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ABSTRACT
Multi-link ednegotiationdescribesasituationwhereoneagentneeds
to negotiatewith multipleagentsaboutdifferentissues,andthene-
gotiationover oneissueinfluencesthe negotiationsover other is-
sues.Multi-link ed issueswill becomeimportantfor thenext gen-
erationof morecomplicatedMulti-Agent Systems.However, most
currentnegotiationresearchlooks only at singleissuenegotiation
andthusdoesnot presenttechniquesto reasonandmanagemulti-
linkedissues.In thispaper, wepresentatechniquebasedontheuse
of a partial-orderscheduleanda measureof the schedule,called
flexibility , which enablesan agentto reasonexplicitly about the
interactionsamongmultiple negotiationissues.We show how an
agentusesthe partial-orderscheduleto effectively manageinter-
actingnegotiationissues;andhow theflexibility is a key measure
for orderingandmanagingnegotiationissues.Experimentalwork
is presentedwhich shows this managementtechniquefor multi-
linkednegotiationleadsto improvedperformance.

Keywords
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1. INTRODUCTION
Negotiation,aninteractivecommunicationamongparticipantsto

facilitateadistributedsearchprocess,is animportanttechniquethat
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Figure1: Dir ectly Link edRelationship

is usedto effectively coordinatethebehavior of cooperative agents
in a Multi-Agent System(MAS).Negotiationis usedfor taskallo-
cation,resourceallocationandconflict resolution.Multi-link edne-
gotiationdealswith multiple negotiationissueswhentheseissues
areinterconnected.In a multi-task,resourcesharingenvironment,
anagentneedsto dealwith multiple relatednegotiationissuesin-
cluding: task contractedto other agents,task requestedby other
agents,external resourcerequirementsfor local activities and in-
terrelationshipamongactivitiesdistributedamongmultipleagents.
Theseissuesarerelatedto eachother. Theresultof oneissueinflu-
encesthepossiblesolutionsfor theotherissues.

The relationshipsamongthesenegotiationissuescanbe classi-
fied as two types. One type of relationshipis the directly-linked
relationship: issueB affects issueA directly becauseissueB is
a necessaryresource(or a subtask)of issueA, the characteristics
(suchascost,durationandquality) of issueB directly affect the
characteristicsof issueA. For example,aspicturedin Figure11,
agentA hasa nonlocaltask“Task3” contractedto agentB while
agentB needsto subcontract“M7” (a subtaskof “Task3”) to an-
otheragentandrequesta resourcefor “M6” (anothersubtaskfor
“Task3”)throughnegotiation.FromagentB’sviewpoint, thenego-
tiationwith theagentwhoperforms“M7” andthenegotiationwith
theagentwho controlstheresourceneededfor “M6” have a direct
influenceon the negotiationwith agentA on “Task3” sincewhen
andhow “M7” will beperformedandwhentheresourcefor “M6”
is availableaffect whenandhow “Task3”canbeperformed.

Anothertypeof relationshipis the indirectly-linked relationship:
issue1 relatesto issue2 becausethey competefor useof a com-
mon resource. For example,as shown in Figure 2, agentA has
a nonlocaltask “M2” contractedto agentC while agentB hasa

�
All taskplansshown in this paperusethe TÆMS language[1],

which is alsousedin our implementationandexperiments.
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Figure3: A Situation in Between

nonlocaltask“M4” contractedto agentC, becauseof the limited
capabilityof agentC, when“M2” will beperformedindirectlyaf-
fectswhen“M4” canbeperformed.Figure3 describesa situation
wherethereareinteractionsamongdirectly-linked and indirectly-
linked issues.Agent B hastwo nonlocaltasks: “M2” contracted
to agentA and“M4” contractedto agentC. If the facilitates2 rela-
tionshipbetween“M2” and“M4” is exploited, thenegotiationon
“M2” andthenegotiationon “M4” aredirectly-linked; otherwise,
they areindirectly-linked.

In general,multi-linked negotiation (including both the direct-
linkedandindirect-linked relationships)describessituationswhere
oneagentneedsto negotiatewith multipleagentsaboutdifferentis-
sues,wherethenegotiationover oneissuehasinfluenceon thene-
gotiationsover otherissues.Thecommitmenton oneissueaffects
the evaluationof a commitmentor the constructionof a proposal
for anotherissue.

How cananagentdealwith thesemultiplerelatednegotiationis-
sues?Oneapproachis to dealwith theseissuesindependentlyjust
like separatedissues,ignoring their interactions.If thesenegotia-
tionsareperformedconcurrently, therecouldbepossibleconflicts
amongtheseissues,hencetheagentmaynotbeableto find acom-
binedsolutionthat satisfiedall issueswithout re-negotiationover
somealready“settled” issues.For example,in Figure1, agentB
negotiateswith agentA andpromisesto finish “Task3”by time20,
meanwhileagentB also negotiateswith other agentabout“M7”
andgetsacontractthat“M7” will befinishedattime30,thenagent
B findsit is impossiblefor “Task3”befinishedby time20givenits
subtask“M7” will befinishedat time 30. To reducethelikelihood
that this type of conflict could occur, thesenegotiationscould be
performedsequentially;this meansthat the agentonly dealswith
onenegotiationissueat a time,andlaternegotiationsarebasedon
the previous negotiationresults.However, this sequentialprocess
is not a panacea.First of all, the negotiationprocesstakesmuch
longertime whenall the issuesneedto benegotiatedsequentially,

�
A facilitatesrelationshipfrom “M2” to “M4” meansthatthecom-

pletionof “M2” will positively affect theexecution“M4” by reduc-
ing its cost,shorteningits processtimeand/orimproving itsquality.

potentiallyusingup valuabletime andsecondlythereis no guar-
anteeof finding an optimal solutionor even whetherany possible
solutionwill be found. The latter problemcanoccurif the agent
doesnot reasonaboutthe orderingof the negotiation issuesand
just treatsthemas independentissueswith their orderingbe ran-
dom. In this situation,the result from the previous negotiations
maymake thelaternegotiationissuesvery difficult or evenimpos-
sible. For instance,in Figure1, if agentB first negotiatesabout
“Task3” beforestartingthe negotiationson “M6” and“M7”, and
thepromisedfinish time of “Task3” resultsin tight constraintson
the resourcerequestof “M6” and the negotiation on “M7”, then
thesenegotiationmay fail andthecommitmenton “Task3”hasto
bedecommitted.Onemoreproblemis thedifficulty in evaluating
a commitmentgiven that latter issuesareundecided,andit is thus
hardfor theagentto find a local solutionthatwill contributeeffec-
tively to theconstructionof a goodglobal solution. For example,
in Figure3, agentB hastwo non-localtasks,task“M2” contracted
to agentA andtask“M4” contractedto agentC. If “M2” couldbe
finishedbefore“M4” starts,it will reducethe processingtime of
“M4” by 50%. SupposeagentB first negotiateswith agentC and
thennegotiateswith agentA; throughthenegotiationwith agentC,
it is decidedthat “M4” startsat time 20 andfinishesby time 40 ,
but thenit is found that task“M2” couldfinish at time 25. Given
this latter information,if the startof “M4” is delayedto time 25,
“M4” actuallycouldbe finishedat time 35 becausethe facilitates
effect. But this solutionwouldn’t befoundif theagentignoresthe
interactionsamongthesenegotiationissues.

Theseprevious examplesshow us how important it is for an
agentto reasonaboutthe interactionsamongdifferentnegotiation
issuesandmanagethemfrom amoreglobalperspective. If doneef-
fectively, this permitstheagentto minimizethepossibilityof con-
flicts amongthesedifferentnegotiation issues,andachieve better
performance.In this paper, we introducea partial-orderschedule
(seeSection3) asa basicreasoningtool for theagentto dealwith
multi-linked negotiation. It canbeusedto reasonaboutthe influ-
enceof a commitmentof oneissueon othernegotiatingissues.It
alsocanbeusedto reasonabouttheparameterassociatedwith each
negotiationissuein termsof therangeof acceptableanswersfor a
commitmentandhow it affectstheflexibility availablefor anagent
to schedule(andreschedule)its localactivities.

The reminderof this paperis structuredin the following man-
ner. Section2 introducesa supplychainscenariothat usedasan
exampleto explain theideas.Section3 presentsthedefinitionof a
Partial-OrderSchedule(POS)andrelatedalgorithms.Section4 de-
tailshow themulti-linkednegotiationworksusingthepartial-order
scheduleandrelatedreasoningtools. Section5 reportstheexperi-
mentalwork to evaluatetheeffectof differentnegotiationstrategies
ontheagent’sperformance.Section6 discussesaboutrelatedwork
andSection7 concludesandpresentstheareasof furtherwork.

2. THE SCENARIO
We usethe following supplychainexampleto explain our ap-

proachto solvingasituationinvolving multi-linkednegotiationsit-
uation.However, thefollowing algorithmandthenegotiationpro-
cessare domain-independentandnot restrictedto this example3.
�
In this paper, the term“contracteeagent”refersto theagentwho

performsthetaskfor anotheragentandgetsrewardedfor success-
ful completionof the task; “contractoragent” refersto the agent
who hasa task that needsto be performedby anotheragentand
paysthe reward to the otheragent. The contractoragentandthe
contracteeagentnegotiateaboutthe taskanda contractis signed
(a commitmentis built andconfirmed)if anagreementis reached
duringthenegotiation.



����������������������������������������������������
����������������������������������������������������

����������������������������������������������������������������������������
����������������������������������������������������������������������������

��������������������������������������������������������������������
��������������������������������������������������������������������

min

Purchuse_Computer

min

Sell_Computer

Install_Software

Get_Hardware

enables

enables

Get_Software

Shipping_Computer
enables

Produce_Computer

Purchuse_Computer

Purchase_Parts

...... ......

Get_Hardware Purchase_Parts

Produce_Hardware Produce_Parts

Consumer Agent

Hardware Producer Agent

Computer Producer Agent

Figure4: Thr eeAgents

Considerthe following examplewhereagentswith interrelation-
shipshown in Figure4.

� ConsumerAgent: generatestwo typesof new tasks: “Pur-
chaseComputer”taskfor theComputerProducerAgent,“Pur-
chaseParts” task for the Hardware ProducerAgent. Each
taskincludesfollowing information:

– deadline(
���

): thelatest-start-timefor thetask.

– reward( � ): if thetaskis finishedasthecontractrequested,the
contracteeagentwill getrewardr.

– decommitmentpenaltyrate (� ): If the contracteeagentcan
not perform the taskas it promisedin the contract(i.e. the
taskcould not finish by the promisedfinish time), it paysa
decommitmentpenalty( �! "� ) to the contractoragent;if the
contractoragentneedsto cancelthecontractafter it hasbeen
confirmed,it needsto paya decommitmentpenalty( �# �� ) to
thecontracteeagent.

– earlyfinish reward rate( $ ): If thecontracteeagentcanfinish
thetaskby thetime ( %'& ) asit promisedin thecontract,it will
gettheextra earlyfinish reward: (*)�+,-$. /�. 0, ���21 %'&43657�83 4
in additionto thereward � .

� ComputerProducerAgent: receives “PurchaseComputer”
task from the ConsumerAgent, decidesif it shouldaccept
this taskandif it does,what thepromisedfinish time of the
taskshouldbe. Figure4 shows the local planfor producing
computers,it includesa nonlocaltask“Get Hardware” that
requiresnegotiationwith theHardwareProducerAgent.

� Hardware ProducerAgent: receivestwo typesof tasks:“Get
Hardware”from theComputerProducerAgentand“PurchaseParts”
from the ConsumerAgent. It decideswhetherto accepta
new taskandwhatthepromisedfinish time for thetaskis.

SupposeComputerProducerAgent hasreceived the following
two tasks:
taskname: PurchaseComputerA
arrival time: 5
earlieststarttime: 10(arrival time+ estimatednegotiationtime(5))5

deadline:70
reward: r=10
decommitmentpenaltyrate: p=0.5
early finishreward rate: e=0.01
taskname: PurchaseComputerB
arrival time: 79
For eachtime unit the taskfinishesearlierthanthedeadline,the

contracteeagentget extra reward : �<; , but the total extra reward
would exceedthereward ; .=
Thetaskshouldnotstartuntil thecontracthasbeenconfirmed

earlieststarttime: 12(arrival time+ estimatednegotiationtime(5))
deadline:100
reward: r=10
decommitmentpenaltyrate: p=0.6
earlyfinishreward rate: e=0.005
The agent’s local scheduler[8]reasonsaboutthesetwo new tasks
accordingto above information:their earlieststarttimes,deadline,
estimatedprocesstimesand the rewards,generatesthe following
agendawhich includestheacceptedtasks:

>
10,50? PurchaseComputerA>
50,90? PurchaseComputerB

This agendais only a high level plan anddoesnot includethe
executiondetails.TheComputerProducerAgentchecksthelocal
plansfor thesetasksasshown in Figure5 andfindstherearefour
issuesthatneednegotiation:

1. Negotiatewith ConsumerAgent aboutthe promisedfinish
timeof “PurchaseComputerA”;

2. Negotiatewith ConsumerAgent aboutthe promisedfinish
timeof “PurchaseComputerB”;

3. Negotiatewith HardwareProducerAgentabout“Get Hardware A”:
whetherHardware ProducerAgentcanacceptthis taskand
whenit canbefinished;

4. Negotiatewith HardwareProducerAgentabout“Get Hardware B”:
sameconcernasabove.

Thesefour issuesareall related. “Get HardwareA” and“Pur-
chaseComputerA” aredirected-linked,soare“Get Hardware B”
and“PurchaseComputerB”; “Get HardwareA” and“Get HardwareB”
areindirected-linked,soare“PurchaseComputerA” and
“PurchaseComputerB”. Wenext show how ComputerProducerAgent
dealswith thesemulti-linked negotiation issuesusing a partial-
orderscheduleandrelatedreasoningtools.

3. PARTIAL-ORDER SCHEDULE
A partial-orderscheduleis thebasicreasoningtool thatwe use

for multiplerelatednegotiations.Herewepresenttheformalization
of thepartial-orderscheduleanduseanexampleto explain how it
works for a multi-linked negotiation. Figure6 shows the partial-
orderedschedulefrom theexamplein Figure5.

A Partial-Order Schedulerepresentsa groupof taskswith spec-
ified precedencerelationshipamongthemusinga directedacyclic
graph: @BADC4E.FHGJI . EKAMLONQP , eachvertex in V representsa task.
GRARL'STNUF6VXWRY Z[C\N"F6V2I2]^C\N"F6VX_`GJI6P . Eachedge(u, v) in E
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Figure6: The Partial-Order Scheduleof The Computer Producer Agent

denotestheprecedencerelationshipbetweentasku andtaskv, that
is tasku hasto befinishedbeforetaskv canstart.

Task( f ) is representedasa nodein thegraph,it is thebasicel-
ementof theschedule.A task( f ) needsa certainamountprocess
time ( t.processtime ). A taskcanbe a local taskor a nonlocal
task: a local task is performedlocally (i.e, the “Get SoftwareA”
task)anda nonlocaltask(i.e. the“Get Hardware A” task)is per-
formedunlocallyhencedoesnotconsumelocalprocesstime.

ThePreconditionof task f is asetof tasksthatneedto befinished
beforetask f canstart: Z ; :gC t I�AhLjigY ik_l@ ] SminF6f0Wk_oGJP , task
f canstartonly afterall tasksin Z ; :gC\fHI havebeenfinished.For ex-
ample,thepreconditionof task“Install SoftwareA” includestask
“Get Hardware A” andtask“Get SoftwareA”.

The Postconditionof task f is a setof tasksthat only canstart
after task f hasbeenfinished: ZqpnirfsC\fHI#AKL ; Y ; _X@ ] ShftF ; Wk_
GJP . For example,the postconditionof task“Install SoftwareA”
includestask“Shipping Computer A”.

A task f hasconstraintsof earliest-start-time(t.est)and dead-
line (t.dl). Theearliest-start-timeof task f (t.est)is determinedby
the earliest-finish-timeof it’ s precondition( :�uvf > Z ; :gC\fHI4? ) andits
outside-earliest-start-timeconstraint( ftw :�iOf p ):
fxw :jirfyA`z^{}|UC~:juvf > Z ; :gC\fHI4?~F�ftw :�irf pgIx�
Theearliest-finish-timeof a task f ( fxw :juvf ) is definedas:
fxw :juvf.A`fxw :�irf��Xftw � ; pj�s:�i�i f7�~zo:g�
Theearliest-finish-timeof a setof tasksV ( :juvf > Ek? ) is definedas
theearliestpossibletimeto finishevery taskin thesetV, it depends
on theearliest-start-timeandthedurationof eachtask. For exam-
ple, in Figure6, outside-earliest-start-timeconstraintfor task“In-
stall SoftwareA” is10( sameasits supertask‘PurchaseComputerA”),

theearliest-finish-timefor itspreconditionis20(assume“Get Hardware
A” couldfinishat its earliestpossibletime), thentheearliest-start-

time for task“Install SoftwareA” is 20.
The deadlineof task f ( fxw ��� ) is determinedby the latest-start-

time of its postcondition( �\irf > ZqpniOftC\fHI4? ) andits outside-deadline-
constraint( ftw ��� p ):
ftw ����A�zo�~�yC~�\irf > ZqpniOftC\fHI4?~F�fxw ��� p'I ;
Thelatest-start-timeof a task f ( lst(t) ) is definedas:
ftw �\irfyA`fxw �����ftw � ; pj�s:�i�i f7�~zo: ;
The latest-start-timeof a setof tasksV ( �\irf > Eq? ) is definedasthe
latesttime for thetasksin this setto startwithoutany taskmissing
its deadline,it dependson the deadlineand the durationof each
task.

TheFlexibility of Taskt representsthefreedomto move thetask
aroundin this schedule.� C\fHI/A��~� �x�����\� ��������~� �8�6�x�7����� ��������~� �8�H�H�7����� ������� .

For example,
� C4@q:Of  �p'uvf�¡�{ ; : ¢qIyA =�£ � �4£ � �4£�4£ A�¤ .

The Flexibility of a ScheduleS measuresthe overall freedom
of this schedule,it is the sum of the flexibility of eachactivity
weightedby its processtime of the processtime of the schedule.
Theflexibility of the taskwith a longerprocesstime hasa bigger
influenceon theflexibility of theschedule.� C4 .I/Ah¥ ��¦'§

� C\fHI � �~� �8�H�H�7����� �������¨�©qª � ª � ���6�H���7��� ���«�0�6¬
A FeasibleLinearschedule6 is a totalorderedscheduleof all ac-


Partial-OrderScheduleis a representationandreasoningtool of a

group of tasksand their interrelationship,it is not an executable
schedulefor the agent. To translatea partial-orderscheduleto
anexecutablelinearschedule,therearetwo differentassumptions:



tivitieswith or withoutinterruptibleactivities,thatfulfills following
conditions:®

� Eachtask f takes � (n W =1) time periods(� � F6�.AM¯nFOw°w°w � )for
execution,¥ � � � A�fxw � ; p��r:�i8irf7�~z±: ;

� All precedencerelationshipsarevalid;

� All ESTandDL constraintsarevalid;

A partial-orderscheduleisaValid Partial-OrderScheduleif there
exists at leastone feasiblelinear schedulethat can be produced
from this partial-orderschedulewithout additionalconstraintand
with the interruptibleexecutionassumption. Without additional
constraintand with the interruptibleexecutionassumption,for a
task f with therange[EST, DL], no matterwhattime f is executed
duringthisrange,thereexistsat leastonefeasiblesequentialsched-
ule thatcanbeproducedfrom this partialschedule,thentherange
[EST, DL] for t is a free-range becausetask f canbeexecuteddur-
ing any periodin this range.

We have built the following algorithmsto supportthe negotia-
tion basedon the partial-orderedschedule. The detailsof these
algorithmaredescribedin [10].

� Propagate ESTDL: Given a set of taskswith the outside
constrainsof the earliest-start-timeanddeadline,the dura-
tion of every taskandtheprecedencerelationshipamongthe
tasks,find thet.estandt.dl for eachtask f accordingto above
definition.

� FeasibleSchedule: Translatea partial-orderscheduleinto
anexecutablelinearscheduleif thepartial-orderscheduleis
valid, otherwisereportfailure.

� Range Evaluation: Find if a partial-orderscheduleis valid
without trying to find a feasiblelinearschedule.

� Find NL Range: Find thebiggestfreerangefor tasknlt in a
partial-orderschedule.;

4. MULTI-LINKED NEGOTIATION

4.1 General Ideas
To deal with the multiple relatednegotiation issues,the agent

needsto analyzethe relationshipsamongthesenegotiationissues
and find what is the influenceof one issueon the others. First,
theagentbuildsapartial-orderscheduleincludingthedetailedplan
for every taskon theagendawhich is generatedby theagent’s lo-
cal scheduler, so that the agentknows what thesetasksare and
how they arerelatedto eachother. Theagentsortsits currentne-
gotiationissuesaccordingto their importance,their flexibilities or
the difficulties of negotiation processes7, and finds the influence
of the previous issueon the later issues.If the issueis a taskre-
questedby anotheragent,i.e. “PurchaseComputerA”, the agent

the taskis interruptibleor UN-interruptible. The interruptibleex-
ecution assumptionis that the agentcan switch to anothertask
during the executionof one task,andit canswitch backat some
point andcontinuetheexecutionof the incompletetask. TheUN-
interruptibleexecutionassumptiondoesnot allow executionof a
taskto besplit into parts.In our work herewe adopttheinterrupt-
ible executionassumption.²
Meta level information is helpful for agent to estimate the

difficulty of the negotiation process. For example, Com-
puter ProducerAgentcouldcheckwith Hardware ProducerAgent
to find its flexibility for the next N time units andthusbe ableto
make a goodguessabouthow easyit is to get “Get Hardware A”
and“Get Hardware B” finishedduringnext N time units.

finds the earliest-finish-time(eft a) for this taskusingthe partial-
orderschedule,thentheagentreasonsaboutwhatthepromisedfin-
ish time (pft a) shouldbasedon the following concerns.First, the
promisedfinish time (pft a) shouldbenot earlierthantheearliest-
finish-time(eft a)andnot laterthanthedeadline(dl a). :�uvf {³S�A
��uvf {lS�AB��� { , let’s assume��uvf {^AM:juvf {*�´| , x is a number
to be decided( µ´S�A¶|hS�A·C\��� {³�m:�uvf {I ). By settinga spe-
cific value of pft a in the partial-orderschedule,the agentfinds
how this pft a commitmentaffects other relatedissues,i.e. the
free rangeof task “Get Hardware A” and the earliest-finish-time
for “PurchaseComputerB”. If thecommitmentof pft aleavestask
“Get Hardware A” a very small freerangeandmakesthenegotia-
tion difficult, theagentcouldincreasex to allow task“Get HardwareA”
have a biggerfreerange.If thecommitmentof pft a impliesa fin-
ish time thatis too latefor task“PurchaseComputerB”, theagent
could increasex to provide an earlier finish time for task “Pur-
chaseComputerB”. Theagentalsoneedsto reasonaboutthebal-
ancebetweentheamountof earlierrewardit couldget : � C\��� {J�
��uvf {vI andthedegreeof flexibility left for otherundecidedissues.
If theflexibility is low, thepossibilityof failing to successfullyne-
gotiationonotherissuesincreases.In thatcase,theagentmayhave
to paya decommitmentpenaltyandadditionallygetno reward.

If theissueis thata taskneedsto becontractedto anotheragent,
i.e. “Get Hardware A”, the agentfinds the biggestfree rangefor
this taskand the implication of this rangeon other issues:what
free rangesfor other tasksare consistentwith this range. It re-
serves a reasonableflexibility for every undecidedissueso as to
make other negotiationseasier; it also could reserve reasonable
flexibility for the local scheduleto copewith uncertaintiesin the
executionbehavior of the currentscheduledtasks. Additionally,
the early reward rate ( : ) could be decidedbasedon the flexibil-
ity reasoning. If an earlier finishing time for “Get Hardware A”
increasessignificantlytheflexibility of otherissues,makingother
negotiationmucheasieror makingthelocal schedulemorerobust,
thenthe early reward rateshouldbe setto a large number;other-
wise,a smallnumberis appropriate.Theimportanceof flexibility
meansthatit shouldbeoneof theattributesin negotiation:anagent
needsto decidehow muchflexibility it requiresto bemaintainedor
how muchextra rewardit wantsto gain.

Oncetheconsistentfreerangesarefoundfor eachnegotiationis-
sue,eachnegotiationcanbeperformedduringtheserangeconcur-
rentlywithoutaffectingeachotheror causingconflicts.By finding
freerangesfor eachnegotiationissue,themulti-linkednegotiation
problemis unlinkedinto severalsingleissuenegotiationproblems.
However, this may not always be the bestapproachin every sit-
uation. Anotheralternative approachis for the agentto make the
decisionto sequencetheseissues(not necessarilyoneby one,also
couldbegroupby group)accordingto their importanceor theirur-
gency. This partial sequencingof a setof negotiationissuesleads
to anincreasein thelikelihoodof achieving anoverall solutionthat
solves all the negotiation issuesin an effective manner. For ex-
ample,in Figure1, if theagentknows that the resourcefor “M6”
is sharedby many otherusersandmay have limited availability,
it could find the largestfree rangefor task “M6” andonly leave
other issueswith minimum ranges.This largestrangeis usedin
requestinga resourcefor “M6” soasto increasethepossibilityof
a successfulcontract.Oncethetime slot for this resourceis avail-
able,the rangefor “M6” couldbe reducedto fit its time slot, and
thusotherissuescouldhave largerrangesfor theirnegotiation.

Besidesbuilding the first proposal,the partial-orderschedule
alsocouldbeusedto evaluatecounter-proposalsfrom otheragents.
If thecounter-proposalincludesarangeoutsidetheinitial proposed
range,theagentcancheckif it is consistentwith otherissuesthat
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Figure7: partial-order schedule
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Figure8: partial-order schedulewith an earlier deadline

have alreadybeendecidedor find its implication on thoseunde-
cidedissues,anddecidesif it is acceptable.

Thenext sectionprovidesanextendedexampleto explain these
ideas.

4.2 Indir ectly RelatedIssues
Figure7 shows the partial-orderedschedulewith two nonlocal

tasks“Get HardwareA” and “Get Hardware B”, which are indi-
rectly linked. The largestpossiblerangefor “Get Hardware A” is
[10, 50]; the largestpossiblerangefor “Get HardwareB” is [12,
80]. In this situation,thesetwo rangesareconsistent,they arethe
freeranges.No matterwhattimethey arefinishedator beforetheir
deadlines(theirpostconditiontasksstartnoearlierthantheir dead-
line), therealwaysexistsalocal feasibleschedule(generatedby the
FeasibleSchedulealgorithm):> ¯rµ}FsÀjµ8? Get Software A> À�µ}Ft¤nµ8? Get Software B> Á µ}FtÂnµ8? Install SoftwareA> Âjµ}FsÃjµ8? Shipping Computer A> Ä µ}FtÅnµ8? Install SoftwareB> Åjµ}F8¯Oµjµ�? ShippingComputerB

Sothenegotiationonthesetwo nonlocaltaskscanbeperformed
concurrentlybasedon thesetwo ranges. However, this schedule
hasvery little flexibility , thethreetasks“Shipping Computer A”,
“Install SoftwareB” and“Shipping Computer B” havezeroflex-
ibility , that meansif anything unexpectedhappens(i.e. the task
“Install SoftwareB’ takes a little bit longer time thanexpected),
the whole schedulewill fail. So, during the negotiation, Com-
puter ProducerAgentmaynotwantto build acommitmentexactly
like [10, 50] for “Get Hardware A”, it needsto reserve someflexi-
bility for its local schedule.

Supposethedeadlineof the task“ProduceComputer B” is set
at80,thelargestrangefor “Get Hardware A” is [10, 50], while the
largestpossiblerangefor “Get Hardware B” is [12, 60], asshown
in Figure8. This time, theserangesarenot consistent,sincethe
RangeEvaluationalgorithmfindsit is impossibleto haveafeasible
linearschedulegiventhetimeslot below is overloaded:> Âjµ}FsÃjµ8? Shipping Computer A, Install SoftwareB

The Find NL Rangealgorithm is usedto find the consistence
rangeof thesetwo tasks.Assumethesetasksaresortedaccording
to their flexibility in increasingorder:
F(GetHardware A) = 3
F(GetHardware B) = 3.8
Sotheagentworkson thetask“Get HardwareA” first. Therange
for task“Get Hardware B” is setto aminimumrange(i.e. herethe
minimumrangeis definedasarangewith flexibility 1) [12, 32], so
the task“Get Hardware A” couldfind a largerpossiblerange:the
rangeis found as[10, 50]. After the rangeof “Get Hardware A”
is decided,theFind NL Rangealgorithmfoundtherange[12, 40]
is thelargestrangefor task“Get Hardware B”, which is consistent
with the rangeof “Get Hardware A”. Hencetheconcurrentnego-
tiation could be performedusing thesetwo ranges.On the other
hand,supposetheagentfeelsthat “Get Hardware B” is moreim-
portantthan“Get Hardware A” andis moredifficult to find anac-
ceptablecontract,it couldfirst usethemaximumrange[12, 60] for
‘Get HardwareB” as the basisfor negotiation. The time slot in
the resultingcontractthendefinesthe free rangefor negotiatinga
contractfor “Get Hardware A”.

4.3 Dir ectly RelatedIssues
Figure7 alsoshows examplesof directly-linked issues. Com-

puter ProducerAgentneedsto find a promisedfinish time for the
task“PurchaseComputerA” andtask“PurchaseComputerB”, which
aredirectlylinkedto task“Get Hardware A” andtask“Get Hardware B”
respectively. Theearliest-finish-timecanbe calculatedby assum-
ing that thenonlocaltaskfinishesat its earliestpossibletime, i.e.
the earliest-finish-timefor the task“PurchaseComputerA” is 40
given the task “Get Hardware A” finishedat time 20. However,
this assumptionleaveszeroflexibility for “Get HardwareA” and
hencemay causefailure of the negotiationon this task. Alterna-
tively, theagentcoulddecidehow muchflexibility (f i) it needsto
reserve for eachnonlocaltask(nlt i) basedon following concern:

1. thenegotiationdifficulty of tasknlt i basedon its estimation
andexperience;

2. thedecommitmentcostof thetaskT i (T i is thetaskwhose
planincludesnlt i) ;



Policy Tasks Tasks Task Task Decommit Early Utility
Received Accepted Canceled EarlyFinished Penalty Reward

ComputerProducer 1 60 59 27 33 123 283 391
ComputerProducer 2 60 60 0.5 0 2.9 0 413
ComputerProducer 3 60 60 1.7 53 8.3 297 697
HardwareProducer 1 87 87 27 29 0 36 268
HardwareProducer 2 84 84 9.6 0 0 0 256
HardwareProducer 3 87 87 11 17 0 32 294

Table 1: comparisonof performance

3. theearlyrewardrateof thetaskT i;

Basedon theseconcerns,the rangereserved for task nlt i could
be: [nlt i.est,nlt i.est+ (1+f i)*nlt i.processtime]. Sortingtasks
T i by theearly reward ratein decreasingorder, thepromisedfin-
ish time of taskT i canbecalculatedusingtheFeasibleSchedule
algorithm.

In this example,assumingthat ComputerProducerAgent de-
cidesto reserve flexibility 1 for eachof nonlocaltask,andalsode-
cidestocalculatethefinishtimeof thetask“PurchaseComputerA”
first becauseit hasa higherearlyfinish reward rate,thenwe have
following results:

1. Therangereservedfor “Get Hardware A” is [10, 30];

2. Thefinish time for “PurchaseComputerA” is 50, theearly
rewardit will getis: (70-50)*0.01*10= 2;

3. Therangereservedfor “Get Hardware B” is [12, 32];

4. Thefinish time for “PurchaseComputerB” is 70, theearly
rewardit will getis: (100-70)*0.005*10= 1.5;

Thelocal feasiblescheduleis:> ¯rµ}FsÀjµ8? Get Software A> À�µ}Ft¤nµ8? Get Software B> ¤jµ}FxÆ'µ8? Install SoftwareA> Ænµ}F Á µ8? Shipping Computer A> Á µ}FtÂnµ8? Install SoftwareB> Âjµ}FsÃjµ8? Shipping Computer B

Basedonaboveschedule,therangefor “Get Hardware B” could
be updatedas [12, 50] sinceit doesnot needto be finishedbe-
fore time 50. All thesefour issuescanbenegotiatedconcurrently
basedontheaboveresults.Ontheotherhand,if thedecommitment
penaltyfor “PurchaseComputerA” and“PurchaseComputerB”
is high andthescheduleof HardwareProducerAgent is busy, the
agentcouldfirstnegotiateon“Get Hardware A” and“Get HardwareB”
andsubsequentlynegotiateon “PurchaseComputerA” and“Pur-
chaseComputerB”, .

5. EXPERIMENT
We have implementedanagentarchitectureincludingtheagent

controller, agentnegotiaterandexecutioncomponents.All above
algorithmsandproceduresassociatedwith reasoningaboutthepartial-
orderschedulehave beenimplementedsoasto enablethereason-
ing in themulti-linkednegotiationprocessasindicatedin theexam-
plesdescribedpreviously. We designedthe following experiment
to studyhow thedifferentnegotiationstrategieswhich involve dif-
ferentreasoningefforts affect theagent’s performance.

The experimentalenvironmentis setup basedon the scenario
describedin Section2. Three agentswere built using the JAF
agentframework [9]. New taskswere randomlygeneratedwith

decommitmentpenaltyrate�Ç_ > µ�FO¯s? , earlyfinish rewardrate :J_> µ}Fxµ�w�¯t? , anddeadline���q_ > Æ Á FO¯Oµ Á ? , andarrive at the contractee
agentsperiodically. The local schedulerof theagentschedulesall
incomingnew taskaccordingto theirearliest-start-times,deadline,
processtimesandtherewardsandgeneratesanagenda(i.e. agenda
on page3) including the acceptedtasks. From this agenda,the
agentcanfind thescheduledfinish time of eachtask.It couldcon-
tinue thenegotiationabouttheseincomingtasksjust basedon the
informationfrom this agendawithout further reasoningaboutthe
detailedplan for eachtask(Actually, that is what the agentdoes
when using the “Earliest-Finish-Time Policy” and the “Deadline
Policy”). At thesametime,if thelocalplanof theseacceptedtasks
involvesany nonlocaltasknlt, thentheFind NL Rangeprocedure
is usedto find theearliest-start-timeandthedeadlineof thetasknlt,
the agentwould thenstartnegotiationwith the otheragentabout
tasknlt basedon this timerange.

In thisexperiment,ComputerProducerAgentneedsto dealwith
themulti-linkednegotiationissuesrelatedto theincomingtask“Pur-
chaseComputer”andtheoutgoingtask“Get Hardware”. Thefol-
lowing threedifferentnegotiationstrategiesweretested:

1. Earliest-Finish-Time Policy. The agentfinds the scheduled
finish time of thetaskfrom its agendaandpromisesit asthe
finish time in thecontractwith theintentionto maximizethe
earlyfinish reward.

2. DeadlinePolicy. Theagentpromisesthefinish timewhich is
thesameasthedeadlineof thetaskwith no considerationof
theearlyfinish reward.

3. Flexibility Policy. The agentanalyzesits detailedpartial-
orderschedule,if nonlocaltasksarefound, it arrangesrea-
sonableflexibility (1, in this experiment)for eachnonlocal
task,andbasedonthisarrangement,thefinishtimeof thein-
comingtaskis decidedandpromisedto thecontractoragent.

In above all threecases,the multiple negotiationsareperformed
concurrentlybasedon the free rangesfound by the partial-order
schedule.However, with thefirst two policies,theagentdoesnot
reasonabouttheinteractionamongissuesor managingtheflexibil-
ities for eachissue.

Theexperimentsareperformedin theMASSsimulatorenviron-
ment[3]. Everygroupexperimenthasthesystemrunningfor 1000
time clicks threetimes,eachtime usingoneof the threedifferent
polices.Table1 shows thecomparisonof theagent’s performance
usingdifferencepolicies.For theComputerProducerAgent,who
hasmulti-linked negotiation issues,the flexibility policy is obvi-
ously betterthantheothertwo policies; it getsmoreearly reward
andpaysfewerdecommitmentpenalties.8 ForHardware ProducerAgent,È
Using t-test, With the 0.01 Alpha-level, the following hy-

pothesisis accepted: when using the flexibility policy, Com-
puter ProducerAgent achieves an extra utility that is more than



theEarliest-Finish-Time Policy andtheFlexibility Policy make no
differenceÉ to theagent’sdecisionmakingprocesses,sincetheagent
hasno sub-contractedtask that needsconsideration.The reason
thattheEarliest-Finish-TimePolicy provideslessutility is because
theComputerProducerAgentcancelsmoretaskrequests(because
the finish times HardwareProducerAgent could provide are too
late) andhencethe Hardware ProducerAgent hasfewer tasksto
performandgainsthat the lessreward. Theseexperimentshows
that in a multi-linkednegotiationsituation,it is very importantfor
the agentto reasoningaboutrelationshipamongdifferentnegoti-
ation issuesand leave reasonableflexibility for them. This type
of reasoningsdecreasesthelikelihoodof decommitmentfor previ-
ouslysettledissuesandthusgainsmoreutility.

6. RELATED WORK
Toourknowledge,thereisnowork thathasaddressedthedirectly-

linked relationshipin thenegotiationprocess.Thereis somework
thattakesintoaccounttheindirectly-linkedrelationshipamongmul-
tiple negotiationissues.Level commitment[5]allows agentto de-
commit by paying a decommitmentpenalty. A statisticalmodel
is usedto predictfutureeventsso that the agentcancalculatethe
opportunisticcost for the currentcommitment.Whena new task
arrives,theagentcanbacktrackfrom its previousdecisionby pay-
ing a decommitmentpenaltyto get a better local solution. Also
Sandholm[6]hasdevelopeda complex contracttype - clustering-
swap-multiagent(CSM contract)which allows tasksto be clus-
tered,andthenswappedbetweenagentsandevencirculatedamong
agents. He hasproved that this CSM-contractsis sufficient for
reachingglobaltaskallocationoptimumin a finite numberof con-
tracts. This work dealswith indirectly-linked issuesby introduc-
ing complicatedcontracttypes,however it doesnot reasonabout
theinterrelationshipamongtasksandtheinfluenceof thetemporal
constraintson tasksasin our work. In researchon thedistributed
meetingscheduling[7] problem,multiple meetingschedulingses-
sionswereallowed to going on concurrently. Two differentcom-
mitmentstrategieswereexplored:onewheretheagentblockedthe
proposedtime andtheotherwherethe time wasnot blocked until
an agreementis reached.Adaptive selectionof the commitment
strategy accordingto environmentfactorsis recommended.How-
ever, in both of theseworks, the agentdoesnot explicitly reason
abouttherelationshipamongdifferentissuesundernegotiation.In
order to proposeoffers or counter-offers to minimize the conflict
andoptimizethecombinedoutcome.

Ourpartial-orderschedulework is relatedto theGraphicalEval-
uationandReview Technique(GERT) [4] which is usedfor project
schedulingandmanagement.Thebig differencebetweenthiswork
andoursis thatthiswork is notorientedto negotiation,all activities
arelocal andcanbemanagedwith authority, thusthey do not rea-
sonaboutfree ranges,consistentrangesandscheduleflexibilities
which we feel arecritical for agentto effectively managemulti-
linkednegotiation.

7. CONCLUSION AND FUTURE DIRECTIONS
In thispaper, wehavestudiedmulti-linkednegotiationandlooked

atdifferentrelationshipssuchasdirected-linkedandindirectly-linked
relationships.We built a partial-orderschedulerepresentationand
a setof relatedalgorithmasa toolkit to dealwith multi-linkedne-
gotiation.Additionally, weexploredhow flexibility is animportant
factorin successfulnegotiationandhow the agentusereasonable

64%of theutility gainedwhenusingthe theEarliest-Finish-Time
Policy.

flexibility strategy basedon allocatingflexibility to linked nego-
tiation issuesso as to achieve higherperformance.In the future
work, we would like to studyhow flexibility helpsan agentdeal
with uncertaintyin executionof taskandthearrival of new tasks.
In thiswork, we assumedthatlocal taskexecutionwasdeterminis-
tic which is not truefor mostapplicationdomains.We alsoplanto
usea morecomplex measureof flexibility [2] which characterizes
theinteractionamongtasksbesidethetime issue.Additionally, we
would like to studywhat is a goodstrategy for anagentto decide
whetherto performall negotiationissuesconcurrentlyandif not,
whatsequenceshouldthey bedone.We alsowant to explorehow
meta-level informationaboutotheragent’s loadswouldhelpin this
decision-makingprocess.
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