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Abstract

Conflictin multi-agentsystemss ubiquitous. Researcloften
focuseson the processof resolvingconflicts betweendiffer-
entagentsWe call this theinter-agent conflict resolutionpro-
cess.However, in comple problemsolvingagentsheprocess
of resolvingconflictswith otheragentdmpactslocal problem
solvingaswell asdealsmadewith otheragents.This leadsto
theneedfor anintra-agentconflictresolutionprocesdetween
theagents coordinatiormechanisnandits local controller In
situationgn which conflictscannotberesohedto producesat-
isfactorysolutionpathsfor theagent,or a setof agentsijt may
benecessaryo movetheconflictresolutionprocesgo ahigher
level, a metalevel, in which the agentsnegotiateto possibly
revise their (individual and/orjoint) high-level objectives. In
this paper we explore thesedifferentlevels andtheir interde-
pendencen the contet of our researchin multi-agentcontrol
andcoordination.

1 Intr oduction

Definitionsof ageng [10, 12, 2, 22, 15, 9, 5, 25] differ, but,

from a high-level, agentscanberegardedashaving multiple

goalsor tasks,asbeingrationallyboundedsituatedn anen-
vironment,andbeingautonomousthatis having a choiceof

which actwities to perform,andwhen. Autonomyor choice,
in conjunctiorwith boundedationalityaloneis enougtto en-
surethatconflictin multi-agentsystemss ubiquitous.When
agentshave differentgoalsets,or areaffiliated with different
organizationakentities(e.g., differentcorporationsdifferent
users) the issueof agentconflict becomesven morepress-
ing. In somesenseall agentcommunicatiorandinteraction
is motivatedby the needto resole conflict, by the needto

dealwith interdependence.

Oneclassof conflictsin multi-agentsystemsarisesfrom
resourcescarcityor taskinterdependenciegaskor resource
interaction). Conflict resolutiontypically entailsa dialogue
or corversatiorin whichagentsiegotiateovertheinteraction,
generallymakinganagreemento eitheravoid theinteraction
througha changein the plannedactiities or by temporally
sequencingheir actiities. Conflict resolutionmay also be
“non-verbal; takingtheform of socialcorvention[20] or de-

* This materialis baseduponwork supportedby the National
ScienceFoundationunderGrantNo. 11S-9812755 the Department
of the Navy andOffice of the Chief of Naval ResearchyunderGrant
No. N00014-95-1-1198and by the DefenseAdvancedResearch
ProjectsAgeng/ (DARPA) andAir ForceResearch.aboratoryAir
ForceMaterielCommand|JSAF, underagreementumber=30602-
97-1-0249.The contentof the informationdoesnot necessarilye-
flectthe positionor the policy of the Gavernmentthe NationalSci-
enceFoundation ONR, or DARPA/USAF, andno official endorse-
mentshouldbeinferred.

fault knowledge,e.qg.,the agentto the right hasthe right-of-
way or the leastcommittedagentshouldreplan?

In our researchthis procesgypically takesplacethrough
an agents local coordinationmodule (GPGP[4] or GPGP2
[23]) andentailsan exchangeof local views, a detectionof
interactionsand negotiationover the interactions culminat-
ing in the formationof a commitmentbetweenthe involved
agents. There several types of commitments,or dealsbe-
tweenagentsjin GPGPZhatareusedto resole the conflict:
1) earliest-start-time in which an agentagreesnot to per
form a taskbeforea specifiedtime, ¢; 2) deadling in which
thecommittedagentagreego performataskbeforet; 3) do,
in which the committedagentagreedo performthe taskin
guestion;4) don't, wherethe committedagentagreesot to
performthe specifiedtask during a specifiedinterval. The
corversationheld by the agentscansimply entail the proac-
tive offeringof acommitmenir acomplex dialoguein which
constraintareexchangedndproposalexplored. For exam-
ple, agenta may needa resultfrom 8 by time ¢, however, o
may be holding a resourceneededby 3 during the interval
from Oto ¢. In this case theagentanustexchangeheirlocal
information, detectthe interaction,and resolhe the conflict
by a agreeingvia don't commitmenthnotto usetheresource
during the specifiedinterval and 3 agreeingto provide a re-
sult (via deadlinecommitment)to « by time ¢. We returnto
theissueof negotiationat this level in Section2. It is impor-
tantto notethat throughthesecommitmentsthe committed
agentpotentiallyagreego changets selectedsetof tasksor
actionsand/orto changewhenit performstheactions.These
changedring usto anotherissuein dealingwith conflictin
MAS, anissuethatis in somesensdower-level, but, interde-
pendentvith thedialogueheldbetweerthe agents.

Researcloften focuseson conflict resolutionat the inter-
agentlevel, atthelevel of the corversatiorheld betweerone
or moreagentdo handlethesetaskinteractions However, in
additionto conflict resolutionbetweenagents the existence
of conflictsalsoresultsin a needfor resolutionand negoti-
ation within the agent[8]. If anagenthasmultiple tasksto
perform,or multiple goalsto achieve, andit is autonomous
(flexible, makingits own choices,etc.), the conflict resolu-
tion procesdn which the agentengagesvith othersimpacts
its pre-&isting decisionsand its other objectves. In other
words, the processof forming a commitmentmay change
the agents selectedasksor actions,andit may changethe
schedulingof the agents actiities. Unlesstasksareentirely
independentincluding via deadlinesor with respecto tem-

Thoughit is unclearwhethercertaintypes of social laws or
corventionslendthemselesto applicationwith computationapro-
cessesi.e.,wheretheworld stateis lessobserableor lessobvious.
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Figurel: Multiple InteractingLevelsof Conflict Resolution

poral flow)?, thesechangeswill impactotheraspectof the

agents problemsolving and possibly affect other commit-

mentsmadewith otheragents.For example,if agenta hasa

local deadlineof ¢ for taskT};, andit negotiateswith agents

to provide aresultfor taskT} by time ¢t + 4, andthereis not

sufficient time to achieve both, the agentmustfail in oneof

its objectives. In fact, forming a new commitmentmay im-

pactfuture commitmentsaswell asexisting ones. Stability

in this complex situationis generallyachieved by taskshav-

ing differentdegreesof importancepr differentutilities, and
by their associateddommitmentseing similarly quantified.
Quantificationof commitmentin conjunctionwith costsor

penaltiefor decommitmenfl8] canensurea certainlevel of

equitabilityin the MAS. However, theinterplaybetweenthe
agents differentgoalsandits interactionswith otheragents
requiresa negotiationor dialoguebetweerbetweertheinter-

agentnegotiationprocessandthe local agentcontroller, 3 in

our work this is the Design-to-Criterigd DTC) scheduleand
the GPGPcoordinationmodule. Thereare sereral facetsto

this intra-agentnegotiation process,and several interaction
modelsfor intra-agentconflict resolution. We returnto this

issuein Section3.

Heretowe have identifiedtwo differentlevelsin the pro-
cessof conflict resolutionin MAS, the intra-agentievel and
theinter-agentlevel. To clarify, the intra-agentevel entails
the processof conflict resolutionbetweenthe agentcoordi-
nation mechanismand the local controller From another
view, this is the interactionbetweenlocal-controland non-
local modulation. The inter-agentlevel, on the other hand,
pertaingo thedialogueheldbetweeroneor moreagentsthe
exchangeof information, constraints,and the formation of
commitments.In our researchye have cometo view these
two levelsaspertainingto feasibility andimplementatiorpro-
cessesasthe overall goalsand objectivesof the systemare
generate@lsavhere.In somesenseit is thetaskof DTC and

2Note, however, thatif tasksareindependenthereis no needto
coordinateandno conflict. We assumea certainlevel of compleity
of agentactivities andthattheactiities have interdependencies.

3Thisalsoassumeacertainlevel of compleity in theagentsac-
tivities. Thegenerakcheduling/coordinatioproblemis exponential
andthus agentscannotsimply producethe optimal local schedule
for agivensetof constraintsIf thatwerethe casethe coordination
modulecouldsimply collectconstraintsrescheduleandcommuni-
cateits committedaction. Therewould be no needfor negotiation.

GPGPto explore the variousconstraintfor a selectedsetof

tasksor goalsandto attemptto implementa desirablesolu-
tion. On the otherhand, it is the task of somehigherlevel

controller(e.g.,procesexpert[11] or aninformationgather

ing expert[14]) to proposecandidatdasksandto performthe
domainproblemsolving actuities. In this view, GPGP/DTC
arethe controlproblemsolving expertswhile the domainex-

pertiseis localizedwithin the domainexpert.

This suggestsstill a third level of conflict resolution,a
meta-level, in which the domainexpertsnegotiateto select
sharedandindividual high-level goalsand associateabjec-
tive functions[13]. Recallthat agentshave multiple goals
or tasks;it is entirely possiblethatthroughthe inter andin-
tra agentnegotiationprocessesfeasibility analysis)thatit is
not possibleto resole the conflictssatishctorily to the local
agentor somesetof agentgdependingon whetherthe model
is self-interestear cooperatie). In economiderms,it might
beimpossiblefor anagentto find a courseof actionin which
its costsoutweighits gains,andthis might be the casefor all
agentsn the system. Regardlessof the criteriafor solution
dissatiséction, in the event of widespreadsolution dissatis-
faction,it maybedesirabldor theinvolvedagentdo change
thesetof tasksor goalsthatthey arepursuing.In otherwords,
feasibility analysis(schedulingand coordination)might not
yield arny appealingsolutions,in which case the agentsmay
needto movethenegotiationto anew level, ameta-level, and
changethe tasksor goals over which they are negotiating.
This may also entail changingthe objective function(s)[21]
asoftenthe conflict mayberesohedby changingthe way in
which the goalsor tasksare evaluated. The differentlevels,
theirroles,andtheir interactionsareshown in Figurel.

In this paperwe explore theseideas. Section2 discusses
our recentresearchin inter-agentnegotiationto resohe con-
flict and Section3 exploresthe differentnegotiationmodels
to resole conflictsbetweerthe coordinationrmoduleandthe
local agentcontroller Section4 returnsusto the issueof the
meta-leel and Section5 discusseduture directionsin our
research.

4 Assuminga modelin which problemsolvingis progressie and
notgovernedby zero-sungains.



2 Inter-Agent Conflict Resolution

In orderfor agentgo doteamwork, agentseedto exchange
necessargommitmentgo eachother To the agentoffering
the commitmentthe commitmentimposesconstrainton its
local activities; while to thereceving agentthe commitment
is intendedto satisfyconstraintsothatagentiocal actiities
canproceedsuccessfully Clearly, anagentis in a consistent
stateif all the constraints(including the constraintsdue to
local commitments)ot satisfiedthroughlocal planningare
satisfiedby thecommitmentst receved(i.e.,non-localcom-
mitments). Hence,decidinga setof commitmentghatleads
to all agentsn consistenstatesjs thekey to agentcoordina-
tion.

Conceptuallya centralizedblannercansearchfor a setof
appropriatecommitmentsif it knows the capabilities,con-
straints,and goals of eachagent,thereforepreventing con-
flict from occurring. However, in a multi-agentsystem,it
may be undesirablejf not impossible,to usea centralized
approachTherefore agentoftenneedto make decisiondo-
cally andexchangecommitmentsn a decentralizednanner
with only partial knowledge of eachothers belief, desire,
and intentions. Due to the inter-dependeng of agenttasks
and resourceqand hencethe inter-dependeng of commit-
ments),and also the uncertaintiesassociatedvith agentac-
tivities, conflictsin the commitmentsanoften occur, which
resultsin unsatisfiecconstraints.

To resole the conflicts, agentsneedto have a common
mechanisnio decidewhatactionsto take andhow to tempo-
rally sequencectiities over interactions. A predefinedset
of socialrulesmay be usedfor this purpose However, in our
researchye focuson the moregeneralapproachwhich can
supportarangeof approachefrom socially definedcommit-
mentsto dynamicconstructionof commitmentsvia explicit
agentcorversationand negotiation. We view the protocols
of the corversationsasa family of coordination medanisms
in the GPGP/GPGP2ramavork. In GPGP/GPGP2a fam-
ily of coordinationmechanismss defined,covering the ex-
changeof non-localviewpointsandresults,the coordination
over hard/softinterrelationshipsand resourceusage. Typi-
cally, whena setof agentsneedso coordinateover ataskor
resourcénterrelationshipthey instantiatea corversatiorpro-
cessthattriesto form commitmentghataddresghis interre-
lationship.Of coursethe proposeccommitmentmaydepend
on anothertask or resourcenterrelationshipthereforetrig-
gersanothercorversatiomprocessAlso, it is possiblethatthe
agentsmay have conflicting opinionson the proposeccom-
mitment(s),thusleadto objectionsor counterproposals.In
this case furtheriterationsof the negotiationprocessmaybe
needed. Our commitmentnegotiation[19] framework [26]
providesa setof messageypesfor theiterative corversation
to continue. Thesemessageypes(corveyedvia [7]) allow
an agentto specifyits intentions[3] regardingthe commit-
mentin question:requestpropose accept,decline counter
propose changg, no-change, anddecommit Thereare also
othermessagethatallow dynamicupdateof the stateof the
commitment,suchasupdate fulfilled, andfailure. Eachco-
ordinationmechanisntan utilize a subsetof thesemessage

SThis is true for both self-interestednteractionand cooperatie
interaction.

to constructa corversatiorprotocolthatsuitsits purpose.

The agentshave the choiceof which setof coordination
mechanismso use,andhow mucheffort they arewilling to
spendnnegotiation,dependingnthespecificproblemsolv-
ing situation[6]. For example,whentwo agentsarecoordi-
natingoveranenablegelationship(meaningaskT, in agent
o cannotstartuntil taskTjg in someotheragents hasfinished
with non-zeroguality), thedialoguecanbeinitiated eitherby
a or 8. In oneof the coordinationmechanismsagenta can
proactiely offer a commitmentto 8 becausét knowsthatit
is highly likely thats mayneedthisenablementOntheother
hand,the agentscanalsousea reactve mechanism.In this
case initiatesthe dialogueby explicitly requestinga dead-
line commitmentrom « for taskT,, to completebeforetime
t. Agenta thenreactgto therequestindsearcHor a possible
proposal. Dependingon how constrainedagenta is, it may
proposea commitmentthat promisesto finish T,, at a later
timet' insteadof therequestedime ¢t. Agent3 thenneedso
studytherecevedofferandmayissueacounterproposeand
in turn agenta may changeits proposal.Thus,a new round
of neggotiationis initiated. The choice may dependon how
muchtime is allowed, or quality and costrequirementsor a
mix of these aswell ashow muchreasoningheagentcando
dueto the temporalandresourceconstraintson the problem
solving.

The corversationterminatesvhenthe commitmentis ac-
ceptedto all involved agents,when the agentsrealize that
the commitmentis unattainablegiven the constraintsof the
agentqover-constrained)pr whentheagentschooseo abort
the corversationbecausef the costof coordination(suchas
in a time-sensitie ervironment). As mentionedbefore,fail-
ureto resolhe conflictin this level may indicatethe needto
conflictresolutionin otherlevels.

While the protocolsdefinethe ways agentsexchangein-
formation, undego neyotiation, and reach consensusn a
domain-independentay, agentsneedto have their own do-
main stratgies for negotiation in order for the negotiation
procesdo be effective, efficient, andproductive. For exam-
ple,agentseedto know which agentsneedto make compro-
miseswhenaconflictoccurs?How to realizethata stalemate
hasoccurred?To answetthesequestionsagentseedto have
amodelof utility in orderto reachsocialdecisions For self-
interestecagentsagentgry to maximizelocal utilities, but in
orderto dosotheagentmayhave to negotiatefor tasksit can-
notdo locally andpaythe costof having otheragentssolving
a subproblemandthe costof remoteresourceaccesseskFor
cooperatre agents,the overall goal is to maximize overall
utility of the system,which dependson the local utilities of
all agents.This meanghatagentanay needto not pursueits
locally optimalgoalin returnfor increaseof global utility. In
either case,negotiationis directedthroughthe exchangeof
utilities amongthe agents.In our work, the focusof negoti-
ationis notonly on locatingagentgo satisfya task/resource
constraintout alsoon theimprovementof overall utility pro-
duced.We associat@ commitmentwith marginal costg[17],
namelythe utility differencebetweenhaving and not hav-
ing the commitment[26]. This way, the commitmentscan
have directinfluencesover the agents local decision,there-
fore drive the negotiationtowardsa socialconclusion.

Comple interagent negotiation often involves multi-



linked negotiation. The issue of multi-linked negotiation
arisesvhenmultipleresourcedaveto beacquiredn orderto
solve the problem,and/orwhenan agentneedsotheragents
to solve subproblemsandthey in turn have subproblermand
resourcanterdependencaswell astemporalrequirements.
Oneexampleof multi-linked negotiationis a logistic supply
chain. To solve the problemin an efficient andflexible man-
ner may require agentsto develop organizationknowledge
and/orsharemeta-level knowledgeaboutthe agentworkload
andresourceusageprofile$ Also, agentsneedto be ableto
perform negotiationin both reactve and proactve manner
For example,if agenta needsaresultof taskT from agent
B by time t, but T in turn needsresourceR which o pos-
sesseslf a hastheknowledgeof thelinkagebetweerils and
the resourcejt may proactvely offer 8 the resourceat the
sametime it requestsa deadlinecommitmentfrom S. This
wouldthenallow the agentgo reducetheamountof iteration
neededto completethe neggotiation, thus reducesthe com-
plexity in negotiation.

3 Intra-Agent Conflict Resolution

Onesourceof conflict betweenthe coordinationmechanism
andlocal controllerwithin theagentis thefactthateachcom-
ponentis capableof taking a driving role in feasibility anal-
ysis, but it is often uncleara priori which components in
the better positionto move first. The effectivenessof fea-
sibility analysisin complex ervironmentsis determinedby
the agents ability to balanceits needto acquireadditional
schedulingconstraints,suchas commitmentsand non-local
information from other agentswith its ability to searchthe
spaceof possibleschedules.In our work, we have at vari-
oustime consideredhreedifferentpatternsof interactionbe-
tweenthesetwo components.

In a commonschedule-dienmodel, a setof goals(task
structure)is presentedo the local schedulelby the domain
expert. In our researcha goal is representedh the TEMS
modelinglanguageas a hierarchicalstructureof tasks. The
schedulethengenerates schedulgandpossiblyseveralal-
ternatespasedon someprespecifiedgatisficingcriteria. This
schedulés thenpassedo thecoordinatiorcomponentywhich
attemptsto “implement” the scheduleby negotiation. This
coordinationmay take the form of acquiringcommitments
for resourcescontrolled by other agents,or don't commit-
mentsthat ensurethe availability of somedecentralizede-
sourceat the scheduledime, or contractingof tasksto other
agents. Whatevzer mechanismsare used,one of two results
obtainsfrom the coordinationprocess:eitherthe schedulds
implementedor it is not. If the negotiatoris unableto im-
plementthe schedulethenadditionalconstraintsare placed
on the schedulingcomponenandit is re-invokedto produce
anew schedule.In this model, of course while the agentis
attemptingto implementits scheduleptheragentsaretrying
to implementtheir own schedules. Commitmentsmadeto
otheragentsy thecoordinationcomponentrealsoreflected
asconstrainton local control. Coordinationin this modelis

%In general,meta-leel information aboutthe larger contet in
which a particular coordinationepisodeis taking placeis benefi-
cial — it cansene to focus coordinationactiities and supplement
communication-baseidformationexchange.

drivenby the outputof the local scheduleandincomingre-
guestdrom otheragentsthelocal coordinationcomponents
reactve.

In amorecomplex model,the negotiationcomponentnay
take a more proactve role by attemptingto securecritical
commitmentsin advanceof generatinga completesched-
ule. Here,theideais to increasethe likelihoodthat a gen-
eratedschedulewill, in fact, be implementedby, for exam-
ple, securinghighly contestedesource®arlyin the process.
Fromadistributedsearctperspectie, we canthink of thisap-
proachasaform of backtrackingavoidance It canbeparticu-
larly effectivefor self-interesteédigentoperatingn resource-
constrainecrnvironmentswheretheincentiveis to negotiate
asearlyaspossible.Onechallengeunderthis modelis to bal-
ancethe aggressienes®f agentsn meetingtheir individual
needswith socialconcernsuchasfairnessandglobalutility.
Protocolsthat allow agentsto decommitat a costare useful
hereto give agentsthe freedomto make commitmentsthat
they may not actually needwhile providing incentive to de-
commitasearlyaspossiblg]18].

A third model, inspired by recentwork in contingeng
scheduling24], allows coordinationto betightly integrated
with the executingschedulan the form of actionstriggered
by an executionmonitor or even as first classtasksto be
scheduledor futureexecutionalongwith domain-level tasks.
For example,a contingeny schedulemay containfailurere-
coveryactionswith certainresourcer non-localttaskrequire-
ments.The coordinationcomponentustmake surethatthe
appropriatecommitmentsarein placewell in advanceof a
schedulecheckpointat which it will be determinedf failure
has,in fact, occurred. The agentmay choose however, to
trigger a decommitmenin the branchof the schedulethat
doesnot include the failure recavery option. Similarly, the
failure recovery branchmay trigger decommitmentactions.
Thereareincentvesfor both cooperatie and self-interested
to releasecommitmentsat the earliestopportunity For the
individual agent,delayeddecommitments a missedoppor
tunity to recover cost. Thereis alsoa socialcostassociated
with decommitmenif if comesto late for the releasede-
sourcesto be of useto other agents. This balanceof cost
andtime is further complicatedby the fact that just asthe
agenthasincenties (both social and individual) to decom-
mit early, theremay also be reasongo retain unusedcom-
mitmentswhenreschedulingf activitiesbecomesiecessary
As in the secondmodelabove, the schedulercan make use
of existing commitmentgo reduceuncertaintyin the sched-
ule,while theoverallstability of thesystemmaybenefitwhen
agentsaareconsenative aboutreleasingcommitments\We in-
tendto investigatethis complex setof tradeofs in future re-
search.

Noticethatthesemodelsarenot mutually exclusive. Each
modelis enabledby a progressiely more complex bidirec-
tional interactionbetweenlocal schedulingandcoordination
components. We can seethesemore complex intra-agent
mechanismsas reasonablaesponseso compleity in the
inter-agentervironment. In taking this view, we obsene an
interestingtradeof in which attemptsto implementsocially
desirableoutcomesvia protocoldesigncall for a morecom-
plex intra-agentdialogonthe partof theindividual agent.

As an example,we considera distributed schedulingap-



plicationin aresource-constraineghvironment[1] in which
eachagentrecevesa setof goalswith resourceequirements
that should be accomplishedaccordingto certaindeadlines
and quality criteria. In this ervironment, agentsare lim-
ited to resourcenegotiation (i.e. agentgperformall taskslo-
cally) The authorsfurther assumehat thereare no external
resourcesall resourcesrecontrolledby otheragentsvhose
primary goal is to maximizeutilization of the controlledre-
sources. It is assumedhat self-interestecagentsare inter-
estedn implementingheirindividual schedulesitthelowest
possiblecost,while still meetingdeadlinesandquality crite-
ria. It is alsoassumedhat cooperatie agentsareinterested
in minimizing costacrossall agentswhile still meetingall
deadlinesandquality criteria.

We first considerthe casein which agentsall use the
schedule-drien model. Sincetaskarrival, schedulegenera-
tion, andcoordinatiorhappenssynchronouslgcrossagents,
agentsattemptto acquireresourcesvhenschedulesregen-
eratedlocally. Pathologiessuch as poachingdescribedin
[1] can easily arise under this model in highly resource-
constrainedervironments. Agentswho get their schedules
soonerhave a better chanceof acquiring resources. This
meansthat underloadedgents whoseschedulesre signif-
icantly lesscomplex to computeareatanadwantage.

Forthedesignerthereareseveralpossibleresponseto this
scenario. In a cooperatie setting,agentsmay adoptmech-
anismssuchasthoseproposedn [1] which tendto reduce
the parallelismbut do have the effect of synchronizingre-
sourceacquisitionto achieve globally desirableallocations.
In theabsencef ary incentiveto synchronizeself-interested
agentsvhoarestanedfor resourcesnayfind it advantageous
to adopta moreaggressie strategy for resourceacquisition,
namelyoneof acquiringresourcesn advanceof scheduling
for their actualuse. Theseagentswill monitor resourcede-
mandand attemptto acquireresourceghat are likely to be
critical to their (still ungeneratedychedulesvhen demand
risesabove a certainthreshold.Onceresourcesreacquired,
theseagentsplace constraintson the schedulerto inducea
biastowardscheduleshatusetheresourceslreadyacquired.
Someresourcesvill notbeusedduetheschedulesinability
to createscheduleghat malke useof them. However, if the
costof unusedesourcess lessthantheoverallimprovement
in schedulautility, thenthis stratgyy haspaid off for the self-
interestechgent.

All systemstaleholdersare now confrontedwith a situa-
tion thatis to no one's satishction. The resource-controlling
agentsand systemdesignerswill obsene that real resource
utilization has decreasedy the total amountof resources
that are acquiredby agentsbut not actually used. Agents
who have successfullymplementedheirschedulesnayhave
doneso at a highercostthanshouldbe requiredbecausef
theneedto over-acquireandbecaus®f theincreasen prices
thatcomeswith high demandor resourcesOneresponsés
to introducemoresophisticategrotocolsthatallow agentgo
decommitwith somepenaltylessthanthe total costof the
resenationwhenthey find thatthey areholdingreseredre-
sourceghatthey will notactuallyuse[18]. Agentsarethus
provided anincentve to releaseunneededesourceasearly
aspossibleto minimize this penalty but the precisenatureof
thisincentve remainsaninterestingresearchopic.

4 Meta-Level Conflict Resolution

Asdiscussedh Sectionl, wheninterandintraagentnegotia-
tion cannotproduceacceptableesultsjt maybenecessaryo
movethenggotiationprocesgo ahigherlevel wheretheover-
all objectivesof theagentareexaminedandpotentiallymod-
ified. These'objectives” maytake theform of the high-level
tasksor goals(or organizationatoles)thattheagentis pursu-
ing, or they maytake theform of theobjective function(s)that
theagentusesto evaluatedifferentpossible(candidatesolu-
tions. The notion of a changingobjective function assumes
aquantifiedmodelof agentactiities in which therearegen-
erally multiple solutionsand differentsolutionshave differ-
ent statisticalcharacteristicse.g., somesolutionstake more
time but producea higherquality result,somesolutionscost
more, somesolutionsrequirefewer resourcesetc. In other
words, agentssatisficeand evaluatethe “goodness”of par
ticular solutionsusinggoal criteria or an objective function.
Thus,agentscanredirectproblemsolvingto compensatéor
poorsolutions to exploreanew portionof thesolutionspace,
by changingheir goalsor tasks,or, changingheir evaluation
criteria or the function that defineswhich goalsor tasksand
whichsolutioncharacteristicée.g.,completenessgreimpor-
tant.

This relatesto the notion of a lattice of potentialcompro-
misesin DENEGOT [16]. However, while DENEGOT also
usesasatisficingmodelof computationsatisficingin DENE-
GOT entailsrelaxinghardconstraintsthe lattice of potential
compromise®&xpressepreferencesor the relaxationof par
ticular constraint®or setsof particularconstraintsin ourcur
rentresearchGPGP/DTC/TAMSthisis analogouso poten-
tially changingharddeadlineshardcostconstraintspr hard
quality requirement®n particulartasksor setsof tasks.Our
currentview of the meta-level of conflict resolutionis more
general- ratherthanjust relaxinghardrequirementsit may
be desirablefor agentgo proposea new setof tasksor goals
to pursue,or to proposea hew setof goal criteriafor useby
GPGP/DTCwhenevaluatingcandidatesolutions. This view
would mapbackinto DENEGOT astherebeingatwo dimen-
sionalarray of latticesin which eachpointis a lattice for a
particularsetof goal criteriaandfor a particularsetof tasks
or goalsfor theagent.

If we view the overall solution spaceas surface,the idea
is thattheremay be differenthigh-pointsor peakswithin the
solutionspaceary oneof whichis approximatelyacceptable
if the solution canbe scheduledand coordinated.If we are
unable yia feasibility analysisatthelower levels,to schedule
a solutionfor the setof selectedasksandgoals,it may be
desirableto “jump” to a differentpart of the solution space
andtry againto implementthe solutionvia schedulingand
coordination.

The processof selectingnew tasksand goals,and possi-
bly changingobjective functions,impliescommunicatiorbe-
tweentheinvolvedagentsij.e., it appeardo pertainmostlyto
meta-level interagentconflict resolution. However, it also
hasa meta-level intra-agentcomponentas the selectionof
high-level objectivesis interdependentvith the processof
performingthe low-level schedulingand coordination. Just
asthereis a mutual, two-way, interactionbetweenschedul-
ing andcoordinationandcoordinatiorbetweeragentsthere
is alsoa mutualtwo-way interactionbetweerthe processof



changinghehigh-level objectivesandthe detailedfeasibility
analysis.Earlierthoughtson this meta-level procesg13] did
not identify or addresshe potentialfor intra-agentinterac-
tion.

5 Conclusionand Futur e Dir ections

Interactionandconflictappeaatall levelsof agentcontrol. In
averyrealsensemostaspect®f agentcontrolproblemsolv-
ing areinterdependengndmostaspect®f agentcontroland
domainproblemsolving arealsointerdependentThis inter-
dependences oftenavoidedthroughsimplified agentcontrol
modelsor assumptionsf independence-lowever, aswe asa
discipline pushagenttechnologyandapplyit to wider prob-
lems (andbuild opensystems)theissueif interdependence
movesto the foreground. Unfortunately this paperprovides
few answersandattemptonly to identify anddescribesome
of the issuesand concernghatwe have encounteredIn the
future we will continueto explore the issueof interdepen-
dence andconflict, within andbetweeragents.
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