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Abstract

This papemroposesnapproacho attackthe multi-linked
negotiationin acomplex organizationatontext. Themoti-
vationalqualities(MQ) framevork developedearlier pro-
videsthe agentwith the capabilityto reasonaboutdiffer-
entobjective goalshencethe agentcanevaluatea negotia-
tion issuevia its organizationabbjectives. The partial or-
der schedulds exploited asa reasoningool for the agent
to handlethe concurrenimultiple linked negotiationissues
andevaluatetheflexibility andthefeasibilityin the negoti-
ation. We proposethat negotiationshouldbe performedat
differentabstractiortevels,roughcommitmentareformed
at the upperlevel and then refined at the lower level to
solwve potentialconflictsamongdifferentnegotiationissues.
Also, we bring multiple issuednto the negotiationprocess
suchasthetemporalscopeof the commitmentthe costof
thecommitmentandtheflexibility of thecommitment.The
agentsarenegotiatingover multiple issuegatherthanover
asingleissue.
Keywords:
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1 Intr oduction

Negotiation,aninteractve communicatioramongparticipants
to facilitate a distributed searchprocessiit is usedto effec-
tively coordinatethe behaior of agentsn a Multi-Agent Sys-
tem (MAS). Negotiationis usedfor task allocation,resource
allocationandconflictresolution.

Thework proposedor this researchs motivatedby follow-
ing two questions. The first questionis how shouldan agent
dealwith multiple negotiationissueswhentheseissuesarein-
terconnectedTherelationship@amongthesenegotiationissues
canbe classifiedastwo types. Onetype of relationshipis the
directly-linkedrelationship:issueB affectsissueA directly be-
causdssueB is anecessaryesourceor a subtask)of issueA,
the characteristicgsuchascost, finish time and quality) of is-
sueB directly affectthecharacteristicsf issueA. Forexample,
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in asupplychainproblem,negotiationsgoonamongmorethan
two agents.The consumeragentnegotiateswith the producer
agentandthe produceragentneedsto negotiatewith the sup-
plier agent.Thenegotiationbetweertheproduceageniandthe
supplieragenthasadirectinfluenceonthenegotiationbetween
theproduceragentandtheconsumeagent.Anothertypeof re-
lationshipis the indirectly-linked relationship:issueA relates
to issueB becausehey competdor useof acommonandlim-
ited resource For example, agentA performstaskT1 for agent
B andalsoperformstaskT2 for agentC; becaus®f thelimited
capabilityof agentA, whentaskT1 is beingperformedaffects
whentaskT?2 canbe performed.

To our knowledge,thereis no work thathasaddressedhe
directly-linked relationshipin the negotiationprocessThereis
somework on the indirectly-linked relationshipamongmulti-
ple negotiationissues.Level commitment4] allows anagent
to decommitby payinga decommitmenpenalty A statistical
modelis usedto predictfuture eventssothattheagentcancal-
culatethe opportunitycostfor the currentcommitment.When
a new taskarrives, the agentmay retractfrom its concurrent
commitmentby payinga decommitpenaltyto getanincrease
on its local utility. In a distributed meetingschedulingprob-
lem [5] [6], multiple meetingschedulingprocessesre going
on concurrently The agentcaneitherblock the proposedime
or not block it until anagreements reachedthe commitment
stratgyy affectsthe system$ performance.However, in both
of theseworks, the agentdoesnot explicitly reasonaboutthe
relationshipamongdifferentissuesundernegotiation,so asto
proposeoffers or counteroffersto minimize the conflict and
optimizethe combinedoutcome.

Anotherquestionwe wantto addressn this researchis ne-
gotiationin a complex organizationalcontext. Until now all
relatedwork hasconcerneckitherself-interestedhegotiationor
cooperatve negotiation[2]. No work hasbeendoneto study
negotiationbetweenthesetwo extremecases.We feel thatas
the sophisticatiorof Multi-Agent Systemsncreasesthey will
be neithersimple market systemsavhere eachagentis purely
self-interestedseekingto maximizeits local utility, nor dis-
tributed problem solving systemswhere all agentsare com-
pletely cooperatie working to maximizethe achiasementof
a set of global goals. Multi-Agent Systemswill consistof
large groupsof loosely coupledagentsthat work togetheron
tasks. Therelationshipbetweenagentsdependn their orga-
nizationalrole and could be ary type of relationshipranging
from purely self-interestedo totally cooperatie. The agents
canchooseo form avirtual organization 3] to work on a spe-
cial commongoal during a particulartime period. The agents
have choicesaboutwith whomto collaborate how to negoti-
ate,whatto chagefor servicesgetc. The negotiationstratayy is
dependenbn the relationshipbetweenthe negotiating parties
andthe particularnegotiationissue.

To attackthesetwo problemswe needto focusourresearch



work on following threecategoriesof negotiation. In the deci-
sion category, we will usethe motivationalqualities(MQ) [8]
frameawork to evaluatenegotiationdecisions. This framewvork
providesthe agentwith the capabilityto reasonaboutthe rel-
ative importanceof differentgoalsandthe valuesof achieving
thesegoals basedon organizationalobjectves. We will use
this frameawork to supportanintegratednegotiationmodelthat
allows agentsto take different positionsanywhere along the
spectrumfrom the self-interestedoosition to the cooperatie
position. A partial order schedulerepresentatiolis usedasa
reasoningool to allow an agentto handleconcurrentmulti-
ple linkednegotiationissuesandevaluatetheflexibility andthe
feasibility of the negotiation. In the processcateyory, we pro-
posethatnegotiationshouldbe performedat differentabstrac-
tion levels: roughcommitmentsareformedat the upperlevel
andthenrefinedat the lower level to solve potentialconflicts
amongdifferentnegotiationissues.In the language cateyory,
we will developtechniquego allow negotiationover multiple
issuessuchasthe temporalscopeof the commitmentthe cost
of thecommitmentandtheflexibility of thecommitment.

2 Background Frameworks

We would like to first briefly describethe MQ (motivational
guantities)framework [8] andthe TAMS framework [1] that
areusedassupportingarchitecturesn this researchHowever,
the majorideasarenot restrictedto thesetwo frameaworks, we
feelthey canalsobeappliedto othersuitablearchitectures.

2.1 MQ framework

In the MQ framework, the executionof ataskcontributes,in a
guantitatve manneyto the achiesementof oneor moreagents
objectives. As part of this framawork, thereis a way of map-
ping this contribution to an overall utility increaseassociated
with the potential executionof a task, given the agents cur-
rent stateof achiavementof differentobjectives. This enables
the agentto comparetasksthat are associatedwith different
organizationaboals,or tasksthataredetrimentalto oneorga-
nizationalgoal while having positive benefitto a differentor-
ganizationaboal, or tasksmotivatedby self-interestedeasons
to cooperatiereasonsEachagenthasa setof MQs or motiva-
tional quantitiesthatit tracksandaccumulatesMQs represent
progresgoward organizationalgoalsandin certaincasesnay
beusedasa mediumof exchange MQs areproducedandcon-
sumedby taskperformancevherethe consumptioror produc-
tion propertiesare dependenbn the context. For eachMQ);
belongingto an agent,it hasa preferencefunction or utility
curve, Uy,, thatdescribests preferencdor a particularquan-
tity of theMQ. Differentagentanayhave differentpreferences
andorganizationaboalsor directives.

MQ Tasksareabstraction®f a partial ordersetof primitive
actionsthattheagentmay carryout. MQ tasksmayhave dead-
linesandearlieststarttimes EachMQ taskconsistof oneor
moreMQ alternatves,whereeachalternatve correspondso a
differentperformanceprofile of the task. Eachalternatve re-
guiressometime or duration to execute producessomequan-
tity of oneor more MQs, called MQ productionset (MQPS),
andconsumesomequantityof MQs, calledMQ consumption
set(MQCYS).

2.2 TAMS framework

The TAEMS task modeling language[l] (SeeFigure2) is a
domain-independeritamenork usedto modeltheagentscan-
didate actwities. It is a hierarchicaltask representatiotan-
guagethat featuresthe ability to expressalternatve ways of

performingtasks statisticalcharacterizatiof methodqprim-
itive tasks)via discreteprobabilitydistributionsin threedimen-
sions(quality, costandduration),explicit representationf in-
teractionsbetweentasks,and resourcerequirementf meth-
ods.Qualityis adeliberatelyabstractiomain-independertbn-
ceptthat describeghe contribution of a particularmethodto
overall problemsolving. Thus,differentapplicationshave dif-
ferentnotionsof whatcorrespondso modelquality. Duration
describeghe amountof time thatthe methodwill take to exe-
cuteandcostdescribeghefinancialor opportunitycostinher
entin performingthis action.

Hardandsoft interactionsbetweertasks,calledNLEs (non-
local effects), are also representedn TAEMS and reasoned
aboutduringschedulingandnegotiation.Hardtaskinteractions
delineatehardprecedenceonstraintssuchasenablesanddis-
ables Softtaskinteractionsdenotesituationswherethe result
of oneactity canfacilitate or hinderanothermactiity. Taskre-
sourceconsumptiorand productionbehaiors are modeledin
TAEMSvia consumesndproducedask/resourc@lLEs - these
NLEs describehequantityof resourcegsonsumedar produced
by taskexecution.

3 Major Ideas

3.1 Integrative Negotiation

Therearetwo generatypesof negotiationthatarestudied:co-
operatve negotiation and competitve negotiation. In a com-
petitive negotiation, agentsare self-interested:they negotiate
to maximizetheir own local utility. In a cooperatie negotia-
tion, agentsareworking to find a solutionthat increasegheir
joint utility - thesumof theuutilities of all involvedagentsBe-
tweenthesetwo extremesituations therearepotentiallymary
otheroptions. Theseotheroptionsdependon the agents at-
titude towardsthe importanceit attachego the increaseof its
own utility versusthe importanceit attachego helping other
agentdncreaseheir utilities.

In a complex agentsociety the agentneedsto work with
agentdrom differentorganizationapositions,suchasanagent
from its own group,anagentfrom a higherpositionin its com-
pary, anagentfrom a cooperatie compary, or anagentfrom a
competingcompaly andsoforth. Theagents attitudetowarda
negotiationissueis notsimply eithercompetingor cooperatie,
theagentneedgo quantitatvely reasorabouteachnegotiation
session- how importantits own outcomeis asrelatedto the
otheragents outcome- soit canchooseanappropriatenegoti-
ationstrateyy.

How canan agentchoosethe negotiationstratgy in sucha
comple organizationcontext? Oneapproachs to embedre-
latedinformation(i.e. "with agentA usestrategly No.1") aspart
of the organizationaknowledge. Oneshortcomingof this ap-
proachis thatagentshave difficultieswhenthereis anew agent
joining this society Moreover, this “agent/stratgy” type of
knowledgecould not be “issue-specific”,givenan agentcould
play multiple roles, therecould be differentissuesnegotiated
betweenagentsandthe agentsshouldselectdifferentstrateyy
accordingo whatissueis negotiated.For example for thecol-
leagues requesto contribute to a sharedprofessionajob and
for thesamecolleaguesrequesto for aride,evenbothrequests
comefrom the sameagent,the negotiation stratgyy could be
different. Anotherapproachs that the agentdynamicallyse-
lectsthe negotiationstratgy by analyzingthe otherparty, the
issuein negotiationandits currentproblem-solvingstatus. The
following information could contribute to the selectionof the
negotiationstrategy: “Who is the otheragent?”,"What areits
reputationandstyle?”,“What s its objectve?”,“How is its re-
lationshipto me?”,“Are thereothercompetitors?’andsoforth.
Someof thisinformationcanbelearnedrom experience.
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Figurel: differentmappingfunctionsof MQp 4/

The motivationalqualities(MQ) [8] framework providesan
agentwith the capability to reasonabout different goalsin
an open,dynamicand large-scaleMAS, hencethe agentcan
evaluatea negotiation issuefrom an organizationalperspec-
tives. The MQ framawork quantifiesdifferentunderlyingmo-
tivationalfactorsandprovidesthe meango comparethemvia
amulti-attributedutility function. Theagents attitudetowards
a negotiationissueis affectedby the utility mappingfunction
of thetransferredMQ with thisissue whichreflectstheagents
attitudetowardthe otheragents outcome.We introducea spe-
cial MQ called M@ p 4/, Which representsiov cooperatie
agentA is with agentB on the concernof a specialissue-
tasknl. Let MQp4/rn be the type of MQ transferredfrom
agentB to agentA whenagentA performstasknl for agent
B. MQpa/m is 0neMQ thatcant betransferredo ary other
kind of MQ, andit cant be transferredo ary otheragent;in
otherword, M@ p 4/r; is uselesdor agentA in the market, it
is simply to measuregherelationshipbetweeragentsA andB.
Actually, hov M@ p 4/ is mappednto agentA's utility de-
pendson how cooperatie agentA is with agentB. Suppose
thereis a certainamount, M@ g 4 /r;, representinghe utility
agentB gainedby having agentA performtasknl, transferred
to agentA. Figure 1 shows four differentfunctionsfor map-
piNg M Q p a/r; t0 agentA's utility.

Functiona, b andc arelinearfunctions: U,(MQpa/n) =
k x MQBA/nl-

If & = 1(@), Us(MQpBa/mi) = MQpa/u = Us(nl)
(Us(nl) denoteghe utility agentB gainedby transferringnl),
thenagentA is fully cooperatie with agentB;

If £ > 1(b), Us(MQBa/mi) > MQpasm = Us(nl), then
agentA is accommodatingo agentB, or altruistic with agent

If & < 1(c), Us(MQBa/mi) < MQpajm = Us(nl), then
agentA is partially cooperatie (in contrastto fully coopera-
tive) with agentB ;

If £ =0,Us(MQpa/n) = 0, agentA is self-interestedvith
respecto agentB; in this casejf agentB wantsagentA to do
nl, it needgo payanotherkind of MQ to agentA.

Themappingfunctioncouldalsobe anonlinearfunction (d)
thatdescribesa morecomplicatedattitudeof agentA to agent
B, for example,agentA beingfully cooperatie with agentB
for someperiod and then becomingself-interested. We will
usethis utility analysisframework to supportthe development
of afamily of negotiationprotocolsthatallows arangeof agent
relationshipgo be accommodatedh the negotiation process.
An agentcanadjustthe utility mappingfunctionto reflectits

relationshipwith anotheragentwhich couldbeit’sadministra-
tor, colleaguefriend, client or competitor By adjustingsome
parameterén the mappingfunction, more subtlerelationships
couldbemanagedTheagentcoulddifferentiatea friendly col-
leaguefrom anunfriendlycolleaguealsoit coulddraw distinc-
tionsbetweenra bestfriend andanordinaryfriend.

3.2 Multi-Le veledNegotiation

Usuallynegotiationis structuredasasinglelevel processfrom
the proposalto the final commitment,all relatedissuessuch
asfinishing time, achieved quality and offeredprice aredeter
minedin this process.Giventhe uncertaintyof taskexecution
and several otherrelatedissuesiit is difficult to constructan
integratedframework in which all theseissuesare addressed
concurrentlyanddoneso in an efficient way. So we propose
amulti-levelednegotiationframenork in which the negotiation
processs performedat differentabstractiorevels. The upper
level dealswith the formation of high level goalsand objec-
tivesfor the agent,and the decisionaboutwhetheror not to
negotiatewith otheragentgo achiese particulargoalsor bring
aboutparticularobjectives. The negotiationat this upperlevel
determineghe rough scopeof the commitment(i.e. the time
andthequality characteristicsandthe costof thecommitment.
The lower level dealswith feasibility andimplementatiorop-
erations,suchasthe detailedanalysisof candidatetasksand
actionsand the formation of the detailedtemporal/resource-
specificcommitmentsamongagents. The negotiation at this
lower level involvesthe refinemeniof theroughcommitments
from theupperlevel.

It is reasonabldor anagentto evaluatethe importanceof a
commitmentfrom the upperlevel. An agenthasa betterun-
derstandingdf how a commitmentcould affect its local plan
henceits utility gainwhenit reasonsboutthis commitmentn
the upperlevel frameavork. Moreover, the agentneedssome
initial commitmentswvhenit choosests local plan. For exam-
ple, supposeagentA needdo performtaskT andtherearetwo
available plans,P1 and P2, eachone having differentquality,
durationand costcharacteristics The agentgets5 units extra
local utility by adoptingplan P2 otherthanplanP1. However,
planP2requestassigningasubtaskVic to anotheragent.From
thehighlevel view, if agentA canfind anothemgentto perform
the subtaskMc in time andwith transferredutility lessthan5,
the plan P2 is the bestchoice. If sucha commitmentis not
available,agentA needgo chooseplanP1for taskT.

On the other hand, not all issuescould be modeledor to-
tally decidedon the upperlevel. Theupperlevel dealswith the
agents high level actwvity plan, it lacksdetailedinformationof
eachactivity henceit is difficult to reasorabouttheagentsde-
tailed actiities. Thereare two kinds of issuesrelatedto the
decision-makingorocesdn the negotiation. Thoseissuesthat
have stronginfluenceon local plan selectionandinvolve util-
ity transferreetweermgentdi.e. animportantnon-localtask
or animportantresourcethat needsto be purchasedrom an-
otheragent),shouldbe negotiatedfirst at the upperlevel, and
roughcommitmentsshouldbe constructedor them. However,
thoseissueghathave lessinfluenceonlocal planselectionand
involve reasoningaboutthe detailedstructureof the low level
activities cant be modeledon the upperlevel anddo not need
to bedecidedonthe upperlevel. Theseissuesdnclude:

1. Internalrelationshipsetweersubtaskshatbelongto differ-
enthigh level tasks. For instance the subtask‘go to phar
macy that belongsto “take care of sic sistef’ facilitates
thesubtask'goto postoffice’ thatbelongsto “sendgift to a
friend” becausehe pharmay is next to the postoffice. This
relationshipis not visible from the high level tasks,but the
agentcanexploit it to optimizeits local plan after the high
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Figure2: AgentA hasa nonlocaltask T3 contractedo agent
B while agentB needso subcontracM7 (a subtaskof T3) to

anotheragentandrequestesourcdor M6 (anothersubtaskor

T3) throughnegotiation.

level planis decided.

2. Uncertaintyof theexecutioncharacteristicsthat are not vis-
ible on the higher level. The agentis uncertainaboutthe
task’s duration,costand quality producedwhenit makesa
plan aboutthe task. Expectedvaluesare usedin the high
level planninganduncertaintiesare not taken into account.
This leadsto more efficient processingat the higherlevel,
however, in certainsituationsdetailedreasoningaboutun-
certaintybecomesmportantto makinga commitment.The
lower level hasdetailedinformation aboutthe uncertainty
andasmore context knowledgeis available alongwith the
processsothehighlevel commitmentanbeadjustedo ac-
commodatdor uncertainty

3. Internal resouce requirementassociatedwith low level
tasks. For example,thereis an agentwho sharesa printer
with several otheragents.Giventhe knowledgeof the gen-
eral printing load, the agentknows it is unnecessaryo re-
senetheprinterwhenit buildsits high level plan. But when
theagentcomesto arrangsets local actiities, it shouldtake
thisresourceconstraintinto consideration.

Consideringthe above issues,the agentneedsto revise high
level commitmentsthroughlow level negotiationand reorder
its local level actiities, henceto optimizeits local plan and
commitmentsreducefailure possibilities,avoid conflictsand
achieve higherutilities.

3.3 Multi-Link ed Negotiation

In themulti-task,resourcesharingervironment,anagenineeds
to dealwith multiple relatednegotiationissuedncluding:

1. taskcontractedo otheragents;

2. taskrequestedby otheragents;

3. externalresourceequiremenfor local actvities;
4.

interrelationshipamong actiities distributed on different
agents

Theseissuesarerelatedto eachother The resultof oneissue
hasinfluenceon otherissues.An exampleof a comple situ-
ationis the negotiationchain problem. Agent A hasanissue
X negotiatedwith agentB andagentB hasanissuey negoti-
atedwith agentC. The negotiationbetweeragentB andagent
C overissuey affectsthe negotiationbetweenagentA andB
over issuex. As we describedn sectionl, the relationships
amongrelatednegotiationissuesouldbeclassifiedasdirectly-
linked relationshipsaandindirectly-linked relationships Figure
2 describes directly-linked relationship Figure 3 describesa

Agent A

Agent C

negotiation

Figure3: AgentA hasa nonlocaltaskM2 contractedo agent
B while agentB hasa nonlocaltaskM4 contractedo agentC.

Agent C

sum

‘
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Bégbt{aﬁoh, "o egotiation. .- -
Figure4: AgentA hastwo nonlocaltasks: M2 contractedo
agentB andM4 contractedo agentC.

indirectly-linked relationship,and Figure 4 describesa situa-
tion betweerdirectly-linked andindirectly-linked relationship.
If thefacilitatesrelationships exploited,thenegotiationon M2

andthe negotiationon M4 aredirectly-linked; otherwise they

areindirectly-linked

How canthe agentdeal with thesemultiple relatednegoti-
ation issues?One solutionis to dealwith theseissuesin se-
guence.Thedrawbackis inefficiency andthe difficulty of find-
ing agoodsolutionfrom a global perspectie. For example,in
Figure4, agentA hastwo non-localtasks,taskM2 contracted
to agentB andtaskM4 contractedo agentC. If M2 couldbe
finishedbefore M4 starts, it will facilitate the performing of
M4. SupposeagentA first negotiateswith agentB, andthen
negotiateswith agentC; it triesto pushtaskM2 to befinished
assoonaspossibleso M2 canfacilitateM4. Throughthe ne-
gotiationwith agentB, it is decidedthatM2 is finishedby time
10 (agentA paysa high costfor this commitment) but thenit
is foundthattaskM4 cant bestartedbeforetime 20 becausef
the otherlocal actvities of agentC. Giventhis latterinforma-
tion, it is notworth payinga high costfor M2 to befinishedby
time 10. This exampleshows a shortcomingof the sequential
negotiation.

Concurrentnegotiation is anotherchoice. Multi-Leveled
framawork is suitablefor concurrentnegotiation. When an
agentperformsthe high level concurrentnegotiation, it tries
to minimize the possibility of conflictsamongdifferentnegoti-
ationissues.Whenthe agenthasmoredetailedinformation, it
cansolve the conflictsthroughthe low-level negotiation.

A partial order scheduler(seeSection4.5) will be usedas
a basicreasoningool for concurrentmulti-linked negotiation.
It canbe usedto reasonaboutthe influenceof a commitment
of oneissueon othernegotiatingissues. It also canbe used
to reasoraboutthe flexibility of eachcommitmentandhow it
affectstheflexibility of its local actuities.

4 Approach

In this section,exampleswill be developedto explain in de-
tail how the multi-leveled, multi-linked integrative negotiation
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(2)schedule MQ tasks with alternatives
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(1)build alternative plans for MQ tasks
(6)reordering local activities

(7)examine feasibility and refine commitmerjts
(8)if fails, go to step 1 with new constraints

.MQ schedule
.rough commitment

refine commitments

AEMS leve

Figure6: two level negotiationframework

works. Additionally, the interestingintellectualproblemsand
theproposeddeasto solve themwill bepresented.

4.1 Overview of Basicldeas

The MQ model[8] describeghe agents organizationknowl-
edgeabouttaskutility but it lacksa detailedmodelof tasksand
their interactions the uncertaintycharacteristicend resource
requirement®f tasks,which belongto the TAEMS [1] model.
Theproperintegrationof thesgechnologiegangiveagentghe
benefitsof both reasoningaboutthe organizationalconcerns
and handlingdetailedfeasibility analysisandimplementation
of objectives.

An agenthasits MQ level view of its local activities, whichis
asetof potentialMQ tasks eachassociategvith certainMQPS
(the type and amountof MQ this task produces)and MQCS
(thetypeandamountof MQ thistaskconsumesvhich canbe
mappedinto the agents utility given the agents currentMQ
state. For example, Figure 5 shavs agentA hasthree MQ
tasks,TA1, TA2 and TA3. TA1l producesMQ1 from 6 units
to 12 units,andit consumedQ2 from 0 unitsto 6 units. The
amountof the MQ variesdependingon what plan is usedto
accomplishtask TAL. For eachMQ taskT, thereis a TAEMS
taskgroupTG thatdescribeshedetailedactiitiesfor thistask,
i.e. thetaskgroupTAG1describeshedetailedactvitiesin task
TAL. Differentplansto accomplisithe MQ taskT canbegen-
eratedfrom the TAEMS taskgroup TG by the DTC scheduler
eachplanhasdifferentquality, durationandcostcharacteristics
thataffectthe MQPSandMQCS of thetaskT. This is thefirst
step[stepl] shavn in Figure6 , which describeghe two-level
negotiationframework.

TheextendedVIQ schedulegeneratea partial ordersched-
ule thatindicateswhat tasksthe agentshouldattemptto exe-
cute,whatplansareusedto executethesetasks,andthe execu-
tion ordering. This scheduleepresentshe agents bestchoice
aboutwhat actiities it shoulddo to maximizeits local util-
ity increasdstep2]. Basedon theseschedulesthe agentcan
reasoraboutthe utility of a specificcommitment(i.e. contract-
ing ataskout to anotheragent,performinga taskfor another
agent,or receving an externalresourceseedecby oneof its
tasks).Negotiationonthe MQ level is a multi-dimensionahe-
gotiationthatincludesthe amountof the transferredMQ, the

temporalconstraintsof the commitmentand the quality con-
straintsof the commitmen{step3]. Also theagentcouldselect
which agentsto negotiatewith andthe appropriatenegotiation
strateyy accordingo organizationatelationshipsandthenego-
tiation issuegstep4]. A partial orderschedulemalkesit pos-
sible for the agentto reasonabouthow a commitmentaffects
theflexibility to modify theexecutionconstraint®n otherlocal
actiities andtherelationshipsamongmultiple relatednegotia-
tionissues.Thepartialorderscheduleen MQ level hastheMQ
taskasthe basicreasoningelement.The MQ level negotiation
builds rough (partial-specifiedcommitmentsfor thoseissues
thatshouldor couldbereasone@nthe MQ level [step5].

After building alocal MQ scheduleandroughcommitments
on the MQ level, the agentreordersits local actiities on the
TAEMS level [step6]. Low level relationshipsamongTAEMS
tasks/methodanddetailedresourceconstraintsaaretaken into
accountin this reorderingprocess.In this reorderingprocess,
the agentcould optimize its local scheduleby taking advan-
tage of the interrelationshipamonglow-level tasks/methods,
also the agentcan verify the feasibility of its local schedule
given roughcommitmentsrom the MQ level andthoseaddi-
tional constraint§rom the TAEMSlevel [step7]. A partialorder
schedules alsousedto manageand reasonabouttheserela-
tionshipsandconstraintonthe T/AEMSIlevel. TheTAMSlevel
partialorderscheduld¢akesthe TAEMSmethodasthebasicrea-
soningelement Negotiationonthe TAEMSIlevel involvesrefin-
ing of thoseroughcommitmentsasneededvhen:

1. thereareconflictsor potentialconflictsamongcommitments
andlocal actiities;

2. it is possibleto reducelocal costor increasdocal utility by
refiningacommitment.

If the agentcould find a feasiblelocal scheduleby reordering
andre-negotiationonthe TAMSIlevel, theagentcanexecuteits
localschedulendperformall of its commitmentsptherwisejf
conflictcan't beresohedgivenall constraintsthe agentneeds
to discardsomecommitmentsestablistothercommitmenton
alreadyscheduledocal actvities andgo backto the MQ level
to rescheduleand may needto build somenen commitments
[step8].

We will discussnoredetailsaboutthistwo-level negotiation
in thefollowing sections.

4.2 DTC schedulerbuilds alternatives

The Design-D-Criteria (DTC) scheduler[7] is a domain-
independenschedulethataimsto find afeasibleschedulghat
matchegheagents particularcriteriarequest.n this research,
it will be usedoff-line to build alibrary of alternatve plansfor
achievementof a TAEMStaskgroup.For example,agentA has
threeMQ level tasksTA1, TA2 and TA3, which are mapped
into the task groupsTAG1, TAG2 and TAG3 in the TEMS
model. Supposethereis a subtaskT1b of TAGL1 that poten-
tially canbe contractedo anotheragent.

The DTC schedulemworks on TAG1 accordingto the fol-
lowing differentassumptionsT1b is executediocally; T1lbis
not executed; T1b is contractedto anotheragent. Theseas-
sumptionscan be combinedwith differentq, ¢, d scheduling
criteriato generateseveralalternatve plansasshown in Figure
7. Eachplanhasdifferentq, c, d characteristics;orresponding
to a MQ level alternatve with differentduration, MQPS,and
MQCS. For thoseplansthat needto contractT1b to another
agentsuchasTAG1 P5andTAG1 P6,theMQCSdoesnotin-
cludethe costfor contractingthetaskT1b, becauséhecostis
unknown at this time. Similarly, differentplansaregenerated
for taskTA2 andTA3.

This abstractiorprocesscanbe doneoff-line, andtheseal-
ternatve planscan be storedin the agents database Not all
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Figure8: MQ level tasks

alternatvesareusedin the MQ level schedulingorocessA set
of plansareselectedaccordingto currentproblem-solvingcon-
text. For example,if the currentminimum quality requestfor
thetaskis 10, thenthoseplanswith achiesed quality lessthan
10arediscardecandnot usedby the MQ scheduler

4.3 MQ level scheduling

The MQ level scheduledoesschedulingor thesealternatves
of TA1, TA2 and TA3 to find the bestscheduleMQ_S1 that
provides the agentthe most utility increasefrom its current
state(Figure8). If theplanTAG1.P50r TAG1.P6(T1bis con-
tractedout) appearsn the scheduleMQ_S1,agentA needso
considercontractingT1b to anotheragent;otherwise agentA
may chooseto executeT1b locally or not to perform T1b as
the scheduleMQ_S1recommendsSupposehe bestschedule
MQ_Slincludesthe TAG1 P5plan:

TAGL1 P5[duration:1CGarlieststarttime:0deadline:20]

TAG2 P2[duration:1Gearlieststarttime:0deadline:30]

TAG3_P1[duration:1%arlieststarttime:10deadline:40]

This is a partial order schedule, TAG1 P5 and TAG2 P2
needto be finished before TAG3_P1 starts. The reasonis
that TAG3_P1 consumeghe MQs producedby TAG1 P5and
TAG2 P2.This partialorderschedulecanbe expressedyraphi-
cally asshovnin Figure9. AgentA comparesheutility of the
bestscheduleincluding the contractingplan of T1b (MQ_S1)
with theutility of thebestschedulavithoutthecontractingplan
of T1b(MQ_S2),thedifferencds theutility gainedoy contract-
ing T1bto anotheragent.

Marginal Utility _Gain(T1b) =
ity(MQ _S2)

The basic constraintof the quality requestand the tempo-
ral constraintof T1b is establishedasedon the TAEMS level
schedul TAG1 P5)andthe MQ schedulgMQ_S1). Suppose

Utility(MQ _S1) - Util-

(10)

————— s

2 [40]
O (a) event's earliest tim
— job [b] event's latest time
--->=virtual job{d} activity’s duration

T1{10}

event

Figure9: MQ level partialorderschedule
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Figure10: partialorderschedulevith onenon-localsubtask

in the TAG1_P5schedulethequality requesf T1bis 10,and
theabstractiorof theschedulefTAG1 P5is (5, T1b,5),it means
therearesomeactiities of duration5 needto be donebefore
T1lbandsomeactiities of duration5 needto bedoneafterT1b.
Theabove informationcomedrom the pre-analysi®f theplan
TAG1 P5. Combinedwith thetemporalconstrainiof TAG1-P5
in the scheduleMQ_S1[0, 20], the temporalscopeof T1b is
[5, 15], it leares5 unitstime beforeT1b and5 unitstime after
T1b. Theseconstraintsarevery preliminary; if thereareother
constraintsaddedto otheractvities, the scopemay needto be
refinedbasedon the TAEMS level rescheduling Seeexample
in Section4.7). The quality requestis only an estimationbe-
causeheagentdoesnotknow whatqualitytheotheragentmay
achieve for thistask.

AgentA poststhistaskallocationproposahbs: ( T1b,quality-
request:1Q time-scope:[515])

4.4 Partial Order Schedule

A partial order scheduleis the basicreasoningtool for con-
currentmultiple relatednegotiations.Herewe will presenthe
formalizationof the partial orderscheduleanduseanexample
to explainhow it worksfor themulti-linkednegotiation. Figure
10shawvsthepartialorderschedulevith onenonlocaltaskT1b.

Definition Partial Order Scheduleis representedas a graph
G = (E,A). E representsnodes,eat nodedenotesan
Event(seebelowfor definition); A representsedges, eath
edge denotesan Activity (seebelow for definition). £ =
{i},A = {a :<i,j > |(i,j € E)}. It isadirectedacyclic
graph(DAG).

Definition Event: A node: representsan event, it is the start or
endpoint of oneor more activities, it is the sepaation point of
sequenceactivities. Theinitial nodeonly representsthe start
point of activity (activities), the terminal node only represents
the end point of activity (activities). Theee is only one initial
nodeand oneterminal nodein a partial order schedulegraph,
all other nodesrepresentboth the start point and the end point
of oneor motre activities.

Definition Activity: Anedge a representanactivity. It isthebasic
element(task/methodpf the schedule An activity needsa cer
tain amounbftimeandresouces,it is representedsa solidline
with an arrow in thegraph. An activity edg a :< %, j >hasan
event: asthetail event(start point) and j astheheadevent(end
point),i andyj aretherelatedeventsof thisactivity. D(¢, 7) (also
as D(a)) representgheduration of activitya :< 4,5 > .

Definition Mrtual Activity: Anactivity thatdoesnotconsumeny
timeor resouce It couldbe: (a) a nonlocaltask/methodor (b)
an edge thatonly expressesherelationshipbetweerevents.It is
representedasa dashedine with anarrowin thegraph.

Time of Event

Definition Eventsearliesttime E(j) : Whentheevent; is thetail
eventof one or more activities, E(j) is the earliest start time
of thoseactivities; Whenthe eventj is the headeventof oneor



more activities, E(j) is the earliestfinish time of thoseactivi-
ties. Thecomputatiorof E(j) startsfromtheinitial eventE(0)

, the earliesttime of the headeventj (E(35)) is the sumof the
earliesttimeof thetail event: (E(¢)) andtheduration of theac-
tivity < ¢, 7 > (D(4, 7)). If there are more thanoneactivity edge
pointedto this headeventj, firstadd ead activity’s duration to
the earliesttime of its tail event,thenadd thesevaluestogether
with countingthe parallel executionbetweerocal activitiesand
non-localactivities(Sum —with — parallel — reduction). Out-
side constaint refers to the earliest start time associatedwith
thoseactivitiesas extra information.

E(0)

E(j) = mazx(outside—_constraint(j),

Sum_with_parallel_reduction{E (i) + D(3,j)})

(] = ]-7 27 i) n)

Definition Eventslatesttime L(¢) : For a headevent,it is thelat-
estfinishtimeof all activitiesendingatthisevent;for atail event,
it is the lateststart time of all activitiesstartingfromthis event.
Thecomputatiorof thelatesttime startsfromtheterminalevent.
Thelatesttime of the tail event: is the latesttime of the head
eventj subtact the duration of the activity < i, 5 >(D(1, 5)).
Whenthere are more thanoneactivitiesfromthistail events , the
latesttime of events is themaximunof theseevents’latesttimes
minusthesumof thedurationsof thoseactivities(whenthoseac-
tivities’ executionare continue). Theoutsideconstaints (dead-
line constaints associatedvith activities)are alsobetakeninto
account.

L(n) = outside_constraint(n) nistheterminalevent

L(i) =

Sum_with_parallel_reduction{D(i,5)}) (¢ = n—1,n —
2,..,1)

= maz(outside_constraint(0),0)

min(outside_ constraint(i), maz{L(j)}—

Time of Activity

Definition Activity’'s earlieststarttime ES(i, j) = E(7);

Definition Activity’s earliestfinishtime EF(i,5) = ES(i,7) +
D(i, ) ;

Definition Activity’s latestfinishtime LF'(¢, ) = L(j) ;

Definition Activity’s latest start time LS(3,j) = LF(¢,5) —
D(i, j) ;

For examplein Figure 10, activity T, is actuallytheactivity

(4,6). D(Tzc) = D(4,6) = 5.

ES(T>.) = ES(4,6) = E(4)=5

E (Tz.) = EF(4,6) = ES(4,6) + D(4,6) =5+ 5=10
LF(Ty.) = LF(4,6) = L(6) = 25

LS(Ty.) = LS(4,6) = LF(4,6) — D(4,6) =25—-5=20

Flexibility of Activity

Definition Total time difference of activity TTD(i,j) =
LF(i,j) — EF(i,j) = LS(i, j) — ES(i,5) ;

Definition Single time difference of activity STD(i,j) =
ES(3,k) — EF(3,7). Theduration that earlieststart time of
< 1,7 >canbe postponedvithout affectthe earlieststart time
of its following activity < 4, 7 >;

Definition Flexibility of Activity F'(a) = , D(a) isthedu-

ration of activity a. Theflexibility of the act|V|ty representshe
freedomto movetheactivity aroundin this schedule

TTD(a)

Usingtheactivity T, in Figure 10 asan example
TTD(T>.) = LF(Ts.) — EF(Ty.) = LS(T2.) —
ES(Ty) =15

STD(Tz.) = ES(6,7) — EF(4,6) =15—-10=5

(O event
job [b] event's latest time
---=virtual job{d} activity's duration

(a) event's earliest timi

Figure 11: partial order schedulewith two indirectly related
issues

Definition Flexibility of SheduleF(S) = 3, 5 F(a) * g((sg

, D(S) is thetotal duration of the scheduleS. Theflexibility
of a schedulemeasuesthe overall freedonof this schedule
it is the sumof theflexibility of ead activity weightedby its
duration of theduration of theschedule Theflexibility of the
activity with a larger duration hasa bigger influenceon the
flexibility of theschedule

4.5 Concurrent Multi-Link ed Negotiation

Whentherearemultiple relatednegotiationsgoing on concur
rently, theagentneeddo analyzetherelationshipamongthese
issuesand find what is the influenceof one issueon others.
A partial order schedules a reasoningool that can help the
agentdealwith concurrentelatednegotiation.On highlevel it
enablesegotiationover intervalsratherthanfixed placement.
We usethefollowing examplesto explain how it works.

4.5.1 Indir ectly Related Issues In the exampleof section
4.3, thereis a nonlocalsubtaskT1b in the plan TAG1 P5 (5,
T1b,5). In this plan,thereare someactiities with duration5
thatneedo befinishedbeforeT1b canstart,andthereareother
activities with duration5 that canonly be startedafter T1b is
finished.This informationcomesrom theanalysisof the plan.

Supposethere is anothernonlocal task T2b in the plan
TAG2.P2 (5, [T2b, 5]) thatneedsto be contractedout. In this
plan, thereare someactuities with duration5 that needto be
finishedbeforeT2b canstart,andthereareotheractiities with
duration5 thatcanbe performedwith T2bin parallel.

Figurellshowsthepartialorderschedulevith two nonlocal
tasksT1b andT2b. The largestpossiblerangefor T1bis [5,
15]; thelargestpossiblerangefor T2biis [5, 25].

1. If thesetwo rangeg5, 15] for T1b and[5, 25] for T2b are
givento the contracteeagentsasthetime constraintgor the
commitmentsthereis alocal conflict. BecauseghetaskTla
needdgo befinishedbeforetaskT1b startsby time 5, andthe
taskT2aneedgo befinishedbeforetask T1b startsby time
5 also,bothTlaandT2aneedto befinishedbetweenO, 5].
Giveneachtaskhasa durationof 5, it is impossibleto find a
feasiblelocal schedule.

2. Thetwo rangeqd5, 15]for T1band[10, 25] for T2b arecon-
sistentwhich meanghatno matterwhattime thosemethods
areperformedduringtheir rangesthereexists a feasiblelo-
cal schedule Similarly, [10, 15] for T1band[5, 25] for T2b
arealsoconsistentTheagentcando concurrennegotiations
within thesetwo consistentangesthenthe two negotiation
processesanbeindependent.

3. If theagentgetsthecommitmen{5, 15] for T1band[10, 25]
for T2bfrom the contracteegentsit maynotbethebestre-
sult. Althoughthereexists a feasibleschedulédrom the MQ
level view, thereis muchlessflexibility in the local sched-
ule. Giventhesetwo commitmentsthe flexibility of tasks
Tla,T2a,Tlc and T3 arezero,which meansthe execution
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Figure 12: partial orderschedulewith two directly relatedis-
sues

time for thesetasksaretotally fixed. If thereis anothercon-
straint(i.e. aresourceequirementfor T2a)addedtheagent
mayfail to find a feasiblelocal schedule.

4.5.2 Directly Relatedlssues Figurel12shavsanexample
with two directly-linkedissues Suppos@notheagentrequests
taskT1 to be performedandtheplan(T1a,T1b,T1c)is chosen
to accomplishthistask,wherethesubtaskr 1b need€o becon-
tractedto anotheragent. The negotiationaboutT1b is directly
relatedto the nggotiationon T1. Herewe only focusonthedu-
rationissueto studyhow thesetwo linked negotiationsshould
beprocessed.

Supposehereis no preconditionfor taskT1, ES(T1) = 0.
Given the following task T3 with a deadline40 and duration
15, thelatestfinishtime of T1is 25, LF(T;) = 25. Thelargest
possiblerangefor T1 is [0, 25] andthe largestpossiblerange
for Tlbis [5, 20]. Thenegotiationon T1 is concernedcabout
thefinish time, the negotiationon T1b concerndoth the start
time andthefinishtime.

1. Supposer denoteghedurationfor taskT1b,25 — z denotes
thedeadlineof taskT1, z andz aretwo parametershatcan
beadjustediuringthe negotiationprocessFollowing condi-
tionsneedbesatisfied10+ 2 < 25— 2;5< 20—z — 2z =
x+ 2z <15.

2. Givenz = 10, z < 5, [5, 15] for T1b and[O, (20, 25)] for
T1 aretwo consistentanges.Thetwo negotiationissuescan
be performedwithin thesetwo rangesconcurrently Simi-
larly, theimpactof eachcommitmenton local scheduleand
othercommitmentscan be analyzedusing the partial order
scheduler

3. Differentvaluescan be chosenfor z and z, and other ne-
gotiationissuessuchasthe non-localtask T2b also canbe
takeninto accountat the sametime. The agentcould have
anoverview of all its on-goingnegotiationprocessedience
it canfind a bettersolutionfrom a globalperspectre.

4.5.3 Generalldeas Fromtheabove obsenationswe have
following basicideasfor concurrenmulti-linked negotiation:

1. Using the partial order scheduleto find the largest possi-
ble rangefor eachtaskin negotiationandthe relationships
amongthem;

2. Sortingthesenegotiationissuesaccordingto their flexibili-
tiesor theirimportanceor the difficulties of negotiationpro-
cesseandfind theinfluenceof thepreviousissueonthelater
issueshencefind consistentangedor thoseissues;

3. Concurrennegotiationscanbe performedwithin thesecon-
sistentrangeswithout affectingeachother;

4. The consistentrangefor oneissuemay be several discrete
ranges(i.e. rl andr2) ratherthan one bigger continuous
range,thenthe negotiation can be performedfirst in r1. If
no commitmentcanbe built in rl or evenif a commitment

in rl is found but propercommitmentscant be found with
constrainof rl, thenr2 is beingusedasnegotiationrange.lt
is like abacktrackingalgorithm.

5. To speedup negotiation, the agentmay take somerisk of
conflictatthe MQ level negotiation,andtry to solve themor
avoid thematthe TAEMSlevel negotiation. For example the
rangerl andr2 arealmostconsistenexceptasubrangés_rl)
anda subrangeof r2 (s_r2) areconflict. If s_rl is relatively
smallfor r1 andsoass.r2 for r2, the probability of conflict
is alsovery small, thenthe agentcantake r1 andr2 astwo
consistentangesandperformconcurrennegotiations.

6. For the neggotiationwith a consistentrange,the agentmay
notwantto give thewholerangeat thefirst proposalexcept
if it wantsto speedipthenegotiationandgetthe negotiation
resohed quickly). The agentwill usepartof the rangeas
thefirst proposalandevaluatethe proposalandcounterpro-
posalby finding out how it affectsthe flexibility of thelocal
schedule.

4.6 MQ level Negotiation

The neggotiationonthe MQ level includesmultiple issues.The
firstissueis the MQ transferredvhentaskNL is performedby
oneagenton the requesbf anotheragent.Anotherissueis the
planselectedor performingtaskNL, includingthe starttime,
the completiontime andthe achieved quality of NL. Also, the
agentneedsto selectan appropriatereward model that takes
into accountthe possiblefurtherrefinemenbf the roughcom-
mitment.

4.6.1 TransferredMQ Therearethreedifferentmodelsfor
thetransferredMQ with theallocatedask:

1. Fixed MQ. The type andthe amountof the transferredViQ
is fixed, it is determinedby the organizationrelationshipof
the contractoragentand the contracteeagent. Thereis no
needto negotiateaboutthe transferredviQ, but the contrac-
tor agentandthe contracteeagentmay negotiateaboutthe
possibleapproach(certainquality and certainstarttime and
finishtime) of thetaskNL. This modelimplicitly represents
anauthorityrelationshipamongagents.

2. NegotiatedMQ. Agreedon certainapproactto performtask

NL, the contractoragentandthe contracteeagentnegotiate
aboutthe type and amountof the transferredMQs depend-
ing on the contractoragents currentavailable MQ andthe

contracteegents preference.

3. DynamicMQ. Theagentsegotiateaboutboththe approach

andthetransferredMQ of NL. For every differentapproach
to accomplishtask NL, the maminal_utility_gain(NL) and
the mamginal_utility_cost(NL)aredifferent,sothe MQ value
spacefor negotiation([MUC, MUG]) is differenttoo. Also
for a certainapproachthe agentsmay negotiateaboutthe
type andtheamountof transferredVQ in the corresponding
MQ valuespaceasin model2.

Figure 13 shows the two possibleneggotiation dimensionsin

MQ level. In model 1, the transferredMQ is fixed, the ne-

gotiationis only aboutthe approachjn model2, theapproach
is fixed,the agentsaresearchingor anagreemenpointin the

[MUC, MUG] scopeby negotiatingaboutthetype andamount
of transferredMQ; in model3, the negotiationis performedon

bothdimensions.

4.6.2 Different Approaches A certainapproachspecifies
the lowestachieved quality, the earlieststarttime andthe fin-

ishing time for the task. All theseissuescanbe variedin the

negotiationprocesgo constructdifferentapproaches.
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Figure13: MQ level nggotiation

The contractoragentA builds the first proposal[NL, qual-
ity: g1, starttime:s1,deadline:d1] basedn the bestMQ level
schedule(MQS1)andthe selectedplan (TAGLP5). This pro-
posalis evaluatedby the contracteeagentB. If this proposais
rejectecby agentB, it will returna counterproposal[NL, qual-
ity:q2, starttime: s2, deadline:d2]. AgentA revisesits local
plan MQ_S1 basedon this counterproposaland evaluatesthe
utility of thenew planMQ_S1*.

Thereis a quality accumulatre function that mapsNL's
quality to TA1's quality. This functionis constructedasedn
the structureof TA1 andis availableto the agent. The quality
of TAl is mappedo MQPS(TA1), thatdetermineshe utility of
thenew scheduleMQ_S1*. If MUC(counterproposal)< Util-
ity(MQ_S1%*) - Utility(MQ_S2)(MQ_S2is the next bestsched-
ule, it may or may not needto contractout NL), the counter
offer is acceptableptherwiseijt is rejected.

AgentA canreasorabouttheinfluenceof the starttime and
the completiontime of NL in the counterproposalon its local
plan usingthe partial orderschedule.The influenceincludes:
how it affectsthetemporalconstraintof eachtasksandhow it
affectstheflexibilities of otheractiities andthelocal schedule.

Similarly, agentB canevaluatetheflexibility of theproposal
(or the counterproposal)giventhe estimationof the execution
time of thetask. Theflexibility canbecalculatedoy comparing
the[EST, DL] rangeto thedurationof thetask(d).As therange
grows, theflexibility of the commitmentbecomesigger The
following formula canbe usedto calculatethe flexibility of a
commitment§'(c)):

F(C) — dl(c)—edst(c)—d

In the above example,supposehe estimatediurationof NL
is 5(d = 5), thecommitmentcl with range[5, 15] hasfree-
dom F'(c1) = 1.0; thecommitmentc2 with range[10, 15] has
freedomF'(c2) = 0. Whenthe flexibility of the commitment
becomedigger, it is easierfor agentB to arrangeits otherlo-
calactvitiesandachieve successnits othernggotiationissues,
but it is moredifficult for agentA to arrangeits otheractiities
andgetsucces®n its othernegotiations. So the value/cosiof
a commitmentis alsorelatedto the flexibility of this commit-
ment. If agentA wantsto keepmoreflexibility for itself and
reducethe flexibility of the commitmentjt needso pay more
to agentB. If agentA doesnot needtoo muchlocal flexibil-
ity becausét hasa lot of certaintyaboutits otherlocal activi-
ties, it cangive moreflexibility to agentB which makesagent
B’s life mucheasier thenagentA canpay lessfor this easy
commitment.Both agentscanreasorfrom their currentstates
to decideif they needmoreflexibility or if they needa cheap
(“expensve” for agentB) commitment.

4.6.3 Rough Commitment and Rewards Agents build
roughcommitmentsn theMQ level negotiation. A roughcom-
mitmentspecifiesseveralissuedor the requestundernegotia-
tion (the contractedaskin this contet). The specificationis

(D nonlocal tas [AgentA’s TAEMS level Tasksg

v resource
deadline:20 deadline:3 deadline:40
TAL(TAG1_P5) [TAZ(TAGZ_Pz)] TA3(TAG3_P1)
7

d5  [5,15]

facilitates

Figure14: TAEMSlevel tasks

arangeratherthana point, which allows further refinemenin
this range. For example,a roughcommitmentc could specify
the temporalconstraintfor the contractedtask NL is [t1, ¢2],
if F(¢) > 0,t2 > t1 + d (d is the durationof NL), it is
possibleto refinethis commitmentby restrictingthis rangeto
[t1 + z,t2 — y], (t2 —y — t1 — z > d), hencetheflexibility of
the commitmentc is reduced Becauséheflexibility is related
to the value/cosbof the commitmentthe agentsneedto come
to an agreemenbn how the latter refinements relatedto the
valueof thetransferredMQ. Therearetwo possiblemodels:

1. Pre-Riid model. The contractagentA payswv1 amountof
MQ for the contracteeagentB to performtask NL during
ary time period(not shorterthand ) within [t1,¢2] asagent
A requests This agreemenprovidesagentA greatfreedom
onfurtherrefinemenbf thecommitmentandagentB agrees
to accommodateary requestfrom agentA within the pre-
definedrange. No matterwhat requestagentA will make,
or evenif agentA doesnot make ary furtherrequestagent
B will receve v1 amountof MQ as decidedin the rough
commitment.

2. Dynamic model. The contractagentA paysv2 amountof
MQ for the contracteeagentB to performtask NL within
[t1,t2]. If agentA requestgo restrictthis rangeto [t1 +
z,t2 —y], (12 -y —t1 —z > d) andif agentB couldaccept
thisrequestagentA will pay((z+y)*5+ 1) xv2 amountof
MQ to agentB. AgentB would decideto acceptthis refine-
mentrequesbr not,accordingo its currentproblem-solving
context. If agentB doesnot acceptthis request,it is still
obligedto perform NL during [¢1,¢2] andin turn is guar
anteedto getv2 amountof MQ asthe roughcommitment
defines.

Thesetwo modelsprovide differentdegreesof freedomfor the
agents.The agentscanchoosea modelaccordingto the con-
straintsanduncertaintie®of theirlocal activities duringthe ne-
gotiationprocess.

4.7 THAMS level negotiation

AgentA reordersts TAEMSIlevel tasksbasedntheplanscho-
senin the MQ level schedule. All methodsnot includedin
the MQ level scheduleareeliminatedfrom the taskgroupand
thetasksareassociateavith temporalconstraint§rom the MQ
level schedule.

Figure14 shavs agentA’s currenttasksandtherequiredne-
gotiationissuesAgentA currentlyhasthreetaskstaskltask2
andtask3. All methodsappearingn this figure arethosecon-
structingthe plan TAG1 P5, TAG2 P2 and TAG3 P1. Taskl
hasa deadlineof 20, task2hasa deadlineof 30 andtask3hasa
deadline40. Tasklandtask2needto be finishedbeforetask3
starts. Theseconstraintscomefrom the MQ level scheduling.
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Figurel5: TAEMSlevel partialorderschedule

Also therearetwo commitmentsuilt onMQ level for thenon-
local methodsm12[5, 15] andm22[10, 20]. The agenttriesto
satisfyall theseconstraintavhenarrangingits local actiities.
However, theremay be otherconstraintshatagentA needgo
consider Theseconstraintscomefrom the resourcerequire-
mentsandthe relationshipsamongthosesubtaskghat belong
to differenthigh-leveltasks:they arenotvisible to theMQ level
schedulerso are not reflectedin the MQ level schedule.Two
examplesareshavn in Figurel4

1. Thereis afacilitatesrelationshipbetweemrm13andm23. If
agentA cancompletem13 beforeit performsm23, the ex-
ecutionof m23will be facilitatedin termsof gettingbetter
quality, spendingshorterdurationor lower cost. So agent
A needgo addthis additionaltemporalsequenceonstraint
[m13 — m23] into its partial order schedulef it wantsto
exploit this facilitatesrelationship(shavn in Figure15).

2. The executionof methodm?21 needsthe resource21. The
resource21 maybemanagedy aresourcananageor may
be sharedwith otheragents AgentA needgo find out what
timer2lis availablesoit canarrangethe executiontime of
methodm21.

Thereorderingprocessonsidersall methodscontainedn the
MQ level schedule.lt takesinto accountthe interrelationship
amongtasks, the resourcerequestconstraintsand the rough
commitmentsuilt atthe MQ level negotiation. For example,
resultingfrom the MQ level negotiation,agentB will perform
taskm12for agentA betweertime 5 and15, andagentC will
performtaskm22 for agentA betweertime 10 and20. Given
thattheresourca21lis only availablefrom time 10to 15, agent
A cant find a feasiblelocal schedule Onesolutionis to nego-
tiate with agentC to pushthe starttime of m22to 15 instead
of 10 (supposehe durationof m22 for agentC is 5). If the
commitmenton m22 betweenagentA andC is the “Pre-Raid
modet, thenagentC would accepthis request.Otherwise if
thecommitmenis associatewvith the“ Dynamicmodet, agent
C needdo reasoraboultits local partial orderscheduléo find
if it couldgrantthis request.If yes,agentC will getextraMQ
from agentA asthey have agreedbnthe MQ level negotiation.
If this refinemennegotiationis successfulagentA couldhave
afeasiblelocal schedule:

mL1[ 0-5] ml2[5-15] mi3[ 15- 20]
n21[ 10- 15] nR2[ 15-20] nR3[ 20- 25]
n81[ 25- 30] nB82[ 30-35] nB3[ 35- 40]

4.8 MQ level rescheduling

If therefinemennegotiationfails,agentA couldnotfind afea-
siblelocal scheduleggivenall local constraintsagentA hasto
redotheMQ level scheduling.

Beforeredoingthe MQ level schedulingthe agentneedso
male a decisionaboutwhatcommitmentshouldbe presered
andwhatcommitmentshouldbedecommitted Somecommit-
mentsareestablisheandpresered, andthe relatedMQ level

tasksare associatedvith correspondingemporalconstraints,
other commitmentsare decommitted. This decisionmaking
processshouldtake into accountthe importanceof the com-
mitments the urgeng of thecommitmentsthe decommitment
costandthe scarcityof theresource.

5 Conclusion

In this work we have defineda framework to studyhow the or-

ganizationalrelationshipsamongagents(from cooperatie to

self-interestedpffect the negotiation stratejies and the influ-

enceon the performanceof the multi-agentsystem. Also we

shav how to dealwith the concurrenmulti-linked negotiation
issuesxplicitly, especiallythe negotiationchainproblem(i.e.

in the supply chain domain), which is a realistic problemin

multi-agentsystem. A multi-leveled negotiationapproachal-

lows negotiationto be performedon differentabstractiorevels
with differentemphasis.Flexibility is introducedinto negoti-

ationandis beenquantitatvely reasonedboutin the negotia-
tion process.Negotiationis viewed asa multiple dimensional
searctprocessagentsarenegotiatingover multipleissuessuch
asthetemporalscopeof the commitmentthe costof the com-

mitmentandthe flexibility of the commitmentratherthanover

one single issue. Implementationprocessis in progresswe

have built thebasicagentarchitectureandthe partial-orderrea-
soningtoolkit.
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