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Abstract

Conflict in multi-agentsystemsis ubiquitous.Researchoften
focuseson the processof resolvingconflictsbetweendiffer-
entagents.We call this the inter-agentconflict resolutionpro-
cess.However, in complex problemsolvingagentstheprocess
of resolvingconflictswith otheragentsimpactslocal problem
solvingaswell asdealsmadewith otheragents.This leadsto
theneedfor anintra-agentconflict resolutionprocessbetween
theagent’s coordinationmechanismandits localcontroller. In
situationsin whichconflictscannotberesolvedto producesat-
isfactorysolutionpathsfor theagent,or a setof agents,it may
benecessaryto movetheconflictresolutionprocessto 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-
pendencein thecontext of our researchin multi-agentcontrol
andcoordination.

1 Intr oduction
Definitionsof agency [10, 12, 2, 22, 15, 9, 5, 25] differ, but,
from a high-level, agentscanberegardedashaving multiple
goalsor tasks,asbeingrationallybounded,situatedin anen-
vironment,andbeingautonomous,that is having a choiceof
which activities to perform,andwhen.Autonomyor choice,
in conjunctionwith boundedrationalityaloneis enoughto en-
surethatconflict in multi-agentsystemsis ubiquitous.When
agentshavedifferentgoalsets,or areaffiliated with different
organizationalentities(e.g.,differentcorporations,different
users),the issueof agentconflict becomesevenmorepress-
ing. In somesense,all agentcommunicationandinteraction
is motivatedby the needto resolve conflict, by the needto
dealwith interdependence.

Oneclassof conflicts in multi-agentsystemsarisesfrom
resourcescarcityor taskinterdependencies(taskor resource
interaction). Conflict resolutiontypically entailsa dialogue
or conversationin whichagentsnegotiateovertheinteraction,
generallymakinganagreementto eitheravoid theinteraction
througha changein the plannedactivities or by temporally
sequencingtheir activities. Conflict resolutionmay alsobe
“non-verbal,” takingtheform of socialconvention[20] or de-
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fault knowledge,e.g.,theagentto the right hasthe right-of-
wayor theleastcommittedagentshouldreplan.

�
In our research,this processtypically takesplacethrough

an agent’s local coordinationmodule(GPGP[4] or GPGP2
[23]) andentailsan exchangeof local views, a detectionof
interactions,andnegotiationover the interactions,culminat-
ing in the formationof a commitmentbetweenthe involved
agents. Thereseveral typesof commitments,or dealsbe-
tweenagents,in GPGP2thatareusedto resolve theconflict:
1) earliest-start-time, in which an agentagreesnot to per-
form a taskbeforea specifiedtime,

�
; 2) deadline, in which

thecommittedagentagreesto performa taskbefore
�
; 3) do,

in which the committedagentagreesto performthe task in
question;4) don’t, wherethe committedagentagreesnot to
perform the specifiedtask during a specifiedinterval. The
conversationheld by the agentscansimply entail the proac-
tiveofferingof acommitmentor acomplex dialoguein which
constraintsareexchangedandproposalsexplored.For exam-
ple, agent� mayneeda resultfrom � by time

�
, however, �

may be holding a resourceneededby � during the interval
from 0 to

�
. In thiscase,theagentsmustexchangetheir local

information, detectthe interaction,and resolve the conflict
by � agreeing(via don’t commitment)not to usetheresource
during the specifiedinterval and � agreeingto provide a re-
sult (via deadlinecommitment)to � by time

�
. We returnto

theissueof negotiationat this level in Section2. It is impor-
tant to notethat throughthesecommitments,the committed
agentpotentiallyagreesto changeits selectedsetof tasksor
actions,and/orto changewhenit performstheactions.These
changesbring us to anotherissuein dealingwith conflict in
MAS, anissuethatis in somesenselower-level, but, interde-
pendentwith thedialogueheldbetweentheagents.

Researchoften focuseson conflict resolutionat the inter-
agentlevel, at thelevel of theconversationheldbetweenone
or moreagentsto handlethesetaskinteractions.However, in
additionto conflict resolutionbetweenagents,the existence
of conflictsalsoresultsin a needfor resolutionandnegoti-
ation within the agent[8]. If an agenthasmultiple tasksto
perform,or multiple goalsto achieve, andit is autonomous
(flexible, making its own choices,etc.), the conflict resolu-
tion processin which theagentengageswith othersimpacts
its pre-existing decisionsand its other objectives. In other
words, the processof forming a commitmentmay change
the agent’s selectedtasksor actions,and it may changethe
schedulingof theagent’s activities. Unlesstasksareentirely
independent(includingvia deadlinesor with respectto tem-

�
Though it is unclearwhethercertain types of social laws or

conventionslendthemselvesto applicationwith computationalpro-
cesses,i.e.,wheretheworld stateis lessobservableor lessobvious.
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Figure1: Multiple InteractingLevelsof ConflictResolution

poral flow)
�
, thesechangeswill impactotheraspectsof the

agent’s problemsolving and possiblyaffect other commit-
mentsmadewith otheragents.For example,if agent� hasa
local deadlineof

�
for task

���
, andit negotiateswith agent�

to provide a resultfor task
���

by time
��� �

, andthereis not
sufficient time to achieve both, the agentmustfail in oneof
its objectives. In fact, forming a new commitmentmay im-
pact future commitmentsaswell asexisting ones. Stability
in this complex situationis generallyachievedby taskshav-
ing differentdegreesof importance,or differentutilities, and
by their associatedcommitmentsbeingsimilarly quantified.
Quantificationof commitmentin conjunctionwith costsor
penaltiesfor decommitment[18] canensureacertainlevel of
equitability in theMAS. However, the interplaybetweenthe
agent’s differentgoalsandits interactionswith otheragents
requiresanegotiationor dialoguebetweenbetweentheinter-
agentnegotiationprocessandthe local agentcontroller, ! in
our work this is theDesign-to-Criteria(DTC) schedulerand
the GPGPcoordinationmodule. Thereareseveral facetsto
this intra-agentnegotiation process,and several interaction
modelsfor intra-agentconflict resolution. We returnto this
issuein Section3.

Heretowe have identifiedtwo different levels in the pro-
cessof conflict resolutionin MAS, the intra-agentlevel and
the inter-agentlevel. To clarify, the intra-agentlevel entails
the processof conflict resolutionbetweenthe agentcoordi-
nation mechanismand the local controller. From another
view, this is the interactionbetweenlocal-controlandnon-
local modulation. The inter-agentlevel, on the otherhand,
pertainsto thedialogueheldbetweenoneor moreagents,the
exchangeof information, constraints,and the formation of
commitments.In our research,we have cometo view these
two levelsaspertainingto feasibilityandimplementationpro-
cesses,asthe overall goalsandobjectivesof the systemare
generatedelsewhere.In somesense,it is thetaskof DTC and
"
Note,however, that if tasksareindependentthereis no needto

coordinateandnoconflict. Weassumea certainlevel of complexity
of agentactivities andthattheactivities have interdependencies.#

Thisalsoassumesacertainlevel of complexity in theagent’sac-
tivities. Thegeneralscheduling/coordinationproblemis exponential
and thusagentscannotsimply producethe optimal local schedule
for a givensetof constraints.If thatwerethecase,thecoordination
modulecouldsimply collectconstraints,reschedule,andcommuni-
cateits committedaction.Therewould benoneedfor negotiation.

GPGPto explore thevariousconstraintsfor a selectedsetof
tasksor goalsandto attemptto implementa desirablesolu-
tion. On the otherhand,it is the taskof somehigher-level
controller(e.g.,processexpert[11] or aninformationgather-
ing expert[14]) to proposecandidatetasksandto performthe
domainproblemsolvingactivities. In this view, GPGP/DTC
arethecontrolproblemsolvingexpertswhile thedomainex-
pertiseis localizedwithin thedomainexpert.

This suggestsstill a third level of conflict resolution,a
meta-level, in which the domainexpertsnegotiateto select
sharedandindividual high-level goalsandassociatedobjec-
tive functions[13]. Recall that agentshave multiple goals
or tasks;it is entirely possiblethat throughthe inter andin-
tra agentnegotiationprocesses(feasibility analysis)that it is
not possibleto resolve theconflictssatisfactorily to the local
agentor somesetof agents(dependingonwhetherthemodel
is self-interestedor cooperative). In economicterms,it might
beimpossiblefor anagentto find acourseof actionin which
its costsoutweighits gains,andthis might bethecasefor all
agentsin thesystem$ . Regardlessof thecriteria for solution
dissatisfaction, in the event of widespreadsolutiondissatis-
faction,it maybedesirablefor theinvolvedagentsto change
thesetof tasksor goalsthatthey arepursuing.In otherwords,
feasibility analysis(schedulingandcoordination)might not
yield any appealingsolutions,in which case,theagentsmay
needto movethenegotiationto anew level, ameta-level,and
changethe tasksor goalsover which they are negotiating.
This may alsoentail changingthe objective function(s)[21]
asoftentheconflict mayberesolvedby changingtheway in
which the goalsor tasksareevaluated.The differentlevels,
their roles,andtheir interactionsareshown in Figure1.

In this paperwe explore theseideas. Section2 discusses
our recentresearchin inter-agentnegotiationto resolve con-
flict andSection3 exploresthe differentnegotiationmodels
to resolveconflictsbetweenthecoordinationmoduleandthe
local agentcontroller. Section4 returnsusto theissueof the
meta-level and Section5 discussesfuture directionsin our
research.

%
Assumingamodelin whichproblemsolvingis progressive and

notgovernedby zero-sumgains.



2 Inter
&

-Agent Conflict Resolution

In orderfor agentsto do teamwork, agentsneedto exchange
necessarycommitmentsto eachother. To theagentoffering
thecommitment,thecommitmentimposesconstraintson its
localactivities;while to thereceiving agent,thecommitment
is intendedto satisfyconstraintssothatagentlocal activities
canproceedsuccessfully. Clearly, anagentis in a consistent
stateif all the constraints(including the constraintsdue to
local commitments)not satisfiedthroughlocal planningare
satisfiedby thecommitmentsit received(i.e.,non-localcom-
mitments).Hence,decidinga setof commitmentsthat leads
to all agentsin consistentstates,is thekey to agentcoordina-
tion.

Conceptually, a centralizedplannercansearchfor a setof
appropriatecommitmentsif it knows the capabilities,con-
straints,andgoalsof eachagent,thereforepreventingcon-
flict from occurring. However, in a multi-agentsystem,it
may be undesirable,if not impossible,to usea centralized
approach.Therefore,agentsoftenneedto makedecisionslo-
cally andexchangecommitmentsin a decentralizedmanner,
with only partial knowledgeof eachother’s belief, desire,
and intentions. Due to the inter-dependency of agenttasks
and resources(and hencethe inter-dependency of commit-
ments),andalso the uncertaintiesassociatedwith agentac-
tivities, conflictsin thecommitmentscanoftenoccur, which
resultsin unsatisfiedconstraints.

To resolve the conflicts, agentsneedto have a common
mechanismto decidewhatactionsto takeandhow to tempo-
rally sequenceactivities over interactions' . A predefinedset
of socialrulesmaybeusedfor this purpose.However, in our
research,we focuson the moregeneralapproachwhich can
supporta rangeof approachesfrom sociallydefinedcommit-
mentsto dynamicconstructionof commitmentsvia explicit
agentconversationandnegotiation. We view the protocols
of theconversationsasa family of coordinationmechanisms
in the GPGP/GPGP2framework. In GPGP/GPGP2,a fam-
ily of coordinationmechanismsis defined,covering the ex-
changeof non-localviewpointsandresults,thecoordination
over hard/softinterrelationships,andresourceusage. Typi-
cally, whena setof agentsneedsto coordinateover a taskor
resourceinterrelationship,they instantiateaconversationpro-
cessthat triesto form commitmentsthataddressthis interre-
lationship.Of course,theproposedcommitmentmaydepend
on anothertaskor resourceinterrelationship,thereforetrig-
gersanotherconversationprocess.Also, it is possiblethatthe
agentsmay have conflicting opinionson the proposedcom-
mitment(s),thusleadto objectionsor counter-proposals.In
this case,furtheriterationsof thenegotiationprocessmaybe
needed. Our commitmentnegotiation [19] framework [26]
providesa setof messagetypesfor theiterative conversation
to continue. Thesemessagetypes(conveyed via [7]) allow
an agentto specify its intentions[3] regardingthe commit-
mentin question:request,propose, accept,decline, counter-
propose, change, no-change, anddecommit. Therearealso
othermessagesthatallow dynamicupdateof thestateof the
commitment,suchasupdate, fulfilled, andfailure. Eachco-
ordinationmechanismcanutilize a subsetof thesemessage
(
This is true for bothself-interestedinteractionandcooperative

interaction.

to constructa conversationprotocolthatsuitsits purpose.
The agentshave the choiceof which set of coordination

mechanismsto use,andhow mucheffort they arewilling to
spendonnegotiation,dependingonthespecificproblemsolv-
ing situation[6]. For example,whentwo agentsarecoordi-
natingoveranenablesrelationship(meaningtask

�*)
in agent

� cannotstartuntil task
�,+

in someotheragent� hasfinished
with non-zeroquality), thedialoguecanbeinitiatedeitherby
� or � . In oneof thecoordinationmechanisms,agent� can
proactively offer a commitmentto � becauseit knows that it
is highly likely that � mayneedthisenablement.Ontheother
hand,the agentscanalsousea reactive mechanism.In this
case,� initiatesthedialogueby explicitly requestinga dead-
line commitmentfrom � for task

�*)
to completebeforetime�

. Agent � thenreactsto therequestandsearchfor apossible
proposal.Dependingon how constrainedagent � is, it may
proposea commitmentthat promisesto finish

�-)
at a later

time
��.

insteadof therequestedtime
�
. Agent � thenneedsto

studythereceivedoffer andmayissueacounter-propose,and
in turn agent� maychangeits proposal.Thus,a new round
of negotiation is initiated. The choicemay dependon how
muchtime is allowed,or quality andcostrequirements,or a
mix of these,aswell ashow muchreasoningtheagentcando
dueto the temporalandresourceconstraintson theproblem
solving.

The conversationterminateswhenthe commitmentis ac-
ceptedto all involved agents,when the agentsrealize that
the commitmentis unattainablegiven the constraintsof the
agents(over-constrained),or whentheagentschooseto abort
theconversationbecauseof thecostof coordination(suchas
in a time-sensitive environment).As mentionedbefore,fail-
ure to resolve conflict in this level may indicatethe needto
conflict resolutionin otherlevels.

While the protocolsdefinethe ways agentsexchangein-
formation, undergo negotiation, and reachconsensusin a
domain-independentway, agentsneedto have their own do-
main strategies for negotiation in order for the negotiation
processto be effective, efficient, andproductive. For exam-
ple,agentsneedto know whichagentsneedto makecompro-
miseswhenaconflictoccurs?How to realizethatastalemate
hasoccurred?To answerthesequestions,agentsneedto have
a modelof utility in orderto reachsocialdecisions.For self-
interestedagents,agentstry to maximizelocalutilities, but in
orderto dosotheagentmayhaveto negotiatefor tasksit can-
notdo locally andpaythecostof having otheragentssolving
a subproblemandthe costof remoteresourceaccesses.For
cooperative agents,the overall goal is to maximizeoverall
utility of the system,which dependson the local utilities of
all agents.This meansthatagentsmayneedto not pursueits
locally optimalgoalin returnfor increaseof globalutility. In
eithercase,negotiation is directedthroughthe exchangeof
utilities amongtheagents.In our work, the focusof negoti-
ation is not only on locatingagentsto satisfya task/resource
constraintbut alsoon theimprovementof overall utility pro-
duced.We associateacommitmentwith marginal costs[17],
namely the utility differencebetweenhaving and not hav-
ing the commitment[26]. This way, the commitmentscan
have direct influencesover the agent’s local decision,there-
foredrive thenegotiationtowardsa socialconclusion.

Complex inter-agent negotiation often involves multi-



linked/ negotiation. The issueof multi-linked negotiation
ariseswhenmultipleresourceshaveto beacquiredin orderto
solve theproblem,and/orwhenanagentneedsotheragents
to solve subproblems,andthey in turn have subproblemand
resourceinterdependency aswell as temporalrequirements.
Oneexampleof multi-linkednegotiationis a logistic supply
chain.To solve theproblemin anefficient andflexible man-
ner may requireagentsto develop organizationknowledge
and/orsharemeta-level knowledgeabouttheagentworkload
andresourceusageprofile.0 Also, agentsneedto beableto
perform negotiation in both reactive and proactive manner.
For example,if agent� needsa resultof task

��+
from agent

� by time
�
, but

�,+
in turn needsresource1 which � pos-

sesses.If � hastheknowledgeof thelinkagebetween
��+

and
the resource,it may proactively offer � the resourceat the
sametime it requestsa deadlinecommitmentfrom � . This
would thenallow theagentsto reducetheamountof iteration
neededto completethe negotiation, thus reducesthe com-
plexity in negotiation.

3 Intra-Agent Conflict Resolution
Onesourceof conflict betweenthe coordinationmechanism
andlocalcontrollerwithin theagentis thefactthateachcom-
ponentis capableof takinga driving role in feasibility anal-
ysis, but it is often uncleara priori which componentis in
the betterposition to move first. The effectivenessof fea-
sibility analysisin complex environmentsis determinedby
the agent’s ability to balanceits needto acquireadditional
schedulingconstraints,suchascommitmentsandnon-local
information from other agentswith its ability to searchthe
spaceof possibleschedules.In our work, we have at vari-
oustimeconsideredthreedifferentpatternsof interactionbe-
tweenthesetwo components.

In a commonschedule-drivenmodel,a setof goals(task
structure)is presentedto the local schedulerby the domain
expert. In our research,a goal is representedin the TÆMS
modelinglanguageasa hierarchicalstructureof tasks. The
schedulerthengeneratesa schedule(andpossiblyseveralal-
ternates)basedonsomeprespecifiedsatisficingcriteria.This
scheduleis thenpassedto thecoordinationcomponent,which
attemptsto “implement” the scheduleby negotiation. This
coordinationmay take the form of acquiringcommitments
for resourcescontrolledby other agents,or don’t commit-
mentsthat ensurethe availability of somedecentralizedre-
sourceat thescheduledtime, or contractingof tasksto other
agents. Whatever mechanismsareused,oneof two results
obtainsfrom thecoordinationprocess:eitherthescheduleis
implementedor it is not. If the negotiator is unableto im-
plementthe schedule,thenadditionalconstraintsareplaced
on theschedulingcomponentandit is re-invokedto produce
a new schedule.In this model,of course,while the agentis
attemptingto implementits schedule,otheragentsaretrying
to implementtheir own schedules.Commitmentsmadeto
otheragentsby thecoordinationcomponentarealsoreflected
asconstraintson local control. Coordinationin this modelis
2
In general,meta-level informationaboutthe larger context in

which a particularcoordinationepisodeis taking place is benefi-
cial – it canserve to focuscoordinationactivities andsupplement
communication-basedinformationexchange.

drivenby theoutputof the local schedulerandincomingre-
questsfrom otheragents;thelocalcoordinationcomponentis
reactive.

In amorecomplex model,thenegotiationcomponentmay
take a more proactive role by attemptingto securecritical
commitmentsin advanceof generatinga completesched-
ule. Here, the idea is to increasethe likelihood that a gen-
eratedschedulewill, in fact, be implementedby, for exam-
ple, securinghighly contestedresourcesearly in theprocess.
Fromadistributedsearchperspective,wecanthink of thisap-
proachasaform of backtrackingavoidance.It canbeparticu-
larly effectivefor self-interestedagentsoperatingin resource-
constrainedenvironments,wheretheincentive is to negotiate
asearlyaspossible.Onechallengeunderthismodelis to bal-
ancetheaggressivenessof agentsin meetingtheir individual
needswith socialconcernssuchasfairnessandglobalutility.
Protocolsthat allow agentsto decommitat a costareuseful
hereto give agentsthe freedomto make commitmentsthat
they may not actuallyneedwhile providing incentive to de-
commitasearlyaspossible[18].

A third model, inspired by recentwork in contingency
scheduling[24], allows coordinationto be tightly integrated
with the executingschedulein the form of actionstriggered
by an executionmonitor or even as first classtasksto be
scheduledfor futureexecutionalongwith domain-level tasks.
For example,a contingency schedulemaycontainfailurere-
coveryactionswith certainresourceor non-localtaskrequire-
ments.Thecoordinationcomponentmustmake surethat the
appropriatecommitmentsare in placewell in advanceof a
schedulecheckpointat which it will bedeterminedif failure
has,in fact, occurred. The agentmay choose,however, to
trigger a decommitmentin the branchof the schedulethat
doesnot include the failure recovery option. Similarly, the
failure recovery branchmay trigger decommitmentactions.
Thereareincentivesfor bothcooperative andself-interested
to releasecommitmentsat the earliestopportunity. For the
individual agent,delayeddecommitmentis a missedoppor-
tunity to recover cost. Thereis alsoa socialcostassociated
with decommitmentif if comesto late for the releasedre-
sourcesto be of useto other agents. This balanceof cost
and time is further complicatedby the fact that just as the
agenthasincentives(both socialand individual) to decom-
mit early, theremay alsobe reasonsto retainunusedcom-
mitmentswhenreschedulingof activitiesbecomesnecessary.
As in the secondmodelabove, the schedulercanmake use
of existing commitmentsto reduceuncertaintyin thesched-
ule,while theoverallstabilityof thesystemmaybenefitwhen
agentsareconservativeaboutreleasingcommitments.We in-
tendto investigatethis complex setof tradeoffs in future re-
search.

Noticethat thesemodelsarenot mutuallyexclusive. Each
model is enabledby a progressively morecomplex bidirec-
tional interactionbetweenlocal schedulingandcoordination
components. We can seethesemore complex intra-agent
mechanismsas reasonableresponsesto complexity in the
inter-agentenvironment. In taking this view, we observe an
interestingtradeoff in which attemptsto implementsocially
desirableoutcomesvia protocoldesigncall for a morecom-
plex intra-agentdialogon thepartof theindividualagent.

As an example,we considera distributedschedulingap-



plication3 in a resource-constrainedenvironment[1] in which
eachagentreceivesa setof goalswith resourcerequirements
that shouldbe accomplishedaccordingto certaindeadlines
and quality criteria. In this environment, agentsare lim-
ited to resourcenegotiation(i.e. agentsperformall taskslo-
cally) The authorsfurther assumethat thereareno external
resources;all resourcesarecontrolledby otheragentswhose
primary goal is to maximizeutilization of the controlledre-
sources. It is assumedthat self-interestedagentsare inter-
estedin implementingtheir individualschedulesat thelowest
possiblecost,while still meetingdeadlinesandquality crite-
ria. It is alsoassumedthat cooperative agentsareinterested
in minimizing costacrossall agents,while still meetingall
deadlinesandqualitycriteria.

We first considerthe casein which agentsall use the
schedule-drivenmodel. Sincetaskarrival, schedulegenera-
tion,andcoordinationhappensasynchronouslyacrossagents,
agentsattemptto acquireresourceswhenschedulesaregen-
eratedlocally. Pathologiessuch as poachingdescribedin
[1] can easily arise under this model in highly resource-
constrainedenvironments. Agentswho get their schedules
soonerhave a better chanceof acquiring resources. This
meansthat underloadedagents,whoseschedulesaresignif-
icantly lesscomplex to computeareatanadvantage.

For thedesigner, thereareseveralpossibleresponsesto this
scenario. In a cooperative setting,agentsmay adoptmech-
anismssuchas thoseproposedin [1] which tend to reduce
the parallelismbut do have the effect of synchronizingre-
sourceacquisitionto achieve globally desirableallocations.
In theabsenceof any incentiveto synchronize,self-interested
agentswhoarestarvedfor resourcesmayfind it advantageous
to adopta moreaggressive strategy for resourceacquisition,
namelyoneof acquiringresourcesin advanceof scheduling
for their actualuse. Theseagentswill monitor resourcede-
mandandattemptto acquireresourcesthat are likely to be
critical to their (still ungenerated)scheduleswhen demand
risesabovea certainthreshold.Onceresourcesareacquired,
theseagentsplaceconstraintson the schedulerto inducea
biastowardschedulesthatusetheresourcesalreadyacquired.
Someresourceswill notbeusedduethescheduler’s inability
to createschedulesthat make useof them. However, if the
costof unusedresourcesis lessthantheoverall improvement
in scheduleutility, thenthis strategy haspaidoff for theself-
interestedagent.

All systemstakeholdersarenow confrontedwith a situa-
tion that is to no one’s satisfaction.Theresource-controlling
agentsandsystemdesignerswill observe that real resource
utilization has decreasedby the total amountof resources
that are acquiredby agentsbut not actually used. Agents
whohavesuccessfullyimplementedtheirschedulesmayhave
doneso at a highercost thanshouldbe requiredbecauseof
theneedto over-acquireandbecauseof theincreasein prices
thatcomeswith high demandfor resources.Oneresponseis
to introducemoresophisticatedprotocolsthatallow agentsto
decommitwith somepenaltylessthan the total cost of the
reservationwhenthey find that they areholdingreservedre-
sourcesthat they will not actuallyuse[18]. Agentsarethus
providedan incentive to releaseunneededresourcesasearly
aspossibleto minimizethis penalty, but theprecisenatureof
this incentiveremainsaninterestingresearchtopic.

4 Meta-Level Conflict Resolution
As discussedin Section1, wheninterandintraagentnegotia-
tion cannotproduceacceptableresults,it maybenecessaryto
movethenegotiationprocessto ahigherlevelwheretheover-
all objectivesof theagentareexaminedandpotentiallymod-
ified. These“objectives”maytake theform of thehigh-level
tasksor goals(or organizationalroles)thattheagentis pursu-
ing,or they maytaketheform of theobjectivefunction(s)that
theagentusesto evaluatedifferentpossible(candidate)solu-
tions. The notion of a changingobjective function assumes
a quantifiedmodelof agentactivities in which therearegen-
erally multiple solutionsanddifferentsolutionshave differ-
ent statisticalcharacteristics,e.g.,somesolutionstake more
time but producea higherquality result,somesolutionscost
more,somesolutionsrequirefewer resources,etc. In other
words,agentssatisficeandevaluatethe “goodness”of par-
ticular solutionsusinggoal criteria or an objective function.
Thus,agentscanredirectproblemsolvingto compensatefor
poorsolutions,to exploreanew portionof thesolutionspace,
by changingtheirgoalsor tasks,or, changingtheirevaluation
criteriaor the function thatdefineswhich goalsor tasksand
whichsolutioncharacteristics(e.g.,completeness)areimpor-
tant.

This relatesto the notionof a latticeof potentialcompro-
misesin DENEGOT [16]. However, while DENEGOT also
usesasatisficingmodelof computation,satisficingin DENE-
GOT entailsrelaxinghardconstraints;thelatticeof potential
compromisesexpressespreferencesfor therelaxationof par-
ticularconstraintsor setsof particularconstraints.In ourcur-
rentresearch,GPGP/DTC/TÆMS,thisis analogousto poten-
tially changingharddeadlines,hardcostconstraints,or hard
quality requirementson particulartasksor setsof tasks.Our
currentview of the meta-level of conflict resolutionis more
general– ratherthanjust relaxinghardrequirements,it may
bedesirablefor agentsto proposea new setof tasksor goals
to pursue,or to proposea new setof goalcriteria for useby
GPGP/DTCwhenevaluatingcandidatesolutions.This view
wouldmapbackinto DENEGOT astherebeingatwo dimen-
sionalarrayof latticesin which eachpoint is a lattice for a
particularsetof goal criteriaandfor a particularsetof tasks
or goalsfor theagent.

If we view the overall solutionspaceassurface,the idea
is that theremaybedifferenthigh-pointsor peakswithin the
solutionspace,any oneof which is approximatelyacceptable
if the solutioncanbe scheduledandcoordinated.If we are
unable,via feasibilityanalysisat thelowerlevels,to schedule
a solution for the setof selectedtasksandgoals,it may be
desirableto “jump” to a differentpart of the solutionspace
and try againto implementthe solutionvia schedulingand
coordination.

The processof selectingnew tasksandgoals,andpossi-
bly changingobjectivefunctions,impliescommunicationbe-
tweentheinvolvedagents,i.e., it appearsto pertainmostlyto
meta-level inter-agentconflict resolution. However, it also
hasa meta-level intra-agentcomponentas the selectionof
high-level objectives is interdependentwith the processof
performingthe low-level schedulingandcoordination. Just
asthereis a mutual, two-way, interactionbetweenschedul-
ing andcoordination,andcoordinationbetweenagents,there
is alsoa mutualtwo-way interactionbetweenthe processof



changing4 thehigh-level objectivesandthedetailedfeasibility
analysis.Earlierthoughtson this meta-level process[13] did
not identify or addressthe potentialfor intra-agentinterac-
tion.

5 Conclusionand Future Dir ections
Interactionandconflictappearatall levelsof agentcontrol. In
averyrealsense,mostaspectsof agentcontrolproblemsolv-
ing areinterdependent,andmostaspectsof agentcontroland
domainproblemsolvingarealsointerdependent.This inter-
dependenceis oftenavoidedthroughsimplifiedagentcontrol
modelsor assumptionsof independence.However, asweasa
disciplinepushagenttechnologyandapply it to wider prob-
lems(andbuild opensystems),the issueif interdependence
movesto the foreground.Unfortunately, this paperprovides
few answers,andattemptsonly to identify anddescribesome
of the issuesandconcernsthatwe have encountered.In the
future we will continueto explore the issueof interdepen-
dence,andconflict,within andbetweenagents.
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