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Abstract

Thispaperproposesanapproachto attackthemulti-linked
negotiationin acomplex organizationalcontext. Themoti-
vationalqualities(MQ) framework developedearlier, pro-
videsthe agentwith the capabilityto reasonaboutdiffer-
entobjective goalshencetheagentcanevaluatea negotia-
tion issuevia its organizationalobjectives. Thepartialor-
derscheduleis exploited asa reasoningtool for theagent
to handletheconcurrentmultiple linkednegotiationissues
andevaluatetheflexibility andthefeasibility in thenegoti-
ation. We proposethatnegotiationshouldbeperformedat
differentabstractionlevels,roughcommitmentsareformed
at the upper level and then refinedat the lower level to
solvepotentialconflictsamongdifferentnegotiationissues.
Also, we bring multiple issuesinto thenegotiationprocess
suchasthetemporalscopeof thecommitment,thecostof
thecommitmentandtheflexibility of thecommitment.The
agentsarenegotiatingovermultiple issuesratherthanover
asingleissue.
Keywords: Multi-Link ed, Multi-Leveled, Integrative
Negotiation;

1 Intr oduction
Negotiation,an interactive communicationamongparticipants
to facilitate a distributed searchprocess,it is usedto effec-
tively coordinatethebehavior of agentsin a Multi-Agent Sys-
tem (MAS). Negotiation is usedfor task allocation,resource
allocationandconflict resolution.

Thework proposedfor this researchis motivatedby follow-
ing two questions.The first questionis how shouldan agent
dealwith multiple negotiationissueswhentheseissuesarein-
terconnected.Therelationshipsamongthesenegotiationissues
canbe classifiedastwo types. Onetypeof relationshipis the
directly-linkedrelationship:issueB affectsissueA directlybe-
causeissueB is a necessaryresource(or a subtask)of issueA,
thecharacteristics(suchascost,finish time andquality) of is-
sueB directlyaffectthecharacteristicsof issueA. For example,�
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in asupplychainproblem,negotiationsgoonamongmorethan
two agents.Theconsumeragentnegotiateswith the producer
agentandthe produceragentneedsto negotiatewith the sup-
plier agent.Thenegotiationbetweentheproduceragentandthe
supplieragenthasadirectinfluenceonthenegotiationbetween
theproduceragentandtheconsumeragent.Anothertypeof re-
lationshipis the indirectly-linked relationship:issueA relates
to issueB becausethey competefor useof acommonandlim-
itedresource.For example,agentA performstaskT1 for agent
B andalsoperformstaskT2 for agentC; becauseof thelimited
capabilityof agentA, whentaskT1 is beingperformedaffects
whentaskT2 canbeperformed.

To our knowledge,thereis no work that hasaddressedthe
directly-linked relationshipin thenegotiationprocess.Thereis
somework on the indirectly-linked relationshipamongmulti-
ple negotiationissues.Level commitment[4] allows an agent
to decommitby payinga decommitmentpenalty. A statistical
modelis usedto predictfutureeventssothattheagentcancal-
culatetheopportunitycostfor thecurrentcommitment.When
a new taskarrives, the agentmay retractfrom its concurrent
commitmentby payinga decommitpenaltyto getan increase
on its local utility. In a distributedmeetingschedulingprob-
lem [5] [6], multiple meetingschedulingprocessesaregoing
on concurrently. Theagentcaneitherblock theproposedtime
or not block it until anagreementis reached;thecommitment
strategy affects the system’s performance.However, in both
of theseworks, the agentdoesnot explicitly reasonaboutthe
relationshipamongdifferentissuesundernegotiation,soasto
proposeoffers or counter-offers to minimize the conflict and
optimizethecombinedoutcome.

Anotherquestionwe want to addressin this researchis ne-
gotiation in a complex organizationalcontext. Until now all
relatedwork hasconcernedeitherself-interestednegotiationor
cooperative negotiation[2]. No work hasbeendoneto study
negotiationbetweenthesetwo extremecases.We feel that as
thesophisticationof Multi-Agent Systemsincreases,they will
be neithersimplemarket systemswhereeachagentis purely
self-interestedseekingto maximize its local utility, nor dis-
tributed problemsolving systemswhereall agentsare com-
pletely cooperative working to maximizethe achievementof
a set of global goals. Multi-Agent Systemswill consistof
large groupsof looselycoupledagentsthat work togetheron
tasks.Therelationshipbetweenagentsdependson their orga-
nizationalrole andcould be any type of relationshipranging
from purely self-interestedto totally cooperative. The agents
canchooseto form a virtual organization[3] to work on a spe-
cial commongoalduringa particulartime period. Theagents
have choicesaboutwith whom to collaborate,how to negoti-
ate,whatto chargefor services,etc.Thenegotiationstrategy is
dependenton the relationshipbetweenthe negotiatingparties
andtheparticularnegotiationissue.

To attackthesetwo problems,we needto focusour research



work on following threecategoriesof negotiation. In thedeci-
sioncate� gory, we will usethe motivationalqualities(MQ) [8]
framework to evaluatenegotiationdecisions.This framework
providesthe agentwith the capabilityto reasonaboutthe rel-
ative importanceof differentgoalsandthevaluesof achieving
thesegoalsbasedon organizationalobjectives. We will use
this framework to supportanintegratednegotiationmodelthat
allows agentsto take different positionsanywherealong the
spectrumfrom the self-interestedposition to the cooperative
position. A partial orderschedulerepresentationis usedasa
reasoningtool to allow an agentto handleconcurrent,multi-
ple linkednegotiationissuesandevaluatetheflexibility andthe
feasibility of thenegotiation. In theprocesscategory, we pro-
posethatnegotiationshouldbeperformedat differentabstrac-
tion levels: roughcommitmentsareformedat the upperlevel
andthenrefinedat the lower level to solve potentialconflicts
amongdifferentnegotiationissues.In the language category,
we will develop techniquesto allow negotiationover multiple
issuessuchasthetemporalscopeof thecommitment,thecost
of thecommitmentandtheflexibility of thecommitment.

2 Background Frameworks
We would like to first briefly describethe MQ (motivational
quantities)framework [8] and the TÆMS framework [1] that
areusedassupportingarchitecturesin this research.However,
themajor ideasarenot restrictedto thesetwo frameworks,we
feel they canalsobeappliedto othersuitablearchitectures.

2.1 MQ framework
In theMQ framework, theexecutionof a taskcontributes,in a
quantitativemanner, to theachievementof oneor moreagent’s
objectives. As part of this framework, thereis a way of map-
ping this contribution to an overall utility increaseassociated
with the potentialexecutionof a task, given the agent’s cur-
rentstateof achievementof differentobjectives. This enables
the agentto comparetasksthat are associatedwith different
organizationalgoals,or tasksthataredetrimentalto oneorga-
nizationalgoal while having positive benefitto a differentor-
ganizationalgoal,or tasksmotivatedby self-interestedreasons
to cooperativereasons.Eachagenthasasetof MQsor motiva-
tional quantitiesthat it tracksandaccumulates.MQs represent
progresstowardorganizationalgoalsandin certaincasesmay
beusedasamediumof exchange.MQsareproducedandcon-
sumedby taskperformancewheretheconsumptionor produc-
tion propertiesaredependenton the context. For each

�����
belongingto an agent,it hasa preferencefunction or utility
curve, �
	�� , thatdescribesits preferencefor a particularquan-
tity of theMQ. Differentagentsmayhavedifferentpreferences
andorganizationalgoalsor directives.

MQ Tasksareabstractionsof a partialordersetof primitive
actionsthattheagentmaycarryout. MQ tasksmayhavedead-
linesandearlieststart times. EachMQ taskconsistsof oneor
moreMQ alternatives,whereeachalternativecorrespondsto a
differentperformanceprofile of the task. Eachalternative re-
quiressometime or duration to execute,producessomequan-
tity of oneor moreMQs, calledMQ productionset (MQPS),
andconsumessomequantityof MQs, calledMQ consumption
set(MQCS).

2.2 TÆMS framework
The TÆMS task modeling language[1] (SeeFigure 2) is a
domain-independentframework usedto modeltheagent’scan-
didateactivities. It is a hierarchicaltask representationlan-
guagethat featuresthe ability to expressalternative ways of

performingtasks,statisticalcharacterizationof methods(prim-
itivetasks)via discreteprobabilitydistributionsin threedimen-
sions(quality, costandduration),explicit representationof in-
teractionsbetweentasks,andresourcerequirementsof meth-
ods.Qualityis adeliberatelyabstractdomain-independentcon-
cept that describesthe contribution of a particularmethodto
overall problemsolving. Thus,differentapplicationshave dif-
ferentnotionsof whatcorrespondsto modelquality. Duration
describestheamountof time that themethodwill take to exe-
cuteandcostdescribesthefinancialor opportunitycostinher-
entin performingthis action.

Hardandsoft interactionsbetweentasks,calledNLEs (non-
local effects), are also representedin TÆMS and reasoned
aboutduringschedulingandnegotiation.Hardtaskinteractions
delineatehardprecedenceconstraintssuchasenablesanddis-
ables. Soft taskinteractionsdenotesituationswheretheresult
of oneactivity canfacilitateor hinderanotheractivity. Taskre-
sourceconsumptionandproductionbehaviors aremodeledin
TÆMSvia consumesandproducestask/resourceNLEs- these
NLEsdescribethequantityof resourcesconsumedor produced
by taskexecution.

3 Major Ideas
3.1 Integrati ve Negotiation
Therearetwo generaltypesof negotiationthatarestudied:co-
operative negotiationandcompetitive negotiation. In a com-
petitive negotiation,agentsareself-interested:they negotiate
to maximizetheir own local utility. In a cooperative negotia-
tion, agentsareworking to find a solutionthat increasestheir
joint utility - thesumof theutilities of all involvedagents.Be-
tweenthesetwo extremesituations,therearepotentiallymany
otheroptions. Theseotheroptionsdependon the agent’s at-
titude towardsthe importanceit attachesto the increaseof its
own utility versusthe importanceit attachesto helpingother
agentsincreasetheir utilities.

In a complex agentsociety, the agentneedsto work with
agentsfrom differentorganizationalpositions,suchasanagent
from its own group,anagentfrom ahigherpositionin its com-
pany, anagentfrom acooperativecompany, or anagentfrom a
competingcompany andsoforth. Theagent’sattitudetowarda
negotiationissueis notsimplyeithercompetingor cooperative,
theagentneedsto quantitatively reasonabouteachnegotiation
session- how importantits own outcomeis as relatedto the
otheragent’soutcome- soit canchooseanappropriatenegoti-
ationstrategy.

How cananagentchoosethe negotiationstrategy in sucha
complex organizationcontext? Oneapproachis to embedre-
latedinformation(i.e. ”with agentA usestrategy No.1”) aspart
of theorganizationalknowledge.Oneshortcomingof this ap-
proachis thatagentshavedifficultieswhenthereis anew agent
joining this society. Moreover, this “agent/strategy” type of
knowledgecouldnot be“issue-specific”;givenanagentcould
play multiple roles, therecould be different issuesnegotiated
betweenagents,andtheagentsshouldselectdifferentstrategy
accordingto whatissueis negotiated.For example,for thecol-
league’s requestto contribute to a sharedprofessionaljob and
for thesamecolleague’srequestto for aride,evenbothrequests
comefrom the sameagent,the negotiationstrategy could be
different. Anotherapproachis that the agentdynamicallyse-
lectsthe negotiationstrategy by analyzingthe otherparty, the
issuein negotiationandits currentproblem-solvingstatus.The
following informationcould contribute to the selectionof the
negotiationstrategy: “Who is theotheragent?”,“What areits
reputationandstyle?”,“What is its objective?”,“How is its re-
lationshipto me?”,“Are thereothercompetitors?”andsoforth.
Someof this informationcanbelearnedfrom experience.
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Themotivationalqualities(MQ) [8] framework providesan
agentwith the capability to reasonabout different goals in
an open,dynamicand large-scaleMAS, hencethe agentcan
evaluatea negotiation issuefrom an organizationalperspec-
tives. TheMQ framework quantifiesdifferentunderlyingmo-
tivationalfactorsandprovidesthemeansto comparethemvia
a multi-attributedutility function. Theagent’sattitudetowards
a negotiationissueis affectedby the utility mappingfunction
of thetransferredMQ with this issue,whichreflectstheagent’s
attitudetowardtheotheragent’soutcome.We introducea spe-
cial MQ called

����
��������
, which representshow cooperative

agentA is with agentB on the concernof a specialissue-
task nl. Let

����
��������
be the type of MQ transferredfrom

agentB to agentA whenagentA performstasknl for agent
B.
����
��������

is oneMQ thatcan’t betransferredto any other
kind of MQ, andit can’t be transferredto any otheragent;in
otherword,

����
��������
is uselessfor agentA in the market, it

is simply to measuretherelationshipbetweenagentsA andB.
Actually, how

����
��������
is mappedinto agentA’s utility de-

pendson how cooperative agentA is with agentB. Suppose
thereis a certainamount,

����
��������
, representingthe utility

agentB gainedby having agentA performtasknl, transferred
to agentA. Figure 1 shows four differentfunctionsfor map-
ping

����
��������
to agentA’sutility.

Functiona, b andc arelinear functions: �
��� ����
����������� ! � ����
�������� .
If
!  "

(a), �#��� ����
����������$ %����
��������& �(')��*,+ �
( �('-�.*,+ � denotesthe utility agentB gainedby transferringnl),
thenagentA is fully cooperativewith agentB;

If
!0/ "

(b), � � � ����
���������� / ����
��������1 � ' ��*,+ � , then
agentA is accommodatingto agentB, or altruisticwith agent
B;

If
!32 "

(c), � � � ����
���������� 2 ����
��������1 � ' �.*,+ � , then
agentA is partially cooperative (in contrastto fully coopera-
tive)with agentB ;

If
!  &4

, � � � ����
����������5 64 , agentA is self-interestedwith
respectto agentB; in this case,if agentB wantsagentA to do
nl, it needsto payanotherkind of MQ to agentA.

Themappingfunctioncouldalsobeanonlinearfunction(d)
thatdescribesa morecomplicatedattitudeof agentA to agent
B, for example,agentA beingfully cooperative with agentB
for someperiod and then becomingself-interested.We will
usethis utility analysisframework to supportthedevelopment
of afamily of negotiationprotocolsthatallowsarangeof agent
relationshipsto be accommodatedin the negotiationprocess.
An agentcanadjustthe utility mappingfunction to reflect its

relationshipwith anotheragent,whichcouldbeit’sadministra-
tor, colleague,friend, client or competitor. By adjustingsome
parametersin themappingfunction,moresubtlerelationships
couldbemanaged.Theagentcoulddifferentiatea friendly col-
leaguefrom anunfriendlycolleague,alsoit coulddraw distinc-
tionsbetweenabestfriendandanordinaryfriend.

3.2 Multi-Le veledNegotiation
Usuallynegotiationis structuredasasinglelevel process:from
the proposalto the final commitment,all relatedissuessuch
asfinishing time, achievedquality andofferedpricearedeter-
minedin this process.Giventheuncertaintyof taskexecution
and several other relatedissues,it is difficult to constructan
integratedframework in which all theseissuesare addressed
concurrentlyanddoneso in an efficient way. So we propose
amulti-levelednegotiationframework in which thenegotiation
processis performedat differentabstractionlevels. Theupper
level dealswith the formationof high level goalsandobjec-
tives for the agent,and the decisionaboutwhetheror not to
negotiatewith otheragentsto achieveparticulargoalsor bring
aboutparticularobjectives.Thenegotiationat this upperlevel
determinesthe roughscopeof the commitment(i.e. the time
andthequalitycharacteristics)andthecostof thecommitment.
The lower level dealswith feasibility andimplementationop-
erations,suchas the detailedanalysisof candidatetasksand
actionsand the formation of the detailedtemporal/resource-
specificcommitmentsamongagents. The negotiationat this
lower level involvesthe refinementof theroughcommitments
from theupperlevel.

It is reasonablefor anagentto evaluatethe importanceof a
commitmentfrom the upperlevel. An agenthasa betterun-
derstandingof how a commitmentcould affect its local plan
henceits utility gainwhenit reasonsaboutthis commitmentin
the upperlevel framework. Moreover, the agentneedssome
initial commitmentswhenit choosesits local plan. For exam-
ple,supposeagentA needsto performtaskT andtherearetwo
availableplans,P1 andP2, eachonehaving differentquality,
durationandcostcharacteristics.The agentgets5 units extra
local utility by adoptingplanP2otherthanplanP1. However,
planP2requestsassigningasubtaskMc to anotheragent.From
thehighlevel view, if agentA canfind anotheragentto perform
thesubtaskMc in time andwith transferredutility lessthan5,
the plan P2 is the bestchoice. If sucha commitmentis not
available,agentA needsto chooseplanP1for taskT.

On the other hand,not all issuescould be modeledor to-
tally decidedon theupperlevel. Theupperlevel dealswith the
agent’shigh level activity plan,it lacksdetailedinformationof
eachactivity henceit is difficult to reasonabouttheagent’sde-
tailed activities. Thereare two kinds of issuesrelatedto the
decision-makingprocessin the negotiation. Thoseissuesthat
have stronginfluenceon local plan selectionandinvolve util-
ity transferredbetweenagents(i.e. animportantnon-localtask
or an importantresourcethat needsto be purchasedfrom an-
otheragent),shouldbe negotiatedfirst at the upperlevel, and
roughcommitmentsshouldbeconstructedfor them.However,
thoseissuesthathave lessinfluenceon localplanselectionand
involve reasoningaboutthedetailedstructureof the low level
activities can’t bemodeledon theupperlevel anddo not need
to bedecidedon theupperlevel. Theseissuesinclude:

1. Internal relationshipsbetweensubtasksthatbelongto differ-
ent high level tasks. For instance,the subtask“go to phar-
macy” that belongsto “ take care of sick sister” facilitates
thesubtask“go to postoffice” thatbelongsto “sendgift to a
friend” becausethepharmacy is next to thepostoffice. This
relationshipis not visible from the high level tasks,but the
agentcanexploit it to optimizeits local plan after the high
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anotheragentandrequestresourcefor M6 (anothersubtaskfor
T3) throughnegotiation.

level planis decided.

2. Uncertaintyof theexecutioncharacteristicsthatare not vis-
ible on the higher level. The agentis uncertainaboutthe
task’s duration,costandquality producedwhenit makesa
plan aboutthe task. Expectedvaluesare usedin the high
level planninganduncertaintiesarenot taken into account.
This leadsto moreefficient processingat the higher level,
however, in certainsituationsdetailedreasoningaboutun-
certaintybecomesimportantto makinga commitment.The
lower level hasdetailedinformation aboutthe uncertainty,
andasmorecontext knowledgeis availablealongwith the
process,sothehigh level commitmentcanbeadjustedto ac-
commodatefor uncertainty.

3. Internal resource requirement associatedwith low level
tasks. For example,thereis an agentwho sharesa printer
with severalotheragents.Given theknowledgeof the gen-
eral printing load, the agentknows it is unnecessaryto re-
serve theprinterwhenit builds its high level plan.But when
theagentcomesto arrangeits local activities, it shouldtake
this resourceconstraintinto consideration.

Consideringthe above issues,the agentneedsto revise high
level commitmentsthroughlow level negotiationandreorder
its local level activities, henceto optimize its local plan and
commitments,reducefailure possibilities,avoid conflictsand
achievehigherutilities.

3.3 Multi-Link edNegotiation
In themulti-task,resourcesharingenvironment,anagentneeds
to dealwith multiple relatednegotiationissuesincluding:

1. taskcontractedto otheragents;

2. taskrequestedby otheragents;

3. externalresourcerequirementfor localactivities;

4. interrelationshipamong activities distributed on different
agents;

Theseissuesarerelatedto eachother. The resultof oneissue
hasinfluenceon otherissues.An exampleof a complex situ-
ation is the negotiationchainproblem. Agent A hasan issue
x negotiatedwith agentB andagentB hasan issuey negoti-
atedwith agentC. ThenegotiationbetweenagentB andagent
C over issuey affectsthe negotiationbetweenagentA andB
over issuex. As we describedin section1, the relationships
amongrelatednegotiationissuescouldbeclassifiedasdirectly-
linked relationshipsandindirectly-linked relationships.Figure
2 describesa directly-linked relationship,Figure3 describesa
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indirectly-linked relationship,andFigure 4 describesa situa-
tion betweendirectly-linkedandindirectly-linked relationship.
If thefacilitatesrelationshipis exploited,thenegotiationonM2
andthenegotiationon M4 aredirectly-linked; otherwise,they
areindirectly-linked.

How canthe agentdealwith thesemultiple relatednegoti-
ation issues?Onesolution is to dealwith theseissuesin se-
quence.Thedrawbackis inefficiency andthedifficulty of find-
ing a goodsolutionfrom a globalperspective. For example,in
Figure4, agentA hastwo non-localtasks,taskM2 contracted
to agentB andtaskM4 contractedto agentC. If M2 couldbe
finishedbeforeM4 starts,it will facilitate the performingof
M4. SupposeagentA first negotiateswith agentB, andthen
negotiateswith agentC; it tries to pushtaskM2 to befinished
assoonaspossiblesoM2 canfacilitateM4. Throughthe ne-
gotiationwith agentB, it is decidedthatM2 is finishedby time
10 (agentA paysa high costfor this commitment),but thenit
is foundthattaskM4 can’t bestartedbeforetime20becauseof
theotherlocal activities of agentC. Giventhis latter informa-
tion, it is notworth payingahighcostfor M2 to befinishedby
time 10. This exampleshows a shortcomingof thesequential
negotiation.

Concurrentnegotiation is anotherchoice. Multi-Leveled
framework is suitablefor concurrentnegotiation. When an
agentperformsthe high level concurrentnegotiation, it tries
to minimizethepossibilityof conflictsamongdifferentnegoti-
ation issues.Whentheagenthasmoredetailedinformation,it
cansolve theconflictsthroughthelow-level negotiation.

A partial orderscheduler(seeSection4.5) will be usedas
a basicreasoningtool for concurrentmulti-linkednegotiation.
It canbe usedto reasonaboutthe influenceof a commitment
of one issueon othernegotiating issues. It also canbe used
to reasonaboutthe flexibility of eachcommitmentandhow it
affectstheflexibility of its localactivities.

4 Approach
In this section,exampleswill be developedto explain in de-
tail how themulti-leveled,multi-linkedintegrative negotiation
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works. Additionally, the interestingintellectualproblemsand
theproposedideasto solve themwill bepresented.

4.1 Overview of BasicIdeas
The MQ model [8] describesthe agent’s organizationknowl-
edgeabouttaskutility but it lacksadetailedmodelof tasksand
their interactions,the uncertaintycharacteristicsandresource
requirementsof tasks,which belongto the TÆMS [1] model.
Theproperintegrationof thesetechnologiescangiveagentsthe
benefitsof both reasoningabout the organizationalconcerns
andhandlingdetailedfeasibility analysisandimplementation
of objectives.

An agenthasitsMQ levelview of its localactivities,whichis
asetof potentialMQ tasks,eachassociatedwith certainMQPS
(the type and amountof MQ this task produces)andMQCS
(thetypeandamountof MQ this taskconsumes),whichcanbe
mappedinto the agent’s utility given the agent’s currentMQ
state. For example, Figure 5 shows agentA has threeMQ
tasks,TA1, TA2 andTA3. TA1 producesMQ1 from 6 units
to 12 units,andit consumesMQ2 from 0 unitsto 6 units. The
amountof the MQ variesdependingon what plan is usedto
accomplishtaskTA1. For eachMQ taskT, thereis a TÆMS
taskgroupTG thatdescribesthedetailedactivitiesfor this task,
i.e. thetaskgroupTAG1describesthedetailedactivitiesin task
TA1. Differentplansto accomplishtheMQ taskT canbegen-
eratedfrom theTÆMS taskgroupTG by the DTC scheduler,
eachplanhasdifferentquality, durationandcostcharacteristics
thataffect theMQPSandMQCSof thetaskT. This is thefirst
step[step1] shown in Figure6 , which describesthetwo-level
negotiationframework.

TheextendedMQ schedulergeneratesa partialordersched-
ule that indicateswhat tasksthe agentshouldattemptto exe-
cute,whatplansareusedto executethesetasks,andtheexecu-
tion ordering.This schedulerepresentstheagent’s bestchoice
aboutwhat activities it shoulddo to maximize its local util-
ity increase[step2]. Basedon theseschedules,the agentcan
reasonabouttheutility of aspecificcommitment(i.e. contract-
ing a taskout to anotheragent,performinga taskfor another
agent,or receiving an externalresourcesneededby oneof its
tasks).Negotiationon theMQ level is a multi-dimensionalne-
gotiationthat includesthe amountof the transferredMQ, the

temporalconstraintsof the commitmentand the quality con-
straintsof thecommitment[step3].Also theagentcouldselect
which agentsto negotiatewith andtheappropriatenegotiation
strategy accordingto organizationalrelationshipsandthenego-
tiation issues[step4]. A partial orderschedulemakesit pos-
sible for the agentto reasonabouthow a commitmentaffects
theflexibility to modify theexecutionconstraintsonotherlocal
activitiesandtherelationshipsamongmultiple relatednegotia-
tion issues.ThepartialorderscheduleonMQ level hastheMQ
taskasthebasicreasoningelement.TheMQ level negotiation
builds rough(partial-specified)commitmentsfor thoseissues
thatshouldor couldbereasonedon theMQ level [step5].

After building a localMQ scheduleandroughcommitments
on the MQ level, the agentreordersits local activities on the
TÆMS level [step6]. Low level relationshipsamongTÆMS
tasks/methodsanddetailedresourceconstraintsaretaken into
accountin this reorderingprocess.In this reorderingprocess,
the agentcould optimize its local scheduleby taking advan-
tageof the interrelationshipamonglow-level tasks/methods,
also the agentcan verify the feasibility of its local schedule
given roughcommitmentsfrom the MQ level andthoseaddi-
tionalconstraintsfrom theTÆMSlevel [step7]. A partialorder
scheduleis alsousedto manageandreasonabouttheserela-
tionshipsandconstraintsontheTÆMSlevel. TheTÆMSlevel
partialorderscheduletakestheTÆMSmethodasthebasicrea-
soningelement.NegotiationontheTÆMSlevel involvesrefin-
ing of thoseroughcommitmentsasneededwhen:
1. thereareconflictsor potentialconflictsamongcommitments

andlocalactivities;
2. it is possibleto reducelocal costor increaselocal utility by

refininga commitment.
If the agentcould find a feasiblelocal scheduleby reordering
andre-negotiationontheTÆMSlevel, theagentcanexecuteits
localscheduleandperformall of itscommitments;otherwise,if
conflict can’t beresolvedgivenall constraints,theagentneeds
to discardsomecommitments,establishothercommitmentson
alreadyscheduledlocal activities andgo backto theMQ level
to reschedule,andmayneedto build somenew commitments
[step8].

Wewill discussmoredetailsaboutthis two-level negotiation
in thefollowing sections.

4.2 DTC schedulerbuilds alternatives
The Design-To-Criteria (DTC) scheduler[7] is a domain-
independentschedulerthataimsto find a feasibleschedulethat
matchestheagent’sparticularcriteriarequest.In this research,
it will beusedoff-line to build a library of alternativeplansfor
achievementof aTÆMStaskgroup.For example,agentA has
threeMQ level tasksTA1, TA2 andTA3, which aremapped
into the task groupsTAG1, TAG2 and TAG3 in the TÆMS
model. Supposethereis a subtaskT1b of TAG1 that poten-
tially canbecontractedto anotheragent.

The DTC schedulerworks on TAG1 accordingto the fol-
lowing differentassumptions:T1b is executedlocally; T1b is
not executed;T1b is contractedto anotheragent. Theseas-
sumptionscanbe combinedwith differentq, c, d scheduling
criteriato generateseveralalternativeplansasshown in Figure
7. Eachplanhasdifferentq, c, d characteristics,corresponding
to a MQ level alternative with differentduration,MQPS,and
MQCS. For thoseplansthat needto contractT1b to another
agent,suchasTAG1 P5andTAG1 P6,theMQCSdoesnot in-
cludethecostfor contractingthetaskT1b , becausethecostis
unknown at this time. Similarly, differentplansaregenerated
for taskTA2 andTA3.

This abstractionprocesscanbe doneoff-line, andtheseal-
ternative planscanbe storedin the agent’s database.Not all
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Figure8: MQ level tasks

alternativesareusedin theMQ level schedulingprocess.A set
of plansareselectedaccordingto currentproblem-solvingcon-
text. For example,if the currentminimumquality requestfor
thetaskis 10, thenthoseplanswith achievedquality lessthan
10arediscardedandnot usedby theMQ scheduler.

4.3 MQ level scheduling
TheMQ level schedulerdoesschedulingfor thesealternatives
of TA1, TA2 and TA3 to find the bestscheduleMQ S1 that
provides the agentthe most utility increasefrom its current
state(Figure8). If theplanTAG1 P5or TAG1 P6(T1b is con-
tractedout) appearsin theschedulerMQ S1,agentA needsto
considercontractingT1b to anotheragent;otherwise,agentA
may chooseto executeT1b locally or not to performT1b as
thescheduleMQ S1recommends.Supposethe bestschedule
MQ S1includestheTAG1 P5plan:

TAG1 P5[duration:10earlieststart time:0deadline:20]
TAG2 P2[duration:10earlieststart time:0deadline:30]
TAG3 P1[duration:15earlieststart time: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 consumesthe MQs producedby TAG1 P5 and
TAG2 P2.Thispartialorderschedulecanbeexpressedgraphi-
cally asshown in Figure9. AgentA comparestheutility of the
bestscheduleincluding the contractingplan of T1b (MQ S1)
with theutility of thebestschedulewithoutthecontractingplan
of T1b(MQ S2),thedifferenceis theutility gainedbycontract-
ing T1b to anotheragent.

Marginal Utility Gain(T1b) = Utility(MQ S1) - Util-
ity(MQ S2)

The basicconstraintof the quality requestand the tempo-
ral constraintof T1b is establishedbasedon the TÆMS level
schedule(TAG1 P5)andtheMQ schedule(MQ S1). Suppose
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Figure10: partialorderschedulewith onenon-localsubtask

in theTAG1 P5schedule,thequality requestof T1b is 10,and
theabstractionof thescheduleTAG1 P5is (5,T1b,5), it means
therearesomeactivities of duration5 needto be donebefore
T1bandsomeactivitiesof duration5 needto bedoneafterT1b.
Theaboveinformationcomesfrom thepre-analysisof theplan
TAG1 P5.Combinedwith thetemporalconstraintof TAG1-P5
in the scheduleMQ S1 [0, 20], the temporalscopeof T1b is
[5, 15], it leaves5 unitstime beforeT1b and5 unitstime after
T1b. Theseconstraintsarevery preliminary, if thereareother
constraintsaddedto otheractivities, thescopemayneedto be
refinedbasedon the TÆMS level rescheduling(Seeexample
in Section4.7). The quality requestis only an estimationbe-
causetheagentdoesnotknow whatqualitytheotheragentmay
achievefor this task.

AgentA poststhistaskallocationproposalas:( T1b,quality-
request:10, time-scope:[5,15] )

4.4 Partial Order Schedule
A partial order scheduleis the basicreasoningtool for con-
currentmultiple relatednegotiations.Herewe will presentthe
formalizationof thepartialorderscheduleanduseanexample
to explainhow it worksfor themulti-linkednegotiation.Figure
10showsthepartialorderschedulewith onenonlocaltaskT1b.

Definition Partial Order Scheduleis representedas a graphD  �FEHG�I � . E representsnodes,each nodedenotesan
Event(seebelow for definition); A representsedges, each
edge denotesan Activity (seebelow for definition). E  JLK�M GNI  J�OQP 2 K GSR /UT � K GSRWVXE � M . It is a directedacyclic
graph(DAG).

Definition Event: A node Y representsan event,it is the start or
endpoint of oneor more activities,it is theseparation point of
sequencedactivities. The initial nodeonly representsthe start
point of activity (activities), the terminal nodeonly represents
the end point of activity (activities). There is only one initial
nodeand oneterminal nodein a partial order schedulegraph,
all other nodesrepresentboth thestart point and the endpoint
of oneor more activities.

Definition Activity: Anedge Z representsanactivity. It is thebasic
element(task/method)of theschedule. An activity needsa cer-
tain amountof timeandresources,it is representedasa solidline
with an arrow in thegraph. An activity edge ZH[]\0Y_^�`ba hasan
event Y asthetail event(start point)and ` astheheadevent(end
point), Y and ` aretherelatedeventsof thisactivity. cHdeY_^�`�f (also
as cHdeZgf ) representstheduration of activity Z�[]\WY_^�`�a .

Definition Virtual Activity : Anactivity thatdoesnotconsumeany
timeor resource. It couldbe: (a) a nonlocaltask/method;or (b)
anedge thatonlyexpressestherelationshipbetweenevents.It is
representedasa dashedline with anarrow in thegraph.

Time of Event

Definition Event’searliesttime h�di`�f : Whentheevent̀ is thetail
event of oneor more activities, h�di`�f is the earliest start time
of thoseactivities;Whentheevent ` is theheadeventof oneor



more activities, h�di`�f is the earliestfinish time of thoseactivi-
ties.j Thecomputationof h�di`�f startsfromtheinitial event h�d.kLf
, the earliest time of the headevent ` ( h�di`�f ) is the sumof the
earliesttimeof thetail event Y ( h�deYlf ) andthedurationof theac-
tivity \WY_^F`�a ( cHdeY_^F`�f ). If therearemore thanoneactivityedge
pointedto this headevent ` , first addeach activity’s duration to
theearliesttimeof its tail event,thenadd thesevaluestogether
with countingtheparallel executionbetweenlocal activitiesand
non-localactivities(mon8prq1s(Y.tSu�q
vgZxw)Zxyzyz{-y�q1w;{}|�n8~�tFY��)� ). Out-
sideconstraint refers to the earliest start time associatedwith
thoseactivitiesasextra information.

h�d.k�f��XpbZ��ode�)n8t_�NY.|�{L��~��)���NtFw;Z�Y.��t�d.k�f�^�kLf
h�di`�f,�Xp�Zx��de�;n8tS�NY�|�{L��~��)���Ntlw)ZxY.��t�di`�f�^
mon8p � s5Y.tlu � vgZxw)Zxyzyz{-y � w;{}|�n8~�tFY��)���)h�deYlf���cHdeY_^F`�f_�@fdi`1���@^���^}�i�]�]^���f
Definition Event’s latesttime �
deYSf : For a headevent,it is thelat-

estfinishtimeof all activitiesendingat thisevent;for a tail event,
it is the lateststart timeof all activitiesstartingfromthis event.
Thecomputationof thelatesttimestartsfromtheterminalevent.
Thelatest time of the tail event Y is the latest time of the head
event ` subtract the duration of the activity \�Y_^F`�a ( cHdeY_^�`�f ).
Whentherearemorethanoneactivitiesfromthistail event Y , the
latesttimeof event Y is themaximumof theseevents’latesttimes
minusthesumof thedurationsof thoseactivities(whenthoseac-
tivities’ executionare continue).Theoutsideconstraints (dead-
line constraintsassociatedwith activities)are alsobetakeninto
account.

�(de��f��X�;ngt_�NY.|�{ � ~��)���Ntlw)ZxY.��t�de��f n is theterminalevent

�(deYlf��XpbY.�,de�;ngt_�NY.|�{���~��)���Ntlw)ZxY.��t�deYlf�^_p�Z����)�
di`�f_��q
mon8p���s5Y.tlu��gvgZxw)Zxyzyz{-y���w;{}|�n8~�tFY��)���)cHdeY_^F`�f_�@fQdeY����Wq6�@^���q��^N�]�i�]^}�-f

Time of Activity

Definition Activity’searlieststart time h�m�deY_^�`�f,��h�deYlf ;
Definition Activity’s earliestfinish time h1��deY_^.`�f���h�m�deY_^�`�f,�cHdeY_^�`�f ;

Definition Activity’s latestfinishtime ����deY�^.`�f����
di`�f ;

Definition Activity’s latest start time ��m#deY_^F`�f&������deY_^F`�f�qcHdeY_^�`�f ;

For example, in Figure10,activity  �¡�¢ is actuallytheactivity��£�G�¤ � . ¥W�.  ¡�¢ �( ¥��.£�G�¤ �
 §¦ .
E�¨1�.  ¡�¢ �
 E�¨©�.£�G�¤ �� Eª��£ �
 «¦
E�¬­�� �¡�¢ �( E�¬­�.£�GN¤ �
 E�¨©�.£�G�¤ �,® ¥���£�GN¤ �
 &¦1®3¦� �";4¯ ¬­�. �¡�¢ �
 §¯ ¬­�.£�G�¤ �� &¯ �F¤ �
 «°x¦¯ ¨©�. �¡�¢ �( &¯ ¨©��£�G�¤ �# &¯ ¬­�.£�GN¤ ��± ¥W�.£�GN¤ �
 §°x¦�±X¦� «°�4

Flexibility of Activity

Definition Total time difference of activity ²
²(cHdeY_^�`�f �����deY_^�`�foq³h1��deY_^�`�f�����m�deY�^F`�f�q³h�m�deY_^�`�f ;

Definition Single time difference of activity m�²(cHdeY_^�`�f´�h�m�di`@^�µ8f�q�h1��deY_^.`�f . Theduration that earlieststart time of\&Y_^�`³a can be postponedwithout affect the earlieststart time
of its followingactivity \WY_^F`�a ;

Definition Flexibility of Activity ��deZgfo�·¶8¶�¸#¹»º-¼¸
¹»º}¼ , cHdeZgf is thedu-
ration of activity a. Theflexibility of theactivity representsthe
freedomto movetheactivityaroundin this schedule.

Usingtheactivity  �¡�¢ in Figure10 asan example,
 1 �¥��. �¡�¢ �½ ¯ ¬­�� �¡�¢ �¾± E�¬­�. �¡�¢ �¿ ¯ ¨©�. �¡�¢ ��±E�¨1�.  ¡�¢ �
 �"@¦
¨� �¥��.  ¡�¢ �
 E�¨©��¤�G}À ��± E�¬­��£�GN¤ �# Á"L¦�±3"@4� «¦
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Figure 11: partial order schedulewith two indirectly related
issues

Definition Flexibility of Schedule¬­�F¨ �
 �Â �LÃÅÄ ¬­� O � ��ÆÈÇ �-ÉÆÊÇ ÄgÉ
, ¥W�F¨ � is thetotal duration of thescheduleS.Theflexibility
of a schedulemeasurestheoverall freedomof this schedule,
it is thesumof theflexibility of each activity weightedby its
durationof thedurationof theschedule. Theflexibility of the
activity with a larger duration hasa bigger influenceon the
flexibility of theschedule.

4.5 Concurrent Multi-Link ed Negotiation
Whentherearemultiple relatednegotiationsgoingon concur-
rently, theagentneedsto analyzetherelationshipsamongthese
issuesand find what is the influenceof one issueon others.
A partial orderscheduleis a reasoningtool that canhelp the
agentdealwith concurrentrelatednegotiation.On high level it
enablesnegotiationover intervalsratherthanfixedplacement.
We usethefollowing examplesto explainhow 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, therearesomeactivities with duration5
thatneedto befinishedbeforeT1bcanstart,andthereareother
activities with duration5 that canonly be startedafter T1b is
finished.This informationcomesfrom theanalysisof theplan.

Supposethere is anothernonlocal task T2b in the plan
TAG2 P2(5, [T2b, 5]) thatneedsto becontractedout. In this
plan, therearesomeactivities with duration5 that needto be
finishedbeforeT2bcanstart,andthereareotheractivitieswith
duration5 thatcanbeperformedwith T2b in parallel.

Figure11showsthepartialorderschedulewith two nonlocal
tasksT1b andT2b. The largestpossiblerangefor T1b is [5,
15]; thelargestpossiblerangefor T2b is [5, 25].

1. If thesetwo ranges[5, 15] for T1b and[5, 25] for T2b are
givento thecontracteeagentsasthetime constraintsfor the
commitments,thereis a local conflict. BecausethetaskT1a
needsto befinishedbeforetaskT1bstartsby time5, andthe
taskT2aneedsto befinishedbeforetaskT1b startsby time
5 also,bothT1aandT2aneedto befinishedbetween[0, 5].
Giveneachtaskhasa durationof 5, it is impossibleto find a
feasiblelocal schedule.

2. Thetwo ranges[5, 15] for T1band[10, 25] for T2barecon-
sistent,whichmeansthatnomatterwhattimethosemethods
areperformedduringtheir ranges,thereexistsa feasiblelo-
cal schedule.Similarly, [10, 15] for T1b and[5, 25] for T2b
arealsoconsistent.Theagentcandoconcurrentnegotiations
within thesetwo consistentranges,thenthetwo negotiation
processescanbeindependent.

3. If theagentgetsthecommitment[5, 15] for T1band[10,25]
for T2b from thecontracteeagents,it maynotbethebestre-
sult. Althoughthereexistsa feasibleschedulefrom theMQ
level view, thereis muchlessflexibility in the local sched-
ule. Given thesetwo commitments,the flexibility of tasks
T1a,T2a,T1c andT3 arezero,which meansthe execution
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Figure12: partial orderschedulewith two directly relatedis-
sues

time for thesetasksaretotally fixed. If thereis anothercon-
straint(i.e. a resourcerequirementfor T2a)added,theagent
mayfail to find a feasiblelocal schedule.

4.5.2 Dir ectly RelatedIssues Figure12showsanexample
with two directly-linkedissues.Supposeanotheragentrequests
taskT1 to beperformedandtheplan(T1a,T1b,T1c) is chosen
to accomplishthis task,wherethesubtaskT1bneedsto becon-
tractedto anotheragent.ThenegotiationaboutT1b is directly
relatedto thenegotiationonT1. Hereweonly focuson thedu-
ration issueto studyhow thesetwo linkednegotiationsshould
beprocessed.

Supposethereis no preconditionfor taskT1, E�¨©�� ,Ë �� $4 .
Given the following taskT3 with a deadline40 andduration
15,thelatestfinish timeof T1 is 25,

¯ ¬­�. �Ë �5 &°x¦ . Thelargest
possiblerangefor T1 is [0, 25] andthe largestpossiblerange
for T1b is [5, 20]. The negotiationon T1 is concernedabout
thefinish time, the negotiationon T1b concernsboth thestart
timeandthefinish time.

1. SupposeÌ denotesthedurationfor taskT1b,
°Å¦©±�Í

denotes
thedeadlineof taskT1, Ì and

Í
aretwo parametersthatcan

beadjustedduringthenegotiationprocess.Following condi-
tionsneedbesatisfied:

";4©® ÌQÎ °Å¦©±WÍ�ÏN¦ Î °�4�± Ì ±WÍ�ÐÌ ®0Í Î "L¦ .
2. Given Ì  Ñ";4 G Í Î ¦ , [5, 15] for T1b and[0, (20, 25)] for

T1 aretwo consistentranges.Thetwo negotiationissuescan
be performedwithin thesetwo rangesconcurrently. Simi-
larly, the impactof eachcommitmenton local scheduleand
othercommitmentscanbe analyzedusingthe partial order
scheduler.

3. Different valuescan be chosenfor Ì and
Í
, and other ne-

gotiationissuessuchasthe non-localtaskT2b alsocanbe
taken into accountat the sametime. The agentcould have
anoverview of all its on-goingnegotiationprocesses,hence
it canfind a bettersolutionfrom a globalperspective.

4.5.3 General Ideas Fromtheaboveobservations,wehave
following basicideasfor concurrentmulti-linkednegotiation:

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

2. Sortingthesenegotiationissuesaccordingto their flexibili-
tiesor their importanceor thedifficultiesof negotiationpro-
cessesandfind theinfluenceof thepreviousissueonthelater
issueshencefind consistentrangesfor thoseissues;

3. Concurrentnegotiationscanbeperformedwithin thesecon-
sistentrangeswithoutaffectingeachother;

4. The consistentrangefor one issuemay be several discrete
ranges(i.e. r1 and r2) rather than one bigger continuous
range,thenthe negotiationcanbe performedfirst in r1. If
no commitmentcanbe built in r1 or even if a commitment

in r1 is found but propercommitmentscan’t be found with
constraintof r1, thenr2 is beingusedasnegotiationrange.It
is like abacktrackingalgorithm.

5. To speedup negotiation, the agentmay take somerisk of
conflictat theMQ level negotiation,andtry to solve themor
avoid themat theTÆMSlevel negotiation.For example,the
ranger1 andr2 arealmostconsistentexceptasubrange(s r1)
anda subrangeof r2 (s r2) areconflict. If s r1 is relatively
small for r1 andsoass r2 for r2, theprobabilityof conflict
is alsovery small, thenthe agentcantake r1 andr2 astwo
consistentrangesandperformconcurrentnegotiations.

6. For the negotiationwith a consistentrange,the agentmay
not wantto give thewholerangeat thefirst proposal(except
if it wantsto speedupthenegotiationandgetthenegotiation
resolved quickly). The agentwill usepart of the rangeas
thefirst proposalandevaluatetheproposalandcounterpro-
posalby finding out how it affectstheflexibility of thelocal
schedule.

4.6 MQ level Negotiation
Thenegotiationon theMQ level includesmultiple issues.The
first issueis theMQ transferredwhentaskNL is performedby
oneagenton therequestof anotheragent.Anotherissueis the
planselectedfor performingtaskNL, includingthestarttime,
thecompletiontime andtheachievedquality of NL. Also, the
agentneedsto selectan appropriatereward model that takes
into accountthepossiblefurtherrefinementof theroughcom-
mitment.

4.6.1 TransferredMQ Therearethreedifferentmodelsfor
thetransferredMQ with theallocatedtask:

1. FixedMQ. The typeandthe amountof the transferredMQ
is fixed, it is determinedby theorganizationrelationshipof
the contractoragentand the contracteeagent. Thereis no
needto negotiateaboutthetransferredMQ, but thecontrac-
tor agentandthe contracteeagentmay negotiateaboutthe
possibleapproach(certainquality andcertainstarttime and
finish time) of thetaskNL. This modelimplicitly represents
anauthorityrelationshipamongagents.

2. NegotiatedMQ. Agreedon certainapproachto performtask
NL, the contractoragentandthe contracteeagentnegotiate
aboutthe type andamountof the transferredMQs depend-
ing on the contractoragent’s currentavailableMQ andthe
contracteeagent’spreference.

3. DynamicMQ. Theagentsnegotiateaboutboththeapproach
andthetransferredMQ of NL. For every differentapproach
to accomplishtask NL, the marginal utility gain(NL) and
themarginal utility cost(NL)aredifferent,sotheMQ value
spacefor negotiation([MUC, MUG]) is differenttoo. Also
for a certainapproach,the agentsmay negotiateaboutthe
typeandtheamountof transferredMQ in thecorresponding
MQ valuespaceasin model2.

Figure 13 shows the two possiblenegotiation dimensionsin
MQ level. In model 1, the transferredMQ is fixed, the ne-
gotiationis only abouttheapproach;in model2, theapproach
is fixed,theagentsaresearchingfor anagreementpoint in the
[MUC, MUG] scopeby negotiatingaboutthetypeandamount
of transferredMQ; in model3, thenegotiationis performedon
bothdimensions.

4.6.2 Differ ent Approaches A certainapproachspecifies
the lowestachievedquality, the earlieststarttime andthe fin-
ishing time for the task. All theseissuescanbe variedin the
negotiationprocessto constructdifferentapproaches.
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The contractoragentA builds the first proposal[NL, qual-
ity: q1,starttime:s1,deadline:d1] basedon thebestMQ level
schedule(MQS1)andtheselectedplan(TAG1 P5). This pro-
posalis evaluatedby thecontracteeagentB. If this proposalis
rejectedby agentB, it will returnacounterproposal[NL, qual-
ity:q2, starttime: s2,deadline:d2]. Agent A revisesits local
plan MQ S1 basedon this counterproposalandevaluatesthe
utility of thenew planMQ S1*.

There is a quality accumulative function that mapsNL’s
quality to TA1’s quality. This functionis constructedbasedon
thestructureof TA1 andis availableto theagent.Thequality
of TA1 is mappedto MQPS(TA1), thatdeterminestheutility of
thenew scheduleMQ S1*. If MUC(counterproposal)

2
Util-

ity(MQ S1*) - Utility(MQ S2)(MQ S2 is the next bestsched-
ule, it may or may not needto contractout NL), the counter
offer is acceptable;otherwise,it is rejected.

AgentA canreasonabouttheinfluenceof thestarttime and
thecompletiontime of NL in thecounterproposalon its local
plan usingthe partial orderschedule.The influenceincludes:
how it affectsthetemporalconstraintsof eachtasksandhow it
affectstheflexibilities of otheractivitiesandthelocalschedule.

Similarly, agentB canevaluatetheflexibility of theproposal
(or thecounterproposal)giventheestimationof theexecution
timeof thetask.Theflexibility canbecalculatedby comparing
the[EST, DL] rangeto thedurationof thetask(d).As therange
grows, theflexibility of thecommitmentbecomesbigger. The
following formula canbe usedto calculatethe flexibility of a
commitment(¬­��Ò � ):
¬­�FÒ �
 ÑÓ � Ç ¢_ÉSÔ�Õ�ÖS× Ç ¢_ÉSÔ ÓÓ
In theaboveexample,supposetheestimateddurationof NL

is 5(Ø  Ù¦
), the commitmentc1 with range[5, 15] hasfree-

dom ¬­�FÒ "@�È $"�Ú»4 ; thecommitmentc2 with range[10, 15] has
freedom¬­��Ò °x�� Û4

. Whenthe flexibility of the commitment
becomesbigger, it is easierfor agentB to arrangeits otherlo-
calactivitiesandachievesuccessonits othernegotiationissues,
but it is moredifficult for agentA to arrangeits otheractivities
andget successon its othernegotiations.So thevalue/costof
a commitmentis alsorelatedto the flexibility of this commit-
ment. If agentA wantsto keepmoreflexibility for itself and
reducetheflexibility of thecommitment,it needsto paymore
to agentB. If agentA doesnot needtoo much local flexibil-
ity becauseit 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 agentscanreasonfrom their currentstates
to decideif they needmoreflexibility or if they needa cheap
(“expensive” for agentB) commitment.

4.6.3 Rough Commitment and Rewards Agents build
roughcommitmentsin theMQ levelnegotiation.A roughcom-
mitmentspecifiesseveral issuesfor the requestundernegotia-
tion (the contractedtask in this context). The specificationis
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m11
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seq
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m12 m13
d:5

m21

m22 m23
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m32
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Figure14: TÆMSlevel tasks

a rangeratherthana point, which allows further refinementin
this range.For example,a roughcommitmentÒ couldspecify
the temporalconstraintfor the contractedtask NL is Ü Ý " G�Ý °LÞ ,
if ¬­�FÒ � / 4 G�Ý ° / Ý "b® Ø (d is the duration of NL), it is
possibleto refinethis commitmentby restrictingthis rangetoÜ Ý "
® Ì�G�Ý °�±WßgÞ G@�FÝ °1±�ß�± Ý "5± Ìáà3Ø � , hencetheflexibility of
thecommitmentÒ is reduced.Becausetheflexibility is related
to the value/costof the commitment,the agentsneedto come
to an agreementon how the latter refinementis relatedto the
valueof thetransferredMQ. Therearetwo possiblemodels:

1. Pre-Paid model. The contractagentA pays â " amountof
MQ for the contracteeagentB to perform taskNL during
any time period(not shorterthan Ø ) within Ü Ý " G�Ý °LÞ asagent
A requests. ThisagreementprovidesagentA greatfreedom
onfurtherrefinementof thecommitment,andagentB agrees
to accommodateany requestfrom agentA within the pre-
definedrange. No matterwhat requestagentA will make,
or evenif agentA doesnot make any further request,agent
B will receive â " amountof MQ as decidedin the rough
commitment.

2. Dynamicmodel. The contractagentA pays â ° amountof
MQ for the contracteeagentB to perform task NL withinÜ Ý " G�Ý °LÞ . If agentA requeststo restrict this rangeto Ü Ý "�®Ì�G�Ý °©±³ßgÞ G@�FÝ °Ê±³ß�± Ý "#± ÌQàãØ � andif agentB couldaccept
thisrequest,agentA will pay ���FÌ ®­ß�� ��ä ®�"@� � â ° amountof
MQ to agentB. AgentB would decideto acceptthis refine-
mentrequestor not,accordingto its currentproblem-solving
context. If agentB doesnot acceptthis request,it is still
obliged to perform NL during Ü Ý " GNÝ °LÞ and in turn is guar-
anteedto get â ° amountof MQ as the roughcommitment
defines.

Thesetwo modelsprovidedifferentdegreesof freedomfor the
agents.The agentscanchoosea modelaccordingto the con-
straintsanduncertaintiesof their local activities duringthene-
gotiationprocess.

4.7 TÆMS level negotiation
AgentA reordersits TÆMSlevel tasksbasedontheplanscho-
sen in the MQ level schedule. All methodsnot included in
theMQ level scheduleareeliminatedfrom the taskgroupand
thetasksareassociatedwith temporalconstraintsfrom theMQ
level schedule.

Figure14showsagentA’scurrenttasksandtherequiredne-
gotiationissues.AgentA currentlyhasthreetasks,task1,task2
andtask3.All methodsappearingin this figurearethosecon-
structingthe plan TAG1 P5, TAG2 P2 andTAG3 P1. Task1
hasadeadlineof 20, task2hasadeadlineof 30andtask3hasa
deadline40. Task1andtask2needto befinishedbeforetask3
starts.Theseconstraintscomefrom the MQ level scheduling.
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Also therearetwo commitmentsbuilt onMQ level for thenon-
local methodsm12Ü ¦ G "@¦�Þ andm22Ü ";4 G °x4�Þ . The agenttries to
satisfyall theseconstraintswhenarrangingits local activities.
However, theremaybeotherconstraintsthatagentA needsto
consider. Theseconstraintscomefrom the resourcerequire-
mentsandthe relationshipsamongthosesubtasksthatbelong
todifferenthigh-level tasks:they arenotvisibleto theMQ level
schedulerso arenot reflectedin the MQ level schedule.Two
examplesareshown in Figure14 :

1. Thereis a facilitatesrelationshipbetweenm13andm23. If
agentA cancompletem13 beforeit performsm23, the ex-
ecutionof m23 will be facilitatedin termsof gettingbetter
quality, spendingshorterdurationor lower cost. So agent
A needsto addthis additionaltemporalsequenceconstraintÜ å "@ærç å °xæ�Þ into its partial orderscheduleif it wantsto
exploit this facilitatesrelationship(shown in Figure15).

2. The executionof methodm21 needsthe resourcer21. The
resourcer21maybemanagedby aresourcemanageror may
besharedwith otheragents.AgentA needsto find out what
time r21 is availableso it canarrangetheexecutiontime of
methodm21.

Thereorderingprocessconsidersall methodscontainedin the
MQ level schedule.It takesinto accountthe interrelationship
amongtasks,the resourcerequestconstraintsand the rough
commitmentsbuilt at the MQ level negotiation. For example,
resultingfrom theMQ level negotiation,agentB will perform
taskm12for agentA betweentime 5 and15,andagentC will
performtaskm22for agentA betweentime 10 and20. Given
thattheresourcer21 is only availablefrom time10to 15,agent
A can’t find a feasiblelocal schedule.Onesolutionis to nego-
tiate with agentC to pushthe start time of m22 to 15 instead
of 10 (supposethe durationof m22 for agentC is 5). If the
commitmenton m22betweenagentA andC is the “Pre-Paid
model”, thenagentC would acceptthis request.Otherwise,if
thecommitmentis associatedwith the“Dynamicmodel”, agent
C needsto reasonaboutits local partialorderscheduleto find
if it couldgrantthis request.If yes,agentC will getextra MQ
from agentA asthey haveagreedon theMQ level negotiation.
If this refinementnegotiationis successful,agentA couldhave
a feasiblelocal schedule:

m11[0-5] m12[5-15] m13[15-20]
m21[10-15] m22[15-20] m23[20-25]
m31[25-30] m32[30-35] m33[35-40]

4.8 MQ level rescheduling
If therefinementnegotiationfails,agentA couldnotfind afea-
sible local schedulegivenall local constraints,agentA hasto
redotheMQ level scheduling.

BeforeredoingtheMQ level scheduling,theagentneedsto
makea decisionaboutwhatcommitmentsshouldbepreserved
andwhatcommitmentsshouldbedecommitted.Somecommit-
mentsareestablishedandpreserved,andtherelatedMQ level

tasksareassociatedwith correspondingtemporalconstraints,
other commitmentsare decommitted. This decisionmaking
processshouldtake into accountthe importanceof the com-
mitments,theurgency of thecommitments,thedecommitment
costandthescarcityof theresource.

5 Conclusion
In this work wehavedefineda framework to studyhow theor-
ganizationalrelationshipsamongagents(from cooperative to
self-interested)affect the negotiationstrategies and the influ-
enceon the performanceof the multi-agentsystem. Also we
show how to dealwith theconcurrentmulti-linkednegotiation
issuesexplicitly, especiallythenegotiationchainproblem(i.e.
in the supply chain domain),which is a realistic problemin
multi-agentsystem. A multi-levelednegotiationapproachal-
lowsnegotiationto beperformedondifferentabstractionlevels
with differentemphasis.Flexibility is introducedinto negoti-
ationandis beenquantitatively reasonedaboutin thenegotia-
tion process.Negotiationis viewedasa multiple dimensional
searchprocess,agentsarenegotiatingovermultipleissuessuch
asthetemporalscopeof thecommitment,thecostof thecom-
mitmentandtheflexibility of thecommitmentratherthanover
one single issue. Implementationprocessis in progress,we
havebuilt thebasicagentarchitectureandthepartial-orderrea-
soningtoolkit.
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