Durationdescribestheamountof timethattheactionmodeled
by themethodwill take to executeandcostdescribesthefinancialor opportunitycost
inherentin performingthe action.Uncertaintyin eachof thesedimensionsis implicit
in theperformancecharacterization– thusagentscanreasonaboutthecertaintyof par-
ticular actionsas well as their quality, cost,anddurationtrade-offs. The uncertainty
representationis alsoappliedto taskinteractionslike enablement,facilitationandhin-
deringeffects,3 e.g.,“10% of thetime facilitationwill increasethequality by 5% and
90%of thetime it will increasethequality by 8%.” Thequantificationof methodsand
interactionsin TÆMSis not regardedasa perfectscience.Taskstructureprogrammers
or problemsolver generatorsestimatetheperformancecharacteristicsof primitive ac-
tions.Theseestimatescanberefinedovertimethroughlearningandreasonerstypically
replanandreschedulewhenunexpectedeventsoccur.

To illustrate,considerFigure2,whichis aconceptual,simplifiedsub-graphof atask
structureemittedby theBIG [27] informationgatheringagent;it describesaportionof
theinformationgatheringprocess.Thetop-level taskis to constructproductmodelsof
retail PC systems.It hastwo subtasks,Get-BasicandGather-Reviews, both of which
aredecomposedinto methods,thataredescribedin termsof theirexpectedquality, cost,

2 In theprocesswork, a translatortransformsandabstractsprocessprogramsinto TÆMStask
structuresfor schedulingandcoordination.

3 Facilitationandhinderingtaskinteractionsmodelsoft relationshipsin whicharesultproduced
by sometask may be beneficialor harmful to anothertask. In the caseof facilitation, the
existenceof the result, and the activation of the nle generallyincreasesthe quality of the
recipienttaskor reducesits costor duration.



andduration.TheenablesarcbetweenGet-BasicandGatheris anon-local-effect(nle)
or taskinteraction;it modelsthefactthatthereview gatheringmethodsneedthenames
of productsin order to gatherreviews for them.Other task interactionsmodeledin
TÆMSinclude:facilitation, hindering, boundedfacilitation, sigmoid, anddisablement.
Taskinteractionsareof particularinterestto coordinationresearchbecausethey identify
instancesin whichtasksassignedto differentagentsareinterdependent– they model,in
effect, implicit joint goalsor joint problemsolvingactivity. Coordinationis motivated
by theexistenceof theseinteractions.

Returningto theexample,Get-Basichastwomethods,joinedunderthesum()quality-
accumulation-function(qaf), which defineshow performingthesubtasksrelateto per-
formingtheparenttask.In thiscase,eithermethodor bothmaybeemployedto achieve
Get-Basic. Thesameis truefor Gather-Reviews. Theqaffor Build-PC-Product-Objects
is a seqsum()which indicatesthat the two subtasksmustbeperformed,in order, and
that their resultantqualitiesaresummedto determinethe quality of the parenttask;
thusthereareninealternative waysto achieve thetop-level goal in this particularsub-
structure.In general,a TÆMS taskstructurerepresentsa family of plans,ratherthan
a singleplan,wherethedifferentpathsthroughthenetwork exhibit differentstatistical
characteristicsor trade-offs.

TÆMSalsosupportsmodelingof tasksthatarrive at particularpointsin time, in-
dividual deadlineson tasks,earlieststart times for tasks,and non-local tasks(those
belongingto otheragents).In thedevelopmentof TÆMStherehasbeenaconstantten-
sion betweenrepresentationalpower andthe combinatoricsinherentin working with
thestructure.Theresultis amodelthatis non-trivial to process,coordinate,andsched-
ule in any optimal sense(in thegeneralcase),but alsoonethat lendsitself to flexible
andapproximateprocessingstrategies.

2.2 Design-to-Criteria Scheduling:Local Agent Control

TheDesign-to-Criteria(DTC) scheduleris the agent’s local experton makingcontrol
decisions.Thescheduler’s role is to considerthepossibledomainactionsenumerated
by the domainproblemsolver andchoosea courseof action that bestaddresses:1)
the local agent’s goal criteria (its preferencesfor certain typesof solutions),2) the
local agent’s resourceconstraintsand environmentalcircumstances,and 3) the non-
local considerationsexpressedby the GPGPcoordinationmodule.The generalidea
is to evaluatethe optionsin light of constraintsandpreferencesfrom many different
sourcesandto find away to achievetheselectedtasksthatbestaddressesall of these.

Thescheduler’sproblemis framedin termsof aTÆMStaskstructureemittedby the
domainproblemsolver. Schedulingproblemsolvingactivities modeledin theTÆMS
languagehasfourmajorrequirements:1) tofindasetof actionstoachievethehigh-level
task,2) to sequencethe actions,3) to find andsequencethe actionsin soft real-time,
4) to producea schedulethatmeetsdynamicgoal criteria, i.e., cost,quality, duration,
andcertaintyrequirements,of differentclients.TÆMSmodelsmultipleapproachesfor
achieving tasksalongwith thequality, cost,anddurationcharacteristicsof theprimitive
actions,specificallyto enableTÆMSclientsto reasonaboutthetrade-offs of different
coursesof action. In otherwords, for a given TÆMS taskmodel, therearemultiple
approachesfor achieving the high-level taskandeachapproachhasdifferentquality,
cost,duration,andcertaintycharacteristics.In contrastto classicschedulingproblems,



the TÆMS schedulingobjective is not to sequencea setof unorderedactionsbut to
find andsequencea setof actionsthatbestsuitsa particularclient’s quality, cost,du-
ration,andcertaintyneeds.Design-to-Criteriais aboutexaminingthecurrentsituation,
the currentoptionsbeforethe agent,anddecidingon a courseof action– it is about
targetablecontextualdecisionmaking.

Design-to-Criteriaschedulingrequiresa sophisticatedheuristicapproachbecause
of the schedulingtask’s inherentcomputationalcomplexity ( � �� "!$#

and % �'&(!$# ) it is
notpossibleto useexhaustivesearchtechniquesfor findingoptimalschedules.Further-
more,thedeadlineandresourceconstraintsontasks,plustheexistenceof complex task
interrelationships,prevent the useof a singleheuristicfor producingoptimal or even
“good” schedules.Design-to-Criteriacopeswith theseexplosivecombinatoricsthrough
approximation,criteria-directedfocusing(goal-directedproblemsolving),heuristicde-
cisionmaking,andheuristicerrorcorrection.Thealgorithmandtechniquesaredocu-
mentedmorefully in [37,35].

2.3 GPGPCoordination: Managing Non-Local Interactions

GPGP(GeneralizedPartial Global Planning)is the agent’s tool for interactingwith
otheragentsandcoordinatingjoint activity. GPGPis a modularized,domainindepen-
dent,approachto scheduling-centriccoordination.In GPGP, coordinationmodulates
local control by postingconstraintson an agent’s local DTC scheduler. The GPGP
coordinationmoduleis responsiblegeneratingcommunicationactions,that is commu-
nicatingwith otheragents(via their local communicationmodules),andmakingand
breakingtaskrelatedcommitmentswith otheragents.Thecoordinationmoduleis com-
prisedof severalmodularcoordinationmechanisms,subsetsof which maybe applied
duringcoordinationdependingonthedegreeof coordinationdesired.Morespecifically,
GPGPdefinesthefollowing coordinationmechanisms(for theformaldetailssee[10]):

1. Share Non-Local Views - This mostbasiccoordinationmechanismhandlestheexchangeof
local views betweenagentsandthedetectionof taskinteractions.Exchanginglocal views is
the only way in which agentscandetectandcoordinateover task interactions.The mecha-
nismexchangesinformation,or not, accordingto threedifferentexchangepolicies:exchange
none, whereno informationis exchanged;exchange some, whereonly partof the local view
is communicated;andexchange all, wherethe entire local view is communicated.This co-
ordinationmechanismis necessaryfor all othercoordinationmechanisms– without a local
view of non-localtasksandanunderstandingof existing taskinteractionsthereis nothingto
coordinate.

2. CommunicateResults- This coordinationmechanismhandlescommunicatingtheresultsof
methodexecutionto otheragents.It is governedby threedifferentpolicies:theminimalpolicy
whereonly theresultsnecessaryto satisfyexternalcommitmentsarecommunicated;thetask-
grouppolicywhereall theminimal resultsplusthefinal resultsfor a taskgrouparecommuni-
cated;andtheall policy whereall resultsarecommunicated.This mechanismis meaningless
withoutmechanism1 above or thefollowing mechanismsthatform commitments.

3. Avoid Redundancy - This mechanismdealswith detectedredundancy by picking an agent
at randomto executethe redundantmethodin question.Theagentthenbecomescommitted
to performingtheactionandtheotheragentswill have non-localcommitmentsdenotingthat
someotheragentwill carryout thetaskatapredeterminedtime.Note,thetypeof redundancy
in questionhereis simpleduplicationof work, in contrastto theredundancy of beingableto
generatea similar resultusingdifferentmethods.



4. Handle Hard TaskRelationships- TheenablesNLE picturedin Figure2 denotesahardtask
relationship.This coordinationmechanismdealswith suchhard,non-optional,task interac-
tionsby committingthepredecessorsof theenablesto performthetaskby a certaindeadline.

5. Handle Soft TaskRelationships- Soft taskinteractions,unlikehardinteractionslikeenables,
areoptional.Whenemployed,thiscoordinationmechanismattemptsto form commitmentson
thepredecessorsof thesoft interactionsto performthemethodsin questionbeforethemethods
thatareon thereceiving endof theinteraction.

As mentionedabove, theGPGPcoordinationmodulemodulateslocal controlby plac-
ing constraints,calledcommitments, onthelocalscheduler. Thecommitmentsrepresent
eitherdealsthatGPGPhasmadewith otheragents,e.g.,agreeingto performmethodM
by time T, or dealsthatGPGPis consideringmakingwith otheragents.The commit-
mentsfall into four categories:

DeadlineCommitment This typeof commitmentdenotesanagreementto executea particular
methodby a particulartime.Thusif agentA needstheresultsfrom a methodexecutionbeing
performedby anotheragent,agentB, andthey form adeadlinecommitment,agentA canthen
planotheractivitiesbasedontheexpectationof receiving theresultsfrom B by thedeadlineT.

Earliest Start Time Commitment This commitmentdenotesanagreementnot to startexecut-
ing aparticularmethodprior to anagreedupontime.This typeof commitmentis theconverse
of thedeadlinecommitment.In thetwo agentscenarioabove, this commitmentcouldbeused
to denotethatwhile agentB shouldexecuteM by time T, it shouldalsonot startexecutingM
beforetimeT’.

Do Commitment This commitmentis weak and simply denotesa commitmentto executea
particularmethodat sometime.

Don’t Commitment Thiscommitmentdenotesanagreementnot to performaparticularmethod
duringa particularinterval. It is particularlyusefulfor coordinationover sharedresources.

Salientfeaturesof GPGP-basedcoordinationincludea domainindependentapproach
to coordination,exchangeof non-localinformationto constructa partialglobalview, a
worth drivenview of tasksandactions(from TÆMS),differentinformationexchange
policies for many of the coordinationmechanisms,a subsetof mechanismsthat are
independentandcanbeapplied,or not,dependingonthecurrentcontext (e.g.,looming
deadlines).

Figure3 shows a multi-agentproblemsolving situationin which an information
gatheringtaskstructure(akinto Figure2) is distributedacrossseveralagents.Thehigh-
level objective is to build productobjects.Thetwo subtasksareto build objectsfor PC
softwareproducts,andto build objectsfor Mac products.Note that the actionsused
to performtaskslike Gather-Reviews areabstractedout of this figure.The entirePC
relatedbranchof the treeis contractedout to a singleagent,TaskAgent A, while the
Macrelatedbranchis brokendown andcontractedout to two otheragents,TaskAgents
B andC. Thereareinteractionsbetweenthe Get-Basic-Product-Informationtasksand
theGather-Reviews tasks,aswell asinteractionsbetweenthePCandMac versionsof
thesetasks(productsmay be multi-platform). Using GPGP, the agentscoordinateas
follows:

– Step1: Exchangelocal views. Agents ) , * , and + exchangetheir local views, i.e., they
exchangeportionsof their taskstructures.Thisgiveseachagenta limited view of theactivities
beingperformedby theotheragents.
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Fig.3. Multiple InteractingInformationAgents

– Step2: Detectinteractions.In this case,theinteractionsmaybespecifieda priori by theUser
InterfaceAgent. However, if the interfaceagentdid not have a completeview of the task
beforehand,theagentswill compareinputsandoutputsof theirdifferentactionsandmatchup
relationshipsaccordingly.

– Step3: Coordinateover interactions.Agent ) hasmutualfacilitationswith agents* and + .
Agent * hasa mutual facilitation with agent ) , aswell asan enablesrelationshipwith + .
+ hasa mutualfacilitationwith ) , but alsorequiresinput from * in orderto do its problem
solving.Thesequencingandinteractionof coordinationover theseinteractionsis oneof the
issuesof this paper, however, in general,theinteractionsarehandledby:

1. Agent * evaluatingits intendedcourseof action and offering agent + a deadlinecom-
mitment that specifiesthe deadlineby which it will producea resultso that agent + can
execute.

2. Agent ) evaluatingits intendedcourseof actionandoffering a commitmentto agent *
thatspecifieswhena portionof the resultsfor ) ’s Get-Basic-Product-Informationwill be
available.

3. Agent * evaluatingits scheduleandofferingagent) asimilarcommitmentaboutthepartial
resultsof its Get-Basic-Product-Informationtask.

4. Agent ) , afterconsideringits schedule,will thenoffer agent+ a commitmentaboutwhen
thepartialresultsof its Gather-Reviews taskwill beavailable.

5. Agent + will offer asimilarcommitmentto agent) aboutits Gather-Reviewstask’sresults.

– Step4: Execute,recommit,andexchange.Theagentswill thenperformtheir scheduledprim-
itive actions,reschedulingandrecommittingif necessary, andexchangingresultsasspecified
by thecommitmentsthey have formed.

As mentioned,coordinationor agentconversationmust rely on an underlyingoracle
or analysisproceduresto determinebindingson particularvariablesthatareexchanged
during the agentdialogue.For example,an agentmust have a good idea of when a
particularresultcanbe provided to anotheragentin order to proposea commitment
to thateffect. In theGPGP/DTCworld view, this informationis generallyprovidedby
the scheduler. However, GPGPalso requiresnon-scheduleranalysiscode,for exam-
ple, codeto detecttaskinteractionsor to determinewhich informationpolicy should
be used.Thus,GPGPmechanismsembodyboth analysisaspectsof the coordination



problemandcoordinationprotocolaspects.Theproblemis thatthis integrationof con-
cernsmakesextendingtheprotocolsdifficult – they are,in essence,built into thecode
andisolatedfrom theoutsideworld. GPGP2addressesthis problemby separatingthe
analysisproceduresfrom thespecificationof theagentcoordinationprotocol.

3 GPGP2
The GPGP2label on our currentgenerationof agentcoordinationtools is primarily
for historical reasons.The goal of the GPGP2project is to develop a new approach
to specifyingcoordinationmechanismsthat separatesthe coordinationprotocol from
thesupportinganalysiscodesothatcoordinationprotocolsmaybeeasilymodifiedand
adaptedfor particularcontexts.Onestepin theverificationof thenew toolsis to reim-
plementthe functionality of GPGP, including its fairly simplecoordinationprotocols
andone-shotcoordinationnature.However, themainobjective is to take thework be-
yondtheterritory alreadycoveredby GPGP.

WhereasGPGPgroupedanalysisfunctionalityandprotocolspecificationinto asin-
glebodyof embeddedcode,GPGP2takesaverydifferentapproach.Coordinationpro-
tocolsarespecifiedusingan extendedfinite statemachine(FSM) modelwherestates
denoteconversationalstatesand transitionsare associatedwith calls to communica-
tion actionsor analysiscode.This approachto specificationis widespreadandakin to
AgenTalk [23] andCOOL [2], but thework differs in theway in which conversations
interactwith the underlyingagentcontrol machinery. Implementationally, FSMs are
specifiedvia scriptsthatareprocessedby a java-basedFSMinterpreter. Theinterpreter
emitsjava codethat is thenincorporatedinto a coordinationbeanwhich is integrated
into the genericjava agentframework [16]. The coordinationbeaninteractswith the
rest of the agentcomponentsthroughan event/registrationmechanismandby direct
invocationwhenusingcertainsupportfeaturesof theframework. Featuresof theFSM
model/ interpreterinclude:

– Supportfor multiple concurrentasynchronousconversationsbetweena givenagentandother
agentsin theenvironment.

– FSM variablesenablingprotocolsto storeinformationexplicitly – in additionto the implicit
informationcontainedin eachconversationstate.For example,to storethecommitmenttime
lastproposedby anotheragent.

– SharedFSM variablesthatenabledifferentconversations(FSM instances)to interact.For ex-
ample,conversationsfocusedon a particularsetof interrelatedtasks(possiblysequentially
dependent)mightcontainpointsof synchronizationto serializetheirefforts.Thesynchroniza-
tion phasewould entail a sharedsemaphore-like variableandthepassingof particularbind-
ings.This informationcouldalsobepassedoutsideof thecoordinationbeanvia thestandard
agentdatastructures/ knowledgebases,but, intuitively it seemsmoreefficient to do this sort
of operationinsidethecoordinationmachineryratherthanthroughthegeneralagentcontrol
structures.This is a designdecision,but, it is theembodimentof the issueof handlinginter-
actionsbetweendifferentconversations.It is unclear, at this time,which is theright approach
andunclearasto whetheror notastronger, explicit, representationof conversationinteraction
is needed.

– Timersenablemachinesto settimersandthenblock, waiting for particulareventsto occur.
Thetimersenableconversationsto time-outif responsesarenotproducedwithin a givenwin-
dow. The timeoutdurationcanbespecificto theconversationor a globaldefault usedby all
conversations.
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Fig.4. Initiator FSMto CoordinateHardTaskInteraction

– Eventregistrationandcreation.Eventsmaybegeneratedfrom within theFSMsaswell asfrom
within theagent.In effect,eachconversationis afirst classobjectwithin theagentframework
in termsof eventgenerationandeventcatching.Conversationscanthusinteractevenwithout
explicit a priori knowledgeof which otherconversationsarelikely to interact.

– As part of the event mechanism,FSMscan initiate otherconversations,i.e., oneFSM may
detecttheneedfor a new dialogueandcanfire-upa new FSMto handlethedialogue.

– Inheritance.Coordinationprotocolscanbe subclassedandspecialized.This facilitatesrapid
protocoldevelopmentandsimplespecializationof existing protocols.

– Preandpostconditionsontransitions.Transitionsmayhaveasetof actions(includingtestsof
FSM variables)that take placebeforethe transitionandsetsof actionsthat take placeasthe
transitioncompletes.

– Exceptions.FSMsmaythrow andcatchexceptions.Thisallows FSMsto handletimeoutcon-
ditionsandothereventsthatdrasticallychangetheexecutionflow throughtheFSM,andto do
so in a succinctfashion.Thealternative is completespecificationof all exceptionsastransi-
tionsfrom eachstate.

Figure4 show anexampleof aninitiator FSM4 to handlethecoordinationof ahardtask
interaction(thetemporalsequencingof taskperformance).TheFSMsin thefigureare
designedto handlethe formationof a singlecommitment.Oneof the outstandingre-
searchquestionsis determiningtheappropriategrainsizefor anagentconversation.We
arecurrentlyusinga modelwhereconversationsandtaskinteractioncoordinationare
1:1.However, considera casewherethereis an interactionfrom task ñ to

ò
, andthen

from
ò

to ó . Chainsof suchinteractionsmay requireoneconversationto coordinate
the chain of interactions,ratherthan multiple independentconversationsor multiple

4 Generallythe responderis a reflectedversionof the initiator, in thesecases,it is probably
reasonableto specifya singleFSMandthenadapttheinterpreterto outputtwo versions.This
would remove theneedto analyzetheFSMsfor reachabilityandrelatedissues.



conversationsthat interactvia sharedvariables.Relatedly, considera casewhereagentô
andagentõ have multiple differenttaskinteractions.With our currentmodel,these

will be handledby multiple concurrentandasynchronousconversationsbetweenthe
agents.However, they could alsobe handledby a singleconversationthat dealtwith
themultiple taskinteractionsatonce.In bothcases,interactionsbetweentheFSMsare
at issue.In the first case,the conversationsareinterdependentbecausethe tasksover
which they arecoordinatingareinterdependent.In the secondcase,the conversations
areinterdependentbecausethetasksareassociatedwith thesameagents,i.e., theinter-
dependenceis not betweenthe tasksperse,but, stemsfrom theparticularassignment
of tasksto agents.

4 Interactions Revisited

Theissueof interactionsis potentiallylargerthandescribedin Section1. We have thus
far identifiedtheissueof interactionsbetweendifferentconversations,andinteractions
betweentheconversationmachineryandtheagentcontrolmachinery. However, weare
currentlyconsideringnew agentdialoguesor coordinationmechanismsthatpotentially
operateat a higher-level thantheconversationsheldto performGPGPstylecoordina-
tion.

GPGPandGPGP2dealwith the temporalsequencingof tasksandwith exploring
differenttasksandconstraintsassignedto a setof agents.In somesense,this styleof
coordinationis aboutfeasibility analysisandsolutionenactmentbasedon theassump-
tion thattasksaregenerateddynamicallyduringproblemsolvingby theagentproblem
solver or by an external(possiblyhuman)client. In otherwords,GPGPassumesthat
someotherprocessis responsiblefor determiningthesetof candidatetasksto schedule
andcoordinate.Note that TÆMS modelsalternative differentwaysto performtasks,
anddoessohierarchically, sotheGPGPproblemis notsimplyto coordinateandsched-
uleasetof primitiveactionsthatmustbeperformedbut insteadto choosewhichactions
to performbasedon utility andfeasibility. However, GPGP’s (andDTC’s) choicesare
limited to thesetof tasksandactionsemittedby theproblemsolver. All GPGPconver-
sationspertainto the detectionof interactions,the sequencingof activities to resolve
interactions,andthesharingof results;they do not pertainto thedeterminationof the
high-level goalsof theagent.

Our currentwork in integratingGPGP2with a process-level controller, however,
requiresthatwe addresstheissueof taskallocationto agentsandthedeterminationof
which tasksto performfrom a moreglobalperspective.Note that thesearetwo sepa-
rate,but similar, issues.Taskallocationis theproblemof assigningmembersof asetof
tasks,say ö , to individualagentsbelongingto a setof candidateagents.This requires
knowledgeaboutthecapabilitiesandresourcesof theagentsandknowledgeaboutthe
structureof thetasks(possiblya high-level view of interdependenceor ordering).The
determinationof which tasksthe overall agentnetwork shouldpursueis a different
matter– this is theprocessof generatingö . Bothof theseactivities requirethatagents
beableto engagein conversationsotherthanthoserequiredfor GPGP-stylecoordina-
tion.Theseconversationsmustconvey informationsuchasthecapabilitiesof theagents
but alsoinformationpertainingto the stateof the overall problemsolving network. It
appearsthat theseconversationspertainto differentconcernsandoperateat different
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Fig.5. ConversationalLevelsandInteractions

levelsof detail.5 However, thereis clearlyaninteractionbetweentheproductionof ö ,
theassignmentof membersof ö to agents,andthefeasibility of thetasks,i.e., in this
casewearefacedwith interactionsbetweentheconversationsheldto determineoverall
objectives,conversationsheldto determinetaskassignment,andconversationsheldto
determinetaskfeasibility andtaskperformance.Additionally, theseconversationsare
asynchronous;not just with respectto thedifferentlevels,but theremight bedifferent
conversationsat eachlevel going on simultaneously. Figure5 illustratesthis idea.In
somesense,decisionsmadeat the upperlevels setthe policy for conversationsat the
lowerlevels.For example,decidingto pursuetasksñ and

ò
attheupperlevel determine

thatat theGPGP-level, conversationswill beheld toward thatends.However, thereis
alsoafeedbackprocessin whichthelower-levelmustexplorethefeasibilityof thetasks
selectedby theupperlevels.Considerasituationin whichasetof tasksareselectedbut
whentheagentsattemptto coordinate,sequence,andperformtherequiredactionsit is
discoveredthat the agentnetwork lackssufficient resourcesto carry out the activities
(recall,we addressproblemswheretaskinteractionsandtemporalconstraintsmake it
difficult to ascertainwhat is possiblewithout actuallygoing throughtheprocessof at-
temptingto coordinateandschedulethe activities). In this case,the choiceof which
tasksto pursuefor the overall network mustbemodified.6 Again, we returnto the is-
sueof interaction.Shouldtheseinteractionsbeexplicitly modeledandhandledby the

5 We arecurrentlyalsoexploring theintegrationof our temporal/constraintbasedcoordination
with BDI approachesto agentcontrol.We believe that a BDI framework canbe usedin the
upperlevel of the agentcontrol to determinewhich tasksto performfrom a coarse-grained
perspective (intentions).Thefine-grainedcoordinationandschedulingof theactivities is then
carriedoutby our tools.

6 An alternative is to provide thelower-level feasibility andimplementationtoolswith a larger
view of thespaceof candidatetasks.In this model,the lower-level toolscouldprovide guid-
anceaboutwhich tasksshouldbepursuedat thehigher-levelsbasedon theanalysis.Notethat
in this case,theupperandlower-levelshave essentiallythesameinformation,just at different
levelsof abstraction.



conversationmachinery?Doesthis requirea negotiationstyle interface[15] between
the differentconversationallevels?Relatedly, shouldtherebedifferentconversational
machineryfor thesedifferentlevelsof conversation?

Onceonebegins regardingagentconversationasbeingstratified,otherlevels be-
comeobvious.Work in organizingthecomputationandorganizingmulti-agentsystems
obviously entailsconversationsthat take placeat yet another(higher)level of abstrac-
tion. In theseconversationsagentsdeterminethestructurein whichtheproblemsolving
will take place.Again,conversationsat this level appearto interactwith thelower lev-
els,andviceversa.Again,arenew representationsneeded?Is new machineryneededto
hold conversationsof this type?We have recentlydevelopednew modelingconstructs
andreasoningtoolsfor addressinglocalagentcontrolat thesehigherlevels[39,35],but
thequestionof interactionandmachineryremains.

Thestratificationalsomovesdown thefood chain.If we examineGPGP, thereare
clearlytwo differentlevelsof conversationwithin GPGPitself. At onelevel, agentsex-
changelocal informationto constructpartialglobalviews of therestof theworld. The
agentsthencarry out dialoguesto attemptto handlevarioustask interactions.These
activities fall underthe generalumbrellaof feasibility andsolutionenactment.How-
ever, theactof communicatingresultscanbeviewedasa differenttypeof activity. In
GPGP2, the samemachineryis usedto communicateresultsasto carryout the other
activities,but, theactivitiesareinherentlydifferent.In thiscaseit appearsthatnew rep-
resentationsandmachineryarenot needed,possiblybecausethe interactionsbetween
theselevelsareoneway – resultsbeingcommunicateddoesnot affectexisting conver-
sations,thoughtheresultsmaycauseagentsto engagein new conversationswith other
agentsastheir problemsolvingstateevolves.

5 Conclusion
Wehaveattemptedto identify theissueof interactionsin agentconversationsandto pro-
videthereasonsthatinteractionsarearesearchquestionworthaddressing.In summary,
webelievethatboththeagentconversationcommunityandthecoordinationcommunity
couldbenefitfrom theintegrationof our technologiesandthat themeaningfulintegra-
tion of thesetechnologiesleadsto the issueof interactionbetweenthe conversational
level andthecontrollevel.Additionally, basedonourwork in coordination,wehypoth-
esizethatdifferentlevelsof interacting,asynchronous,conversationsarenecessaryto
scalemulti-agentsystemsfor deployment in complex, openenvironments.The main
issuesarewhat representationsor formalismsareusefulandwhetheror not explicitly
representingandreasoningaboutinteractionsis required.

Steppingasidefrom the notion of levels andinteractions– thereis alsothe issue
of uncertaintyin conversationsanduncertaintyin agentcoordination.In TÆMS we
explicitly represent,andreasonabout,thecertaintyof actions.Wehavebegunto reason
abouttheroleof uncertaintyin GPGP-stylecoordination[41], but, it seemsintuitivethat
theuncertaintyquestionis ubiquitousandappliesto all levelsof agentconversation.
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