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Abstract. Exploringagentconversationin the context of fine-grainedagentco-
ordinationresearchhasraisedseveral intellectual questions.The major issues
pertainto interactiondbetweendifferentagentconversationstherepresentations
choserfor differentclasse®f conversationstheexplicit modelingof interactions
betweenthe corversationsandhow to addresgheseinteractionsThis paperis
not soambitiousasto attemptto addresshesequestionspnly framethemin the
contet of quantified,scheduling-centrienulti-agentcoordinatiorresearch.

1 Intr oduction

Basedon a long history of work in agentsand agentcontrol componentgor building
distributed Al and multi-agentsystemswe are attemptingto frameandaddressa set
of intellectualquestiongertainingto agentcorversationInteractionlies atthe heartof
the matter;theissueis interactionbetweendifferentagentcorversationsthat possibly
occurat differentlevels of abstractionput alsointeractionbetweerthe machineryfor
holding a corversatiorwith otheragentsandthe underlyingmachineryfor controlling
theindividual agent Henceforthwe will usethetermcoorinationprotocolto describe
the specificationfor a dialoguebetweenone or more agentsthatis held for the pur-
poseof coordinatingtheir actities; a corversationis aninstantiationof a protocol. A
coordinationmedanism in contrastdenotesa larger groupingof concerns- it is the
way in which anagentreasonsboutinteractionsplansto resolve them,andcarriesout
communicatioractiities to do so. We returnto the issueof coordinationmechanisms
in Section2.3, however, the notion of a mechanismis intertwinedin the following in-
tellectualissues:

— Assumingamodelwhereagentsareengagedn multiple corversationgoncurrentlyandasyn-
chronously what are the ramificationsof interactionsbetweenthe different conversations?
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Shouldinteractionsbe accountedor at the corversationallevel or by the underlyingagent
controlcomponents®or example,if anagentis engagedn dialogueswith two otheragentsn
anattemptto contract-outwo differenttasks,e.g.,z andy, andthetasksaremutually exclu-
sive,whathappensf bothtasksarecontractedtthesametime?Or oneis contractedvhile the
otheris beingnegotiateddn ourwork, recosery would generallytake placevia decommitment
[1], possiblywith somepenaltyinvolved,but, this responsés generallytriggeredby theagent
controlcomponentsnot the corversationmachineryitself.

— Corversationsheldto coordinatemultiple agentgyenerallyentailthe exchangeof taskor goal
informationandtemporalconstraintsThis informationmay be viewed asparticularbindings
onvariableghatareusedby the conversationrmachineryUsingthis view, onecanervisionthe
corversationmachinerygueryingan oracle (temporalbelief-basetruth maintenanceystem,
agentscheduleretc.) for particularbindingsthat shouldbe usedduring the dialogue e.g.,“l
canprovide you theresultby time 107 However, whatif multiple candidateasksare being
negotiatedthat requirethe sameresource(sf?The corversationsare clearly interdependent,
hawever, the underlyingagentcontrolmechanismshatidentify the constrainedituationand
enumeratgossibleresponsess alsopartof theinteraction.In otherwords,theinvolved con-
versationgnustquerytheunderlyingoraclefor information,andin this casethe oracleneeds
theinformationfrom all the conversationsn orderto make decisionsaboutprioritiesandwhat
canbeaccomplishedAs soonasoneof the corversationgesultsin a committedor intended
courseof action,the othercorversationsareimpacted The questionis whatis theappropriate
interfacebetweerthe conversatiormachineryandthe lower level controlcomponents?

— Consideranothersituationthatapproachethe sameissuefrom a differentperspectie. Let
be an agentthat hasa hard deadlinelooming andlacks suficient time to coordinateover all
soft taskinteractions(optional coordinationpoints), it mustthus modulatethe corversation
machineryto reflectthe upcomingdeadline.Optionsinclude curtailing conversationalactiv-
ities, i.e., endingexisting dialoguesor refrainingfrom startingnew dialogues,or modifying
corversationsto reflectthe needfor haste.The first caseinvolves simply terminatingstan-
darddialoguesthe seconccase however, requiredialogueghatareparameterizedr include
brancheghat have differenttemporalrequirementgpossiblyarytime [7,18,42] in nature).
However, the problemis notthatneat—it is actuallycyclical. Non-localinformationobtained
via communicationinfluencesthe agent$ beliefs andthusimpactsits intentionsor planned
actions.Thus,continuinga dialogueandgainingmoreinformationmight actuallychangethe
choicesthat an agenthasmadeandthusresultin the agenthaving moretime for conversa-
tions. Corversely time spentcorversingmay simply detractfrom domainproblemsolving.
The questionis whetheror not we mustaddresghe issueandif so, what are the implica-
tionsto the conversationamachineryof the agentXertainly onecanarguethatfor agentso
addresseal-timeandreal-resourceoncernstheissuemustbe addressed.

Attemptingto framethesequestiondeadsoneto considerthe implicationsof agents
having multiple, asynchronous;orversationgertainingto differentmattersanddeal-
ing with actiities atdifferentlevelsof abstractionAs discussedh Sections, intra-level
andinter-level interactionin conjunctionwith interactionsbetweencorversationsand
agentcontrolcomponentpushesarderon theissueof interaction.
Thesequestionsarethe outcomeof aneffort to modify ouragentcoordinatiortech-
nology, namelyGPGP[26] andDesign-to-Criterig37, 35], to supportopennesssitua-
tion specificity andadaptatiorto differentapplicationdomainsFor example,in a cur

! Theissueis moreclearif resourcesare not simple objectsthat requireexclusive accesshut
areinsteadsharableg.g.,network bandwidth,wherethe performanceof anactionusingthe
resourcanaydegradebasen the stateof theresource- andthe degreesof degradationvary.
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Fig. 1. A Portionof the PrototypicalAgentArchitecture

rentprojectwe areinterfacingour agentcontroltechnologywith ahigherlevel process
view [21] of thetaskof sendingrobotteamsinto hazardougrnvironmentsto perform

unmannedexploration (e.g.,damageduuildings to accessstructuralconditions).This

applicationrequiresdifferentprotocolsand differentbehaiors thanapplicationssuch
asthe coordinationof agentsin an intelligent ervironment[25], or information gath-
ering agentdg8]. In an effort to openGPGPfor differentapplicationsandto adaptits

protocols,we redesignedandreimplementedhe importantconceptdrom GPGPand

createdz PG P? [40].

It is importantto notethat while our view of agentcontrol differs from othersin
the community from the perspectie of the agentcorversationthe questionsve have
posedarerelevantto otheragenttechnologiesPerhapgshe overall questionis therole
of agentcorversatiorresearctandwork in multi-agentcoordinationOn onehandcon-
versationalvork oftenfocuseson structuringthe dialoguebetweeragentq24,23,13],
or the formal models,motivations,and implicationsof information exchange[6, 30,
31]. On the otherhand,coordinationwork [29, 33,34,19,14,9] generallypertainsto
making decisionsaboutwhat an agentshoulddo, when,and how it shouldbe done.
Thesetwo areasof researclarerelated(interdependent@ndwe believe both canben-
efit from crossfertilization and exploring our researchdeas,andthesecorversational
issues,in context. Work akin to this hasbegun using abstractionf the underlying
agentmachineryor simplifiedagenttaskmodels[13, 30].

Additional context is requirecto properlyframeandunderstanaur questionsabout
interactionsandthe agentcorversationaimachineryIn somesensejnteractionsstem
from the complexity of the agentcontrol problem.In our work, agentshave multiple
interactinggoalsor tasksandmultiple differentwaysto performthem.Agentsarealso
resourcédboundedandmustaddresseal-timeandreal-resourcéimitations. Thecombi-
nationof resourcdimitationsandalternatve differentgoalsto perform,andalternatve
differentwaysto performthem,resultsn agentcontrolasanoptimizationstyleproblem



ratherthana satishctionstyle problemii.e., theissuebecomesvaluationof trade-ofs

of differentalternative coursesf action. The interdependencieandthe optimization
problemview meanthat decisionsrarely have limited or local scopebut insteadmay
impactall of the otherchoices/decisionmadeby the agent.In the following sections
we clarify by describingour particularview of agentcontrolandour domainindepen-
dentarchitecture We also discussthe finite-statemachineapproachfor coordination
protocolspecificatiorusedin GPGP2andreturnto the questiongosedthis section.

2 Agent Control Components

We framethe generalagentcontrol problemas an action-selection-sequenciragtiv-
ity. Agentshave multiple tasksto perform, differentwaysto performthe tasks,and
the control problemis to choosesubsetsof thesefor scheduling,coordinationwith
otheragentsandexecution.Theobjective of agentcontrolproblemsolvingis to enable
agentgo meetreal-timeandreal-resourceonstraintsandto facilitateagentcoordina-
tion throughislandsof predictableor stableagentactivity.

We approactthe control problemfrom a domainindependenperspectie, i.e., our
researchfocus is on the constructionof generalizedagentcontrol componentghat
canbe coupledwith domainproblemsolvers,plannersor legag/ systemso construct
agentssuitablefor deploymentin amulti-agentsystem This generalizations achieved
by abstractingaway from the agentsinternals.ln our work, domainproblemsolvers
describeor translatetheir problemsolving options,their candidateasksandthe prim-
itive actionsusedto accomplishthem, into a task modelinglanguagecalled TEMS
[11]. The TAEMS modelsarethenpassedo genericcontrol componentssuchasthe
Design-to-Criterig DTC) agentscheduleiandthe (GPGPGPGP2 agentcoordination
module.Othercomponentincludealearningmodule[32,20] anda modulefor system
diagnosiq17,22].

With respecto otherapproacheto agentcontrol, e.g.,BDI-based[28,4] problem
solvers,our tools operateat a differentlevel of detail. We returnto this issuein Sec-
tion 4, thoughthe generalideais thatthe DTC/GPGPtools performdetailedfeasibility
analysisand implementatiorof high-level goalsand tasksselectedby other compo-
nents,like a BDI problemsolver. The DTC/GPGPcontrol modelassumeshat some
othercomponenis producingthe high-level tasksthat the agentis to achieve, either
astheresultof local-only domainproblemsolving or asthe resultof communication
(athigherlevels)with otheragentsA subsebf the larger genericagentarchitecturds
shavn in Figure 1. In this paper we describeagentcontrol in the context of the two
primary control componentsnamelythe Design-to-Criteriaschedulerand the GPGP
coordinatiormodule.

2.1 TAMS TaskModels

TAMS (TaskAnalysis,EnvironmentModeling, and Simulation)is a domainindepen-
denttask modeling framework usedto describeand reasonaboutcomplex problem
solvingprocessesl. £MSmodelsareusedn multi-agentcoordinatiorresearctil0, 38]
andarebeingusedin mary otherresearclprojectsjncluding: cooperatre-information
gathering27], collaboratve distributeddesign[12], intelligentenvironmentg25], co-
ordinationof softwareprocesg21], andothers[5, 36,3,9]. Typically a problemsolver
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representdomainproblemsolvingactionsin TAEMS, possiblyatsomelevel of abstrac-
tion, andthen passeshe TAMS modelson to agentcontrol problemsolwverslike the
multi-agentcoordinatiormodulesor the Design-to-Criterisschedule?

TAEMS modelsare hierarchicalabstraction®f problemsolving processeshat de-
scribealternative waysof accomplishinga desiredgoal; they represenimajortasksand
major decisionpoints, interactionsbetweentasks,and resourceconstraintsbut they
do not describethe intimate detailsof eachprimitive action. All primitive actionsin
TAMS, calledmethodsarestatisticallycharacterizedia discreteprobability distribu-
tionsin threedimensionsguality, costandduration.Quality is a deliberatelyabstract
domain-independertonceptthat describeghe contribution of a particularactionto
overallproblemsolving.Durationdescribesheamountof time thattheactionmodeled
by the methodwill take to executeandcostdescribeghe financialor opportunitycost
inherentin performingthe action.Uncertaintyin eachof thesedimensionss implicit
in the performanceharacterizatior thusagentscanreasoraboutthe certaintyof par
ticular actionsas well astheir quality, cost,and durationtrade-ofs. The uncertainty
representatiors alsoappliedto taskinteractiondik e enablementfacilitation andhin-
deringeffects,® e.g.,“10% of the time facilitationwill increasethe quality by 5% and
90% of thetime it will increasehe quality by 8% The quantificationof methodsand
interactiondn TAEMSis notregardedasa perfectscience Taskstructureprogrammers
or problemsolver generatorgstimatethe performancecharacteristicef primitive ac-
tions. Theseestimatesanberefinedovertime throughlearningandreasonersgypically
replanandreschedulevhenunexpectedeventsoccur

Toillustrate,considefFigure2, whichis aconceptualsimplifiedsub-graptof atask
structureemittedby the BIG [27] informationgatheringagent;it describes portion of
theinformationgatheringprocessThetop-level taskis to constructproductmodelsof
retail PC systemslt hastwo subtasksGet-Basicand GatherReviews, both of which
aredecomposeihto methodsthataredescribedn termsof their expectedquality, cost,

2 In the processwork, a translatortransformsandabstractprocesgprogramsinto TAEMS task
structuredor schedulingandcoordination.

8 Facilitationandhinderingtaskinteractionsnodelsoftrelationshipsn which aresultproduced
by sometask may be beneficialor harmful to anothertask. In the caseof facilitation, the
existenceof the result, and the activation of the nle generallyincreaseshe quality of the
recipienttaskor reducests costor duration.



andduration.The enablesarcbetweenGet-Basicand Gatheris anon-local-efect (nle)
or taskinteraction;it modelsthefactthatthereview gatheringnethodsneedthenames
of productsin orderto gatherreviews for them. Other task interactionsmodeledin
TAMSinclude:facilitation, hindering boundedacilitation, sigmoid anddisablement
Taskinteractionsareof particularinterestto coordinatiorresearchbecausé¢hey identify
instancesn whichtasksassignedo differentagentsareinterdependentthey model,in
effect, implicit joint goalsor joint problemsolving actiity. Coordinationis motivated
by the existenceof theseinteractions.

Returningto theexample,Get-Basithastwo methodsjoinedunderthesum()quality-
accumulation-functioirfgaf), which defineshow performingthe subtaskselateto per
forming the parenttask.In this case githermethodor bothmaybeemployedto achiere
Get-BasicThesameis truefor GatherReviews. Theqaffor Build-PC-Product-Objects
is a segsum()which indicatesthatthe two subtasksnustbe performed,n order, and
that their resultantqualitiesare summedto determinethe quality of the parenttask;
thustherearenine alternatve waysto achieve the top-level goalin this particularsub-
structure.In generala TAEMS taskstructurerepresents family of plans,ratherthan
asingleplan,wherethe differentpathsthroughthe network exhibit differentstatistical
characteristicer trade-ofs.

TAEMS alsosupportsmodelingof tasksthat arrive at particularpointsin time, in-
dividual deadlineson tasks,earlieststarttimes for tasks,and non-localtasks(those
belongingto otheragents)in thedevelopmenbf TAEMStherehasbheena constanten-
sion betweenrepresentationgbower and the combinatoricinherentin working with
thestructure Theresultis amodelthatis non-trivial to processcoordinateandsched-
ule in any optimal sensg(in the generalcase) but alsoonethat lendsitself to flexible
andapproximateprocessingtratgies.

2.2 Design-to-Criteria Scheduling:Local Agent Control

The Design-to-Criterigd DTC) scheduleiis the agents local experton making control
decisionsThe schedules role is to considerthe possibledomainactionsenumerated
by the domainproblemsolver and choosea courseof actionthat bestaddressesl)
the local agents goal criteria (its preferencedor certaintypesof solutions),2) the
local agents resourceconstraintsand ervironmentalcircumstancesand 3) the non-
local considerationgxpressedy the GPGPcoordinationmodule. The generalidea
is to evaluatethe optionsin light of constraintsand preferencegrom mary different
sourcesandto find away to achieve the selectedasksthatbestaddresseall of these.
Theschedules problemis framedin termsof a TAEMStaskstructureemittedby the
domainproblemsolver. Schedulingoroblemsolving activities modeledin the TEMS
languagénasfour majorrequirementsl) to find asetof actionsto achieve thehigh-level
task, 2) to sequencéhe actions,3) to find and sequencéehe actionsin soft real-time,
4) to producea schedulehat meetsdynamicgoal criteria, i.e., cost,quality, duration,
andcertaintyrequirementspf differentclients. TAEMS modelsmultiple approachefor
achieving tasksalongwith thequality, cost,anddurationcharacteristicsf theprimitive
actions,specificallyto enableT £EMS clientsto reasoraboutthe trade-ofs of different
coursesof action.In otherwords,for a given TAEMS task model, thereare multiple
approachesor achieving the high-level taskand eachapproachhasdifferentquality,
cost,duration,andcertaintycharacteristicdn contrasto classicschedulingproblems,



the TAEMS schedulingobjectie is not to sequence setof unorderedactionsbut to
find and sequencea setof actionsthat bestsuitsa particularclient’s quality, cost,du-
ration,andcertaintyneedsDesign-to-Criterids aboutexaminingthe currentsituation,
the currentoptionsbeforethe agent,and decidingon a courseof action— it is about
targetablecontextual decisionmaking.

Design-to-Criteriaschedulingrequiresa sophisticatedheuristicapproachbecause
of the schedulingtask’s inherentcomputationatompleity ( w(2") ando(n™) ) it is
notpossibleto useexhaustie searchtechniquedor finding optimalschedulesi-urther
more,thedeadlineandresourceonstraintontasks plusthe existenceof complex task
interrelationshipspreventthe useof a single heuristicfor producingoptimal or even
“good” schedulesDesign-to-Criteriaopeswith theseexplosive combinatoricghrough
approximationgriteria-directedocusing(goal-directecroblemsolving),heuristicde-
cision making,andheuristicerror correction.The algorithmandtechniquesaredocu-
mentedmorefully in [37,35].

2.3 GPGP Coordination: Managing Non-Local Interactions

GPGP(GeneralizedPartial Global Planning)is the agents tool for interactingwith
otheragentsandcoordinatingjoint activity. GPGPis a modularizeddomainindepen-
dent, approachto scheduling-centricoordination.ln GPGR coordinationmodulates
local control by posting constraintson an agents local DTC schedulerThe GPGP
coordinationmoduleis responsibleggeneratingcommunicatioractions thatis commu-
nicatingwith otheragents(via their local communicatiormodules),and making and
breakingtaskrelatedcommitmentsvith otheragentsThecoordinatiormoduleis com-
prisedof severalmodularcoordinationmechanismssubsetf which may be applied
duringcoordinatiordependingynthedegreeof coordinatiordesired More specifically
GPGPdefineghefollowing coordinatiormechanismégfor the formal detailssee[10]):

1. Share Non-Local Views- This mostbasiccoordinationmechanisnhandleshe exchangeof
local views betweenagentsandthe detectionof taskinteractions Exchangingocal views is
the only way in which agentscandetectand coordinateover taskinteractions.The mecha-
nism exchangesnformation,or not, accordingto threedifferentexchangepolicies: exchange
none whereno informationis exchangedexchange some whereonly partof thelocal view
is communicatedand exchange all, wherethe entire local view is communicatedThis co-
ordinationmechanisnis necessaryor all othercoordinationmechanisms- without a local
view of non-localtasksandanunderstandin@f existing taskinteractionghereis nothingto
coordinate.

2. Communicate Results- This coordinationmechanisnmhandlescommunicatinghe resultsof
methodexecutionto otheragentslt is governedby threedifferentpolicies:the minimalpolicy
whereonly theresultsnecessaryo satisfyexternalcommitmentsarecommunicatedthe task-
grouppolicy whereall the minimal resultsplusthefinal resultsfor ataskgrouparecommuni-
cated;andtheall policy whereall resultsarecommunicatedThis mechanisnis meaningless
without mechanisni above or thefollowing mechanismshatform commitments.

3. Avoid Redundancy- This mechanisndealswith detectedredundang by picking an agent
atrandomto executethe redundanmethodin question.The agentthenbecomesommitted
to performingthe actionandthe otheragentswill have non-localcommitmentsdenotingthat
someotheragentwill carryoutthetaskatapredeterminedme.Note,thetype of redundang
in questionhereis simpleduplicationof work, in contrastto the redundang of beingableto
generate similar resultusingdifferentmethods.



4. Handle Hard TaskRelationships- Theenabled\LE picturedin Figure2 denotes hardtask
relationship.This coordinationmechanisimdealswith suchhard, non-optional taskinterac-
tionsby committingthe predecessorsf the enabledo performthetaskby a certaindeadline.

5. Handle Soft Task Relationships- Softtaskinteractionsunlike hardinteractiondik e enables
areoptional.Whenemployed, this coordinatiormechanisnattemptdo form commitmentson
thepredecessomf thesoftinteractiongo performthemethodsn questiorbeforethemethods
thatareonthereceving endof theinteraction.

As mentionedabove, the GPGPcoordinationmodulemodulatedocal control by plac-
ing constraintscalledcommitmentonthelocal schedulerThecommitmentgepresent
eitherdealsthat GPGPhasmadewith otheragentse.g.,agreeingo performmethodM
by time T, or dealsthat GPGPis consideringmakingwith otheragents.The commit-
mentsfall into four cateyories:

Deadline Commitment This type of commitmentdenotesan agreemento executea particular
methodby a particulartime. Thusif agentA needgheresultsfrom a methodexecutionbeing
performedby anotheragent,agentB, andthey form adeadlinecommitmentagentA canthen
planotheractiities basedn the expectationof receving theresultsfrom B by thedeadlineT.

Earliest Start Time Commitment This commitmentdenotesan agreemenhot to startexecut-
ing aparticularmethodprior to anagreedupontime. This type of commitmenis thecorverse
of thedeadlinecommitmentlin thetwo agentscenaricabore, this commitmentcouldbe used
to denotethatwhile agentB shouldexecuteM by time T, it shouldalsonot startexecutingM
beforetime T'.

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

Don’t Commitment Thiscommitmentdenoteanagreemenhotto performaparticularmethod
duringa particularintenal. It is particularlyusefulfor coordinationover sharedesources.

Salientfeaturesof GPGP-basedoordinationincludea domainindependenapproach
to coordinationgxchangeof non-localinformationto constructa partialglobalview, a
worth drivenview of tasksandactions(from TAEMS), differentinformationexchange
policies for mary of the coordinationmechanismsa subsetof mechanismghat are
independenandcanbeapplied,or not,dependingnthecurrentcontext (e.g.,looming
deadlines).

Figure 3 shavs a multi-agentproblem solving situationin which an information
gatheringaskstructurgakinto Figure?2) is distributedacrossseveralagentsThehigh-
level objectieis to build productobjects.Thetwo subtasksreto build objectsfor PC
software products,andto build objectsfor Mac products.Note that the actionsused
to performtaskslike GatherReviews are abstractedut of this figure. The entire PC
relatedbranchof the treeis contractedout to a single agent,Task Agent A, while the
Mac relatedbranchis brokendown andcontractedutto two otheragents;TaskAgents
B andC. Thereareinteractionsbetweenhe Get-Basic-Product-Informatictasksand
the GatherReviewstasks,aswell asinteractiondbetweernthe PC andMac versionsof
thesetasks(productsmay be multi-platform). Using GPGR the agentscoordinateas
follows:

— Step 1: Exchangelocal views. Agents A, B, and C' exchangetheir local views, i.e., they
exchangeportionsof theirtaskstructuresThis giveseachagentalimited view of theactivities
beingperformedby the otheragents.
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— Step2: Detectinteractionslin this casetheinteractionamaybe specifieda priori by the User
Interface Agent However, if the interface agentdid not have a completeview of the task
beforehandtheagentswill comparanputsandoutputsof their differentactionsandmatchup
relationshipsaccordingly

— Step3: Coordinateover interactions Agent A hasmutualfacilitationswith agentsB andC.
Agent B hasa mutualfacilitation with agentA, aswell asan enablegelationshipwith C.
C hasa mutualfacilitation with A, but alsorequiresinputfrom B in orderto do its problem
solving. The sequencingndinteractionof coordinationover theseinteractionsis one of the
issuef this paperhowever, in generaltheinteractionsarehandledby:

1. Agent B evaluatingits intendedcourseof action and offering agentC' a deadlinecom-
mitmentthat specifiesthe deadlineby which it will producea resultsothatagentC can
execute.

2. Agent A evaluatingits intendedcourseof actionand offering a commitmentto agentB
that specifieswhena portion of the resultsfor A’s Get-Basic-Product-Informatiowill be
available.

3. AgentB evaluatingits schedulandofferingagentA asimilarcommitmentaboutthepartial
resultsof its Get-Basic-Product-Informatidask.

4. AgentA, afterconsideringts schedulewill thenoffer agentC' acommitmentaboutwhen
thepartialresultsof its GatherReviewstaskwill beavailable.

5. AgentC will offerasimilarcommitmento agentA aboutits GatherReviewstasksresults.

— Step4: Execute recommit,andexchangeThe agentswill thenperformtheir schedulegrim-
itive actions,reschedulingandrecommittingif necessaryandexchangingresultsasspecified
by the commitmentshey have formed.

As mentioned coordinationor agentcorversationmustrely on an underlyingoracle
or analysigprocedureso determinebindingson particularvariableshatareexchanged
during the agentdialogue.For example,an agentmust have a good idea of whena
particularresultcanbe providedto anotheragentin orderto proposea commitment
to thateffect. In the GPGP/DTCworld view, this informationis generallyprovided by
the schedulerHowever, GPGPalso requiresnon-scheduleanalysiscode,for exam-
ple, codeto detecttaskinteractionsor to determinewhich information policy should
be used.Thus, GPGPmechanism&mbodyboth analysisaspectof the coordination



problemandcoordinationprotocolaspectsTheproblemis thatthis integrationof con-
cernsmakesextendingthe protocolsdifficult — they are,in essencehuilt into the code
andisolatedfrom the outsideworld. GPGPZ2Zaddressethis problemby separatinghe
analysisprocedure$rom the specificatiorof theagentcoordinationprotocol.

3 GPGP2

The GPGPZlabel on our currentgenerationof agentcoordinationtools is primarily
for historicalreasonsThe goal of the GPGP2projectis to develop a new approach
to specifyingcoordinationmehanismsthat separateshe coordinationprotocol from
thesupportinganalysiscodesothatcoordinationprotocolsmaybe easilymodifiedand
adaptedor particularcontexts. Onestepin the verificationof the new toolsis to reim-
plementthe functionality of GPGR including its fairly simple coordinationprotocols
andone-shotoordinationnature.However, the main objectve is to take the work be-
yondtheterritory alreadycoveredby GPGP

WhereassPGPgroupedanalysisunctionalityandprotocolspecificatiorinto asin-
gle bodyof embeddeadode, GPGP2Zakesavery differentapproachCoordinationpro-
tocolsare specifiedusingan extendedfinite statemachine(FSM) modelwherestates
denotecorversationalstatesand transitionsare associatedvith callsto communica-
tion actionsor analysiscode.This approacho specificatioris widespreadindakin to
AgenTalk [23] andCOOL [2], but the work differsin theway in which corversations
interactwith the underlyingagentcontrol machinery ImplementationallyFSMs are
specifiedvia scriptsthatareprocessetby ajava-based-SMinterpreterTheinterpreter
emitsjava codethatis thenincorporatednto a coordination beanwhich is integrated
into the genericjava agentframework [16]. The coordinationbeaninteractswith the
restof the agentcomponentshroughan event/registrationmechanismand by direct
invocationwhenusingcertainsupportfeaturesof the framework. Featureof the FSM
model/ interpreterinclude:

— Supportfor multiple concurrentasynchronousonversationdbetweenra given agentandother
agentsn theervironment.

— FSM variablesenablingprotocolsto storeinformationexplicitly — in additionto the implicit
informationcontainedn eachconversationstate.For example,to storethe commitmenttime
lastproposedy anotheragent.

— Shared=SM variablesthatenabledifferentcorversationf FSM instancesjo interact.For ex-
ample,corversationsfocusedon a particularset of interrelatedtasks(possibly sequentially
dependentinight containpointsof synchronizatioro serializetheir efforts. The synchroniza-
tion phasewould entail a sharedsemaphore-lik variableandthe passingof particularbind-
ings. This informationcould alsobe passedutsideof the coordinationbeanvia the standard
agentdatastructured knowledgebaseshut, intuitively it seemsmoreefficientto do this sort
of operationinsidethe coordinationmachineryratherthanthroughthe generalagentcontrol
structuresThis is a designdecision,but, it is the embodimenbf the issueof handlinginter
actionsbetweerdifferentcorversationslt is unclear at thistime, which is theright approach
andunclearasto whetheror nota strongerexplicit, representationf corversationinteraction
is needed.

— Timersenablemachinegdo settimersandthenblock, waiting for particulareventsto occur
Thetimersenableconversationdo time-outif responsearenot producedwithin a givenwin-
dow. Thetimeoutdurationcanbe specificto the conversationor a global default usedby all
corversations.



Accept/
Declare-variable Commitment-Status . fi
Declare-variable Negotiation-Counter Post: Add firm

Register-Condition(Negotiation-Counter=10, Pre: Compute possible commitment time local ccmmllmenl© / Accept
Count-Out-Handler)

/Notify other of NLE / Propose Commitment

O A O/\

R:jgc//\/

NAK/ Post: Negotiation-Counter++

Post: Add firm
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Propose Commitment /
Post: Evaluate proposed commitment

Set Commitment-Status to indicate whether
accepting, rejecting, or counter proposing.

/ Reject

Pre: Compute possible
commitment time ) .
Negotiation-Counter++

/ Propose Commitment

Count-Out-Condition-Handler el
/ Notify other of Count-Out . :

ACK/ Case: Counter Pmpose Branch A
Case: Reject - Branch B
/\tc) Case: Accept - Branch C --.______.__.
Notation:

Message Received / Message Sent
Prc = ka lh‘\l is D“A‘mcd bcl‘nm llk, mu“ﬂgc is pmcasml or sent.

Timeout if no response and resend.

Keep track of # of resends and give up after some number.
(i.e., need to register another condition here and keep another counter.) TC<I V«mablcU Testing a FSM variable for a melﬂllﬂf value.
Declare-variable = Declaring a FSM variable.

Fig. 4. Initiator FSM to CoordinateHard TaskInteraction

— Eventregistrationandcreation Eventsmaybegeneratedrom within the FSMsaswell asfrom
within theagent.In effect, eachconversationis afirst classobjectwithin theagentiramevork
in termsof eventgeneratiorandeventcatching.Cornversationsanthusinteractevenwithout
explicit a priori knowvledgeof which othercorversationsarelikely to interact.

— As part of the event mechanismFSMs caninitiate other corversationsj.e., one FSM may
detecttheneedfor anew dialogueandcanfire-upanenv FSMto handlethedialogue.

— Inheritance Coordinationprotocolscan be subclasse@nd specialized This facilitatesrapid
protocoldevelopmentandsimplespecializatiorof existing protocols.

— Preandpostconditionsontransitions Transitionanayhave a setof actions(includingtestsof
FSM variables)thattake placebeforethe transitionandsetsof actionsthattake placeasthe
transitioncompletes.

— ExceptionsFSMsmaythrow andcatchexceptions.This allows FSMsto handletimeoutcon-
ditionsandothereventsthatdrasticallychangehe executionflow throughthe FSM, andto do
soin a succinctfashion.The alternatve is completespecificationof all exceptionsastransi-
tionsfrom eachstate.

Figure4 shav anexampleof aninitiator FSM* to handlethecoordinatiorof ahardtask
interaction(thetemporalsequencingf taskperformance)The FSMsin thefigure are
designedo handlethe formationof a singlecommitment.One of the outstandinge-
searchguestionss determininghe appropriateggrainsizefor anagentcorversation\We
arecurrentlyusinga modelwherecornversationsandtaskinteractioncoordinationare
1:1. However, considera casewherethereis aninteractionfrom taska to 8, andthen
from § to . Chainsof suchinteractionsmay requireone corversationto coordinate
the chain of interactions ratherthan multiple independentornversationsor multiple

4 Generallythe respondeiis a reflectedversionof the initiator, in thesecasesijt is probably
reasonabléo specifyasingleFSM andthenadapttheinterpreterto outputtwo versions.This
would remove the needto analyzethe FSMsfor reachabilityandrelatedissues.



corversationghatinteractvia sharedvariables Relatedly considera casewhereagent
A andagentB have multiple differenttaskinteractionsWith our currentmodel,these
will be handledby multiple concurrentand asynchronougorversationsbetweenthe
agentsHowever, they could also be handledby a single corversationthat dealtwith
themultiple taskinteractionsatonce.In bothcasesinteractionsdbetweerthe FSMsare
atissue.In thefirst case the corversationsareinterdependenbecausehe tasksover
which they arecoordinatingareinterdependentn the secondcase the corversations
areinterdependentecaus¢hetasksareassociateavith the sameagentsij.e.,theinter-
dependences not betweenthe tasksper se,but, stemsfrom the particularassignment
of tasksto agents.

4 |nteractions Revisited

Theissueof interactionds potentiallylargerthandescribedn Sectionl. We have thus
faridentifiedtheissueof interactiondetweerdifferentcorversationsandinteractions
betweerthe corversatiormachineryandtheagentcontrolmachineryHowever, we are
currentlyconsideringnew agentdialoguesor coordinatiormechanismshatpotentially
operateat a higherlevel thanthe corversationsheldto perform GPGPstyle coordina-
tion.

GPGPand GPGPXealwith the temporalsequencingf tasksandwith exploring
differenttasksand constraintsassignedo a setof agentsln somesensethis style of
coordinationis aboutfeasibility analysisandsolutionenactmenbasedn the assump-
tion thattasksaregeneratedlynamicallyduring problemsolving by the agentproblem
solver or by an external (possiblyhuman)client. In otherwords, GPGPassumeshat
someotherprocesss responsibldor determininghe setof candidatdasksto schedule
and coordinate Note that TZ/EMS modelsalternatve differentwaysto performtasks,
anddoessohierarchicallysothe GPGPproblemis not simplyto coordinateandsched-
ule asetof primitive actionsthatmustbe performedout insteado choosewhich actions
to performbasedon utility andfeasibility. However, GPGPS (andDTC's) choicesare
limited to the setof tasksandactionsemittedby the problemsolver. All GPGPcorver
sationspertainto the detectionof interactionsthe sequencingf actiities to resohe
interactionsandthe sharingof results;they do not pertainto the determinatiorof the
high-level goalsof theagent.

Our currentwork in integrating GPGP2with a process-leel controller, however,
requiresthatwe addresgheissueof taskallocationto agentsandthe determinatiorof
which tasksto performfrom a more global perspectie. Note that thesearetwo sepa-
rate,but similar, issuesTaskallocationis the problemof assigningnemberf a setof
tasks,say 7T , to individual agentsbelongingto a setof candidateagentsThis requires
knowledgeaboutthe capabilitiesandresource®f the agentsandknowledgeaboutthe
structureof the tasks(possiblya high-level view of interdependencer ordering).The
determinationof which tasksthe overall agentnetwork should pursueis a different
matter— this is the procesf generating/ . Both of theseactiities requirethatagents
be ableto engagen cornversationotherthanthoserequiredfor GPGP-stylecoordina-
tion. Thesecornversationsnustcornvey informationsuchasthe capabilitiesof theagents
but alsoinformation pertainingto the stateof the overall problemsolving network. It
appearghat thesecorversationgertainto differentconcernsand operateat different



o . Matrix Organization | Top-]%own Influence /
Top Level Organizational Structuring Coalition Formation Conversation . onstraints
Dialogue
/ Bottom-Up Feedback
/
L
Conversation To Remove Joint Goal B
JIL (Process) / BDI / Shared Plans ) Top-Down Influence /
High-Level Task / Goal Selection Conversation Over Joint Goal Cls v Constraints
Joint Goal A. Ratified \
// Bottom-Up Feedback
Agent Z Will
Task Assignment Have- Aﬂﬁzmpt o I~
Evaluate Agent Capabilities Capabilities(X) * Achieve Task C
Believe-Can-Do(y) v Top-Down Influence /
\ Constraints
GPGP Coordination Exchange- le‘_’oee Accept / Bottom-Up Feedback
Interaction Detection Nor-Local- ~ commitment  commitment |
Commitment Formation Views X K
Top-Down Influence /
Constraints
: Resulte T Results |
Bottom Level GPGP Restlts Sharing Results S eoulte

Fig. 5. CorversationalevelsandInteractions

levelsof detail® However, thereis clearlyaninteractionbetweerthe productionof 7,
the assignmenbf membersf 7 to agentsandthefeasibility of thetasks,i.e., in this
casewe arefacedwith interactiondetweerthe corversationdeldto determineoverall
objectives,conversationsheld to determingtaskassignmentandcorversationseldto
determinetaskfeasibility andtask performanceAdditionally, thesecorversationsare
asynchronousyot just with respecto the differentlevels, but theremight be different
corversationsat eachlevel going on simultaneouslyFigure 5 illustratesthis idea. In
somesensegdecisionsmadeat the upperlevels setthe policy for corversationsat the
lowerlevels.For example,decidingto pursugasksa andg attheupperlevel determine
thatat the GPGP-leel, corversationswill be heldtoward thatends.However, thereis
alsoafeedbackprocessn whichthelowerlevel mustexplorethefeasibility of thetasks
selectedy the upperlevels.Considemasituationin which a setof tasksareselectedut
whenthe agentsattemptto coordinate sequenceandperformtherequiredactionsit is
discoveredthatthe agentnetwork lacks sufficient resourcedo carry out the actiities
(recall, we addresgproblemswheretaskinteractionsandtemporalconstraintamake it
difficult to ascertainvhatis possiblewithout actuallygoing throughthe procesf at-
temptingto coordinateand schedulethe activities). In this case the choiceof which
tasksto pursuefor the overall network mustbe modified® Again, we returnto the is-
sueof interaction.Shouldtheseinteractionsbe explicitly modeledandhandledby the

5 We arecurrentlyalsoexploring the integrationof our temporal/constrainbasedcoordination
with BDI approacheso agentcontrol. We believe thata BDI framewvork canbe usedin the
upperlevel of the agentcontrol to determinewhich tasksto performfrom a coarse-grained
perspectie (intentions).Thefine-grainedcoordinationandschedulingof the actiities is then
carriedout by ourtools.

8 An alternatie is to provide the lower-level feasibility andimplementatiortools with alarger
view of the spaceof candidatdasks.In this model,the lower-level tools could provide guid-
anceaboutwhich tasksshouldbe pursuedat the higherlevelsbasedn the analysis Note that
in this casethe upperandlower-levels have essentialljthe sameinformation,just at different
levelsof abstraction.



conversationmachinery?Doesthis requirea negotiationstyle interface[15] between
the differentcorversationalevels?Relatedly shouldtherebe differentcorversational
machineryfor thesedifferentlevelsof corversation?

Onceone bagins regardingagentcorversationas being stratified,otherlevels be-
comeohvious.Work in organizingthecomputatiorandorganizingmulti-agentsystems
obviously entailscorversationghattake placeat yet another(higher)level of abstrac-
tion. In thesecorversationsagentdeterminghestructuraen whichtheproblemsolving
will take place.Again, corversationst this level appearo interactwith the lower lev-
els,andviceversaAgain,arenew representationseeded®s new machineryneededo
hold corversation®f this type?We have recentlydevelopednen modelingconstructs
andreasoningoolsfor addressindpcal agentcontrolatthesehigherlevels[39, 35], but
thequestionof interactionandmachineryremains.

The stratificationalsomovesdown thefood chain.If we examineGPGRthereare
clearlytwo differentlevelsof corversatiorwithin GPGPitself. At onelevel, agentsex-
changdocal informationto constructpartial global views of therestof theworld. The
agentsthen carry out dialoguesto attemptto handlevarioustaskinteractions.These
actiities fall underthe generalumbrellaof feasibility and solutionenactmentHow-
ever, theactof communicatingesultscanbe viewed asa differenttype of actiity. In
GPGP2the samemachineryis usedto communicateesultsasto carry out the other
actiities, but, the actvities areinherentlydifferent.In this caseit appearshatnew rep-
resentationeind machineryare not neededpossiblybecauséhe interactionsbetween
thesdevelsareoneway — resultsbeingcommunicatedioesnot affect existing corver-
sationsthoughtheresultsmay causeagentdo engagen new corversationswith other
agentsastheir problemsolving stateevolves.

5 Conclusion

We have attemptedo identify theissueof interactionsn agentcorversationsandto pro-
videthereasonghatinteractionsarearesearclyuestiorworth addressingin summary
we believethatboththeagentcorversatiorcommunityandthecoordinatiorcommunity
couldbenefitfrom the integrationof our technologiesandthatthe meaningfulintegra-
tion of thesetechnologiedeadsto the issueof interactionbetweenthe corversational
level andthecontrollevel. Additionally, basedn ourwork in coordinationwe hypoth-
esizethat differentlevels of interacting,asynchronous;onversationsare necessaryo
scalemulti-agentsystemsfor deploymentin comples, openervironments.The main
issuesarewhatrepresentationsr formalismsare usefulandwhetheror not explicitly
representin@ndreasoningaboutinteractionds required.

Steppingasidefrom the notion of levels andinteractions- thereis alsothe issue
of uncertaintyin cornversationsand uncertaintyin agentcoordination.In TAEMS we
explicitly representandreasorabout,thecertaintyof actions We have begunto reason
abouttherole of uncertaintyin GPGP-styleoordinatior{41], but, it seemsntuitivethat
theuncertaintyquestionis ubiquitousandappliesto all levelsof agentcorversation.
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