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ABSTRACT

Multi-link ednegotiationdescribessituationwhereoneagenneeds
to negotiatewith multiple agentsaboutdifferentissuesandthene-
gotiationover oneissueinfluencesthe negotiationsover otheris-
sues.Multi-link ed issueswill becomemportantfor the next gen-
erationof morecomplicatedMulti-Agent SystemsHowever, most
currentnegotiationresearcHooks only at singleissuenegotiation
andthusdoesnot presentechniquego reasonand managemulti-
linkedissuesln this paperwe presentaitechniqueébasedntheuse
of a partial-orderscheduleand a measureof the schedulecalled
flexibility, which enablesan agentto reasonexplicitly aboutthe
interactionsamongmultiple negotiationissues.We shov how an
agentusesthe partial-orderscheduleto effectively manageinter-
actingnegotiationissues;andhow theflexibility is a key measure
for orderingandmanagingnegotiationissues.Experimentalwork
is presentedvhich shaws this managementechniquefor multi-
linked negotiationleadsto improved performance.

Keywords
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1. INTRODUCTION

Negotiation,aninteractve communicatioramongparticipantso
facilitateadistributedsearchprocessis animportanttechniquehat
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Figure 1: Directly Link ed Relationship

is usedto effectively coordinatehe behaior of cooperatie agents
in a Multi-Agent System(MAS) Negotiationis usedfor taskallo-
cation,resourcallocationandconflictresolution.Multi-link edne-
gotiationdealswith multiple negotiationissuesvhentheseissues
areinterconnectedln a multi-task,resourcesharingervironment,
anagentneedgo dealwith multiple relatednegotiationissuesin-
cluding: task contractedo otheragents,task requestedy other
agents external resourcerequirementdor local actiities andin-
terrelationshipamongactiities distributedamongmultiple agents.
Theseissuesarerelatedto eachother Theresultof oneissueinflu-
enceghe possiblesolutionsfor the otherissues.
Therelationshipsamongthesenggotiationissuescanbe classi-
fied astwo types. Onetype of relationshipis the directly-linked
relationship: issueB affectsissueA directly becausassueB is
a necessaryesource(or a subtask)of issueA, the characteristics
(suchas cost, durationand quality) of issueB directly affect the
characteristicof issueA. For example,aspicturedin Figure 1%,
agentA hasa nonlocaltask“Task3” contractedo agentB while
agentB needsto subcontractM7” (a subtaskof “Task3")to an-
otheragentandrequesta resourcefor “M6” (anothersubtaskfor
“Task3")throughnegotiation. FromagentB's viewpoint, thenego-
tiationwith theagentwho performs‘M7” andthe nggotiationwith
theagentwho controlsthe resourceneededor “M6” have a direct
influenceon the negotiationwith agentA on “Task3” sincewhen
andhow “M7” will be performedandwhentheresourcdor “M6”
is availableaffectwhenandhow “Task3”canbeperformed.
Anothertypeof relationships theindirectly-linked relationship:
issuel relatesto issue2 becausdahey competefor useof a com-
mon resource. For example,as shavn in Figure 2, agentA has
a nonlocaltask“M2” contractedto agentC while agentB hasa

'All taskplansshavn in this paperusethe T/EMS languagd1],
whichis alsousedin ourimplementatiorandexperiments.
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nonlocaltask“M4” contractedo agentC, becauseof the limited

capabilityof agentC, when“M2” will be performedindirectly af-

fectswhen“M4” canbe performed.Figure3 describesa situation
wherethereare interactionsamongdirectly-linked andindirectly-

linked issues. Agent B hastwo nonlocaltasks: “M2” contracted
to agentA and“M4” contractedo agentC. If thefacilitates rela-

tionshipbetween'M2” and“M4” is exploited, the negotiationon

“M2" andthe ngyotiationon “M4” aredirectly-linked, otherwise,
they areindirectly-linked

In general,multi-linked negotiation (including both the direct-
linked andindirect-linked relationshipsyescribesituationswhere
oneagentneedgo negotiatewith multiple agentaboutdifferentis-
sueswherethe negotiationover oneissuehasinfluenceon the ne-
gotiationsover otherissues.The commitmenton oneissueaffects
the evaluationof a commitmentor the constructionof a proposal
for anotherissue.

How cananagentdealwith thesemultiple relatednegotiationis-
sues?Oneapproacthis to dealwith theseissuesndependentljust
like separatedssuesjgnoringtheir interactions.|If thesenegotia-
tions are performedconcurrentlytherecould be possibleconflicts
amongtheseissueshencetheagentmaynotbeableto find acom-
bined solutionthat satisfiedall issueswithout re-negotiation over
somealready“settled” issues. For example,in Figure 1, agentB
negotiateswith agentA andpromisego finish “Task3”by time 20,
meanwhileagentB also negotiateswith other agentabout“M7”
andgetsacontracthat“M7” will befinishedattime 30,thenagent
B findsit isimpossiblefor “Task3”befinishedby time 20 givenits
subtask'M7” will befinishedattime 30. To reducethelikelihood
that this type of conflict could occur thesenegotiationscould be
performedsequentiallythis meansthat the agentonly dealswith
oneneggotiationissueat atime, andlater negotiationsarebasedon
the previous negotiationresults. However, this sequentiaprocess
is not a panacea.First of all, the negotiation processakes much
longertime whenall theissuesneedto be negotiatedsequentially

2 A facilitatesrelationshigfrom “M2” to “M4” meanghatthecom-
pletionof “M2” will positively affecttheexecutionM4” by reduc-
ing its cost,shorteningts processime and/orimproving its quality.

potentially using up valuabletime and secondlythereis no guar
anteeof finding an optimal solutionor even whetherary possible
solutionwill be found. The latter problemcanoccurif the agent
doesnot reasonaboutthe orderingof the negotiation issuesand
just treatsthem asindependentssueswith their orderingbe ran-
dom. In this situation, the resultfrom the previous negotiations
may make thelater negotiationissuesvery difficult or evenimpos-
sible. For instance,in Figure 1, if agentB first negotiatesabout
“Task3" beforestartingthe negotiationson “M6” and“M7”, and
the promisedfinish time of “Task3" resultsin tight constrainton
the resourcerequestof “M6” and the negotiationon “M7”, then
thesenggotiationmay fail andthe commitmenton “Task3” hasto
be decommitted.Onemore problemis the difficulty in evaluating
acommitmentgiven thatlatterissuesareundecidedandit is thus
hardfor theagentto find alocal solutionthatwill contribute effec-
tively to the constructionof a goodglobal solution. For example,
in Figure3, agentB hastwo non-localtasks task“M2” contracted
to agentA andtask“M4” contractedo agentC. If “M2” couldbe
finishedbefore“M4” starts,it will reducethe processingime of
“M4” by 50%. SupposeagentB first negotiateswith agentC and
thennegotiateswith agentA; throughthe nggotiationwith agentC,
it is decidedthat“M4” startsat time 20 andfinishesby time 40,
but thenit is found thattask“M2” couldfinish attime 25. Given
this latter information, if the startof “M4” is delayedto time 25,
“M4" actually could be finishedat time 35 becausehe facilitates
effect. But this solutionwouldn't be foundif the agentignoresthe
interactionsamongthesenegotiationissues.

Theseprevious examplesshav us how importantit is for an
agentto reasonaboutthe interactionsamongdifferentnegotiation
issuesandmanageéhemfrom amoreglobalperspectie. If doneef-
fectively, this permitsthe agentto minimize the possibility of con-
flicts amongthesedifferentnegotiationissues,and achieve better
performance.In this paper we introducea partial-orderschedule
(seeSection3) asa basicreasoningool for the agentto dealwith
multi-linked negotiation. It canbe usedto reasonaboutthe influ-
enceof a commitmentof oneissueon othernegotiatingissues.lt
alsocanbeusedto reasoraboutthe parameteassociatevith each
negotiationissuein termsof the rangeof acceptablanswerdor a
commitmentandhow it affectstheflexibility availablefor anagent
to schedulgandrescheduleits local actiities.

The reminderof this paperis structuredin the following man-
ner. Section2 introducesa supply chainscenaricthat usedasan
exampleto explain theideas.Section3 presentshe definitionof a
Partial-OrderScheduldPOS)andrelatedalgorithms.Sectiord de-
tails how themulti-linked negotiationworksusingthe partial-order
scheduleandrelatedreasoningools. Section5 reportsthe experi-
mentalwork to evaluatetheeffect of differentnegotiationstrategies
ontheagents performanceSection6 discusseaboutrelatedwork
andSection7 concludesaindpresentshe areaof furtherwork.

2. THE SCENARIO

We usethe following supply chainexampleto explain our ap-
proachto solvingasituationinvolving multi-linked negotiationsit-
uation. However, the following algorithmandthe negotiationpro-
cessare domain-independerand not restrictedto this examplé.

%In this paper the term“contracteeagent’refersto the agentwho
performsthetaskfor anotheragentandgetsrewardedfor success-
ful completionof the task; “contractoragent”refersto the agent
who hasa taskthat needsto be performedby anotheragentand
paysthe reward to the otheragent. The contractoragentandthe
contracteeagentnegotiateaboutthe taskanda contractis signed
(a commitmentis built andconfirmed)if anagreemenis reached
duringthe negotiation.
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Considerthe following examplewhere agentswith interrelation-
shipshavn in Figure4.

e ConsumerAgent: generateswo typesof new tasks: “Pur-
chaseComputertaskfor theComputerProducerAgent,“Pur-
chaseParts” task for the Hardware ProducerAgent. Each
taskincludesfollowing information:

deadlineg(dl): thelatest-start-timdor thetask.

— reward(r): if thetaskis finishedasthe contractrequestedthe
contracteagentwill getrewardr.

— decommitmenpenaltyrate (p): If the contracteeagentcan
not performthe taskasit promisedin the contract(i.e. the
task could not finish by the promisedfinish time), it paysa
decommitmenpenalty(r * p) to the contractoragent;if the
contractoragentneedgo cancelthe contractafterit hasbeen
confirmed,it needsto paya decommitmenpenalty(r * p) to
thecontracteeagent.

— earlyfinish rewardrate (e): If the contracteeagentcanfinish
thetaskby thetime (ft) asit promisedn the contract,it will
gettheextraearlyfinishreward: maz(e * r * (dl — ft),r)*
in additionto therewardr.

e ComputerProducerAgent: receves “PurchaseComputer”
task from the ConsumerAgent, decidesif it shouldaccept
this taskandif it does,whatthe promisedfinish time of the
taskshouldbe. Figure4 shavs the local planfor producing
computersijt includesa nonlocaltask“Get Hardware” that
requiresnegotiationwith the Hardware ProducerAgent.

e Hardware_ProducerAgent: recevestwo typesof tasks:“Get

earlieststarttime: 12 (arrival time+ estimatedegotiationtime(5))
deadline:100

reward: r=10

decommitmenpenaltyrate: p=0.6

earlyfinishreward rate: e=0.005

The agents local scheduler[8freasonsaboutthesetwo new tasks
accordingto above information: their earlieststarttimes,deadline,
estimatedprocesgimes and the rewards,generateshe following

agendawvhichincludestheacceptedasks:

[10,50] PurchaseComputerA
[50,90] PurchaseComputerB

This agendais only a high level plan anddoesnot includethe
executiondetails. The ComputerProducerAgentchecksthelocal
plansfor thesetasksasshavn in Figure5 andfindstherearefour
issueghatneednegotiation:

1. Negotiatewith ConsumerAgent aboutthe promisedfinish
time of “PurchaseComputerA”;

2. Negotiatewith ConsumerAgent aboutthe promisedfinish
time of “PurchaseComputerB”;

3. Negotiatewith Hardware ProducerAgentabout‘Get Hardware A™:

whetherHardware ProducerAgent canacceptthis taskand
whenit canbefinished;

4. Negotiatewith Hardware ProducerAgentabout‘Get Hardware B":

sameconcernasaborve.

Hardware”from theComputerProducerAgentand“PurchasePars” 1 asefour issuesare all related. “Get Hardware A" and“Pur-

from the ConsumerAgent. It decideswhetherto accepta
new taskandwhatthe promisedfinish time for the taskis.

SupposeComputerProducerAgent hasreceved the following
two tasks:
taskname: PurchaseComputerA
arrival time: 5
earlieststarttime: 10 (arrival time+ estimatedhegotiationtime(5)¥
deadline:70
reward: r=10
decommitmenpenaltyrate: p=0.5
early finishreward rate: e=0.01
taskname: PurchaseComputerB
arrival time: 7

4For eachtime unit the taskfinishesearlierthanthe deadline the
contracteeagentget extra reward e * r, but the total extra reward
would exceedtherewardr.

5Thetaskshouldnot startuntil the contracthasbeenconfirmed

chaseComputerA” aredirected-linked, soare“Get Hardware B”

and“PurchaseComputerB”; “Get.Hardware A" and“Get Hardware B”

areindirected-linled, soare“PurchaseComputerA” and

“PurchaseComputerB”. We next shav how ComputerProducerAgent

dealswith thesemulti-linked negotiation issuesusing a partial-
orderscheduleandrelatedreasoningools.

3. PARTIAL-ORDER SCHEDULE

A partial-orderschedulds the basicreasoningool thatwe use
for multiple relatednegotiations.Herewe presentheformalization
of the partial-orderscheduleandusean exampleto explain how it
works for a multi-linked negotiation. Figure 6 shaws the partial-
orderedscheduldrom theexamplein Figure5.

A Partial-Order Sthedulerepresenta groupof taskswith spec-
ified precedenceelationshipamongthemusinga directedagyclic
graph:G = (V, E). V = {u}, eachvertexin V represents task.
E = {< u,v > |P(u,v) A(u,v € E)}. Eachedge(u, v) in E
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denotegheprecedenceelationshipbetweertasku andtasky, that
is tasku hasto befinishedbeforetaskv canstart.

Task(t) is representedsa nodein the graph,it is the basicel-
ementof the schedule.A task(t) needsa certainamountprocess
time ( t.procesgime ). A taskcanbe a local taskor a nonlocal
task: a local taskis performediocally (i.e, the “Get.Software A”
task)anda nonlocaltask(i.e. the “Get. Hardware _A” task)is per
formedunlocallyhencedoesnot consumdocal procesgime.

ThePreconditionoftaskt is asetof tasksthatneedo befinished
beforetaskt canstart: Pre(t) = {s|]s € G A < s,t >€ E} ,task
t canstartonly afterall tasksin Pre(t) have beenfinished.For ex-
ample,the preconditionof task“Install_Software A” includestask
“Get.Hardware A" andtask“Get_Software A”.

The Postconditionof taskt is a setof tasksthat only canstart
aftertaskt hasbeenfinished: Post(t) = {r|r € G\ < t,r >€
E}. For example,the postconditionof task “Install_Software A’
includestask“Shipping_Computer.A”.

A taskt hasconstraintsof earliest-start-timet.est) and dead-
line (t.dl). Theearliest-start-timef taskt (t.est)is determinedby
the earliest-finish-timeof it’s precondition( e ft[Pre(t)] ) andits
outside-earliest-start-timmnstraint t.est_o ):
t.est = maz(eft[Pre(t)],t.est_o);

Theearliest-finish-timef ataskt ( t.eft ) is definedas:

t.eft = t.est + t.process_time;

The earliest-finish-timeof a setof tasksV ( eft[V] ) is definedas
theearliestpossibleimeto finish every taskin thesetV, it depends
on the earliest-start-timandthe durationof eachtask. For exam-
ple, in Figure6, outside-earliest-start-timeonstraintfor task“In-
stalLSoftware A” is 10 ( samaeasits supettask'PurchaseComputerA”),

theearliest-finish-timdor its preconditions 20 (assuméGet_ Hardware
_A” couldfinish atits earliestpossibletime), thenthe earliest-start-
time for task“Install_Software A" is 20.

The deadlineof taskt ( t.dl ) is determinecby the latest-start-
time of its postcondition( Ist[Post(t)] ) andits outside-deadline-
constraint( t.dl o ):

t.dl = min(lst[Post(t)],t.dl_o);

Thelatest-start-timef ataskt (Ist(t) ) is definedas:

t.lst = t.dl — t.process_time;

The latest-start-timef a setof tasksV ( Ist[V] ) is definedasthe
latesttime for thetasksin this setto startwithout ary taskmissing
its deadline,it dependson the deadlineand the durationof each
task.

TheFlexibility of Taskt representthe freedomto move thetask

aroundin this schedule.
__ t.dl—t.est—t.process_time
F(t) - t.process_time

For example,F (Get_So ftware_A) = 30=13=10 — 3,

The Flexibility of a SheduleS measureghe overall freedom
of this schedule,it is the sum of the flexibility of eachactiity
weightedby its procesgime of the procesgime of the schedule.
The flexibility of the taskwith a longerprocesgime hasa bigger
influenceon theflexibility of theschedule.

F(S) — Etes F(t) t.process_time

A FeasibleLinear schedulé is atotal orderedschedulef all ac-

Spartial-OrderScheduléds arepresentatioandreasoningool of a
group of tasksand their interrelationshipjt is not an executable
schedulefor the agent. To translatea partial-orderscheduleto
anexecutabldinear scheduletherearetwo differentassumptions:



tivitieswith or withoutinterruptibleactiities, thatfulfills following
conditions:

e Eachtaskt takesn (n>=1) time periods(pi,i = 1, ...n )for
execution,y, p; = t.processtime ;

e All precedenceelationshipsarevalid;
e All ESTandDL constraintsarevalid;

A partial-ordesschedulés a Valid Partial-Order Steduleif there
exists at leastone feasiblelinear schedulethat can be produced
from this partial-orderschedulewithout additionalconstraintand
with the interruptible execution assumption. Without additional
constraintand with the interruptible executionassumptionfor a
taskt with therange[EST, DL], no matterwhattime ¢ is executed
duringthisrange thereexistsatleastonefeasiblesequentiabched-
ule thatcanbe producedrom this partial schedulethentherange
[EST, DL] for tis afree-mange becauséaskt canbe executeddur-
ing ary periodin thisrange.

We have built the following algorithmsto supportthe negotia-
tion basedon the partial-orderedschedule. The details of these
algorithmaredescribedn [10].

e Propaggate ESTDL: Given a set of taskswith the outside
constrainsof the earliest-start-timeand deadline,the dura-
tion of every taskandthe precedenceelationshipamongthe
tasksfind thet.estandt.dl for eachtaskt accordingo above
definition.

e FeasibleSthedule Translatea partial-orderscheduleinto
anexecutabldinear scheduldf the partial-orderschedulas
valid, otherwisereportfailure.

e Range Evaluation Find if a partial-orderscheduleis valid
withouttrying to find afeasiblelinearschedule.

e Find_NL_Rang: Findthebiggestfreerangefor tasknlt in a
partial-orderschedule.;

4. MULTI-LINKED NEGOTIATION

4.1 Generalldeas

To dealwith the multiple relatednegotiation issues,the agent
needsto analyzethe relationshipsamongthesenegotiationissues
and find what is the influenceof one issueon the others. First,
theagentbuilds a partial-orderschedulencludingthedetailedplan
for every taskon the agendawhich is generatedy the agents lo-
cal scheduler so that the agentknows what thesetasksare and
how they arerelatedto eachother The agentsortsits currentne-
gotiationissuesaccordingto theirimportancetheir flexibilities or
the difficulties of negotiation processes and finds the influence
of the previousissueon the laterissues. If theissueis a taskre-
questecdby anotheragent,i.e. “PurchaseComputerA”, the agent

the taskis interruptibleor UN-interruptible. The interruptibleex-

ecution assumptionis that the agentcan switch to anothertask
during the executionof onetask,andit canswitch backat some
point and continuethe executionof theincompletetask. The UN-

interruptible executionassumptiordoesnot allow executionof a
taskto be splitinto parts.In our work herewe adopttheinterrupt-
ible executionassumption.

"Meta level information is helpful for agentto estimatethe
difficulty of the negotiation process. For example, Com-
puterProducerAgentcouldcheckwith Hardware ProducerAgent
to find its flexibility for the next N time units andthusbe ableto
male a goodguessabouthow easyit is to get“Get.Hardware A"

and“Get_Hardware B” finishedduringnext N time units.

finds the earliest-finish-timgeft_a) for this taskusingthe partial-
orderschedulethentheagentreasonsboutwhatthepromisedin-
ish time (pft_a) shouldbasedon the following concerns First, the
promisedfinish time (pft_a) shouldbe not earlierthanthe earliest-
finish-time(eft.a) andnotlaterthanthedeadling(dl_a). e ft_.a <=
pft.a <=dl.a,letsassumeft.a = eft_a + z, x is anumber
to be decided(0 <= z <= (dl_a — eft_a)). 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 thecommitmenbf pft_aleavestask
“Get Hardware A” avery smallfreerangeandmakesthe negotia-
tion difficult, theagentouldincreasex to allow task“Get_Hardware A”
have abiggerfreerange.If thecommitmentof pft_aimpliesafin-
ishtime thatis too late for task“PurchaseComputerB”, theagent
could increasex to provide an earlier finish time for task “Pur-
chaseComputerB”. Theagentalsoneedgo reasoraboutthe bal-
ancebetweertheamountof earlierrewardit couldgete * (dl_a —
pft-a) andthedegreeof flexibility left for otherundecidedssues.
If theflexibility is low, the possibility of failing to successfullyne-
gotiationon otherissuesncreasesln thatcasetheagentmayhave
to payadecommitmenpenaltyandadditionallygetno reward.

If theissueis thatataskneedsgo be contractedo anotheragent,
i.e. “Get.Hardware A”, the agentfinds the biggestfree rangefor
this task and the implication of this rangeon otherissues: what
free rangesfor other tasksare consistentwith this range. It re-
senes a reasonabldlexibility for every undecidedssueso asto
male other ngyotiationseasier;it also could resere reasonable
flexibility for the local scheduleto copewith uncertaintiesn the
executionbehaior of the currentscheduledasks. Additionally,
the early reward rate (e) could be decidedbasedon the flexibil-
ity reasoning.If an earlierfinishing time for “Get.Hardware A"
increasesignificantlythe flexibility of otherissuesmakingother
negotiationmucheasieror makingthelocal schedulemorerobust,
thenthe early reward rate shouldbe setto a large number;other
wise, a smallnumberis appropriate The importanceof flexibility
meanghatit shouldbeoneof theattributesin negotiation: anagent
needso decidehow muchflexibility it requiresto bemaintainecor
hov muchextrarewardit wantsto gain.

Oncetheconsistenfreerangesarefoundfor eachnegotiationis-
sue,eachnegotiationcanbe performedduringtheserangeconcur
rently without affecting eachotheror causingconflicts. By finding
freerangedfor eachnegotiationissue the multi-linked negotiation
problemis unlinkedinto severalsingleissuenegotiationproblems.
However, this may not always be the bestapproachin every sit-
uation. Anotheralternatve approachs for the agentto make the
decisionto sequenc¢heseissuegnot necessarilyoneby one,also
couldbegroupby group)accordingo theirimportanceor their ur-
geng. This partial sequencingf a setof negotiationissuedeads
to anincreasen thelikelihoodof achiezing anoverall solutionthat
solwes all the negotiationissuesin an effective manner For ex-
ample,in Figurel, if the agentknows thatthe resourcefor “M6”
is sharedby mary otherusersand may have limited availability,
it could find the largestfree rangefor task“M6” andonly leave
otherissueswith minimum ranges. This largestrangeis usedin
requestinga resourcefor “M6” so asto increasehe possibility of
asuccessfutontract.Oncethetime slot for this resources avail-
able,therangefor “M6” could be reducedo fit its time slot, and
thusotherissuescouldhave largerrangedor their negotiation.

Besideshbuilding the first proposal,the partial-orderschedule
alsocouldbeusedto evaluatecounterproposaldrom otheragents.
If thecounterproposaincludesarangeoutsidetheinitial proposed
range the agentcancheckif it is consistenwith otherissuesthat
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have alreadybeendecidedor find its implication on thoseunde-
cidedissuesanddecidedf it is acceptable.

The next sectionprovidesan extendedexampleto explain these
ideas.

4.2 Indir ectly RelatedIssues

Figure 7 shaws the partial-orderedschedulewith two nonlocal
tasks“Get.Hardware A” and “Get.HardwareB”, which areindi-
rectly linked. Thelargestpossiblerangefor “Get. Hardware A” is
[10, 50]; the largestpossiblerangefor “Get. Hardware B” is [12,
80]. In this situation,thesetwo rangesare consistentthey arethe
freerangesNo matterwhattime they arefinishedator beforetheir
deadlinegtheir postconditiortasksstartno earlierthantheir dead-
line), therealwaysexistsalocalfeasibleschedulégeneratedby the
FeasibleSchedulelgorithm):

[10, 20] GetSoftware_A

[20, 30] GetSoftware_B

[50, 60] InstalLSoftware A

[60, 70] Shipping_-Computer A
[80, 90] InstalLSoftware B

[90, 100] ShippingComputerB

Sothenggotiationon thesetwo nonlocaltaskscanbe performed
concurrentlybasedon thesetwo ranges. However, this schedule
hasvery little flexibility, the threetasks“Shipping _Computer A",
“Install_Software B” and“Shipping_Computer.B” have zeroflex-
ibility, that meansif anything unexpectedhappengi.e. the task
“Install_Software B’ takes a little bit longertime than expected),
the whole schedulewill fail. So, during the negotiation, Com-
puter ProducerAgentmaynotwantto build acommitmengexactly
like[10, 50] for “Get.Hardware A", it needgo resene someflexi-
bility for its local schedule.

Supposehe deadlineof the task“ProduceComputer_B” is set
at80, thelargestrangefor “Get. Hardware A" is [10, 50], while the
largestpossiblerangefor “Get_ Hardware B” is [12, 60], asshavn
in Figure 8. This time, theserangesare not consistentsincethe
RangeEvaluationalgorithmfindsit isimpossibleto have afeasible
linearscheduleggiventhetime slot belaw is overloaded:

[60, 70] Shipping_-Computer_A, InstalLSoftware B

Shipping_Computer_B

[70, 80]

The FindLNL_Rangealgorithmis usedto find the consistence
rangeof thesetwo tasks.Assumethesetasksaresortedaccording
to their flexibility in increasingorder:

F(GetHardware A) =3

F(GetHardwareB) = 3.8

Sotheagentworkson thetask“Get Hardware A” first. Therange
for task“Get_ Hardware B” is setto aminimumrange(i.e. herethe
minimumrangeis definedasarangewith flexibility 1) [12, 32], so
thetask“Get.Hardware A" couldfind alarger possiblerange:the
rangeis found as[10, 50]. After the rangeof “Get.Hardware A"
is decided the Find_NL _Rangealgorithmfoundtherange[12, 40]
is thelargestrangefor task“Get Hardware B”, whichis consistent
with therangeof “Get_ Hardware A”. Hencethe concurrentnego-
tiation could be performedusing thesetwo ranges. On the other
hand,supposéehe agentfeelsthat“Get. Hardware B” is moreim-
portantthan“Get.Hardware A” andis moredifficult to find anac-
ceptablecontract,t couldfirst usethe maximumrange[12, 60] for
‘Get.Hardware B” asthe basisfor negotiation. The time slot in
the resultingcontractthendefinesthe free rangefor negotiatinga
contractfor “Get. Hardware A”.

4.3 Directly RelatedIssues

Figure 7 also shawvs examplesof directly-linked issues. Com-
puterProducerAgent needsto find a promisedfinish time for the
task“PurchaseComputerA” andtask‘PurchaseComputerB”, which
aredirectlylinkedtotask“Get_ Hardware A" andtask‘Get_ Hardware B”
respectiely. The earliest-finish-timecanbe calculatedby assum-
ing thatthe nonlocaltaskfinishesat its earliestpossibletime, i.e.
the earliest-finish-timeor the task “PurchaseComputerA” is 40
given the task “Get. Hardware A” finishedat time 20. However,
this assumptioreaves zeroflexibility for “Get. Hardware A” and
hencemay causefailure of the negotiation on this task. Alterna-
tively, theagentcould decidehow muchflexibility (f_i) it needsto
resene for eachnonlocaltask(nlt_i) basedon following concern:

1. thenggotiationdifficulty of tasknlt_i basedn its estimation
andexperience

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



Policy Tasks Tasks Task Task Decommit| Early | Utility
Receved | Accepted| Canceled| Early Finished| Penalty | Reward

ComputerProducer 1 60 59 27 33 123 283 391
ComputerProducer| 2 60 60 0.5 0 29 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 rangeresened for tasknlt_i could
be: [nlt_i.est, nlt.i.est+ (1+f_i)*nlt _i.processtime]. Sortingtasks
T.i by the earlyrewardratein decreasingrder the promisedfin-
ish time of task T_i canbe calculatedusingthe FeasibleSchedule
algorithm.

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

1. Therangereseredfor “Get.Hardware A" is [10, 30];

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

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

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

Thelocalfeasibleschedulss:
[10, 20] GetSoftware_A
[20, 30] GetSoftware_B
[30, 40] InstalLSoftware A
[40, 50] Shipping_-Computer A
[50, 60] InstalLSoftware B
[60, 70] Shipping_-ComputerB

Basednabove scheduletherangefor “Get Hardware B” could
be updatedas [12, 50] sinceit doesnot needto be finished be-
fore time 50. All thesefour issuescanbe neggotiatedconcurrently
basedntheaboreresults.Ontheotherhand,if thedecommitment
penaltyfor “PurchaseComputerA” and “PurchaseComputerB”
is high andthe scheduleof Hardware ProducerAgentis busy the

agentouldfirst negotiateon“Get Hardware A” and“Get_ Hardware B”

andsubsequentlyiegotiateon “PurchaseComputerA” and“Pur-
chaseComputerB”, .

5. EXPERIMENT

We have implementedan agentarchitecturencluding the agent
controller agentnegotiaterand executioncomponents All above

algorithmsandproceduresssociategvith reasoningboutthepartial-

orderschedulehave beenimplementedso asto enablethereason-
ing in themulti-linkednegotiationprocessasindicatedin theexam-
plesdescribedoreviously. We designedhe following experiment
to studyhow the differentnegotiationstratgieswhich involve dif-
ferentreasoningefforts affect the agents performance.

The experimentalenvironmentis setup basedon the scenario
describedin Section2. Three agentswere built using the JAF
agentframeawork [9]. New taskswere randomly generatedvith

decommitmenpenaltyratep € [0, 1], earlyfinishrewardratee €
[0,0.1], anddeadlined! € [45,105], andarrive at the contractee
agentsperiodically Thelocal scheduleof the agentschedulesll
incomingnew taskaccordingto their earliest-start-timegjeadline,
procesgimesandtherewardsandgenerateanagenddi.e. agenda
on page3) including the acceptedasks. From this agendathe
agentcanfind the scheduledinish time of eachtask. It could con-
tinue the negotiationabouttheseincomingtasksjust basedon the
informationfrom this agendawithout further reasoningaboutthe
detailedplan for eachtask (Actually, thatis what the agentdoes
when using the “Earliest-Finish-Tme Policy” andthe “Deadline
Policy”). At thesametime, if thelocal planof theseacceptedasks
involvesary nonlocaltasknlt, thenthe Find.NL_Rangeprocedure
is usedto find theearliest-start-timandthedeadlineof thetasknlt,
the agentwould then startnegotiation with the otheragentabout
tasknlt basednthistimerange.

In thisexperimentComputerProducerAgentneedgo dealwith
themulti-linkednegotiationissuegelatedo theincomingtask‘Pur-
chaseComputer’andthe outgoingtask“Get_Hardware”. Thefol-
lowing threedifferentnegotiationstrat@iesweretested:

1. Earliest-Finish-Tme Policy. The agentfinds the scheduled
finish time of the taskfrom its agendaandpromisest asthe
finishtime in thecontractwith theintentionto maximizethe
earlyfinish reward.

2. DeadlinePolicy. Theagentpromiseghefinishtime whichis
the sameasthe deadlineof thetaskwith no consideratiorof
theearlyfinish reward.

3. Flexibility Policy. The agentanalyzesits detailedpartial-
orderschedulejf nonlocaltasksarefound, it arrangegea-
sonableflexibility (1, in this experiment)for eachnonlocal
task,andbasednthis arrangementhefinishtime of thein-
comingtaskis decidedandpromisedo the contractoragent.

In above all three casesthe multiple negotiationsare performed
concurrentlybasedon the free rangesfound by the partial-order
schedule.However, with the first two policies, the agentdoesnot
reasorabouttheinteractionamongissuesor managingheflexibil-
ities for eachissue.

The experimentsareperformedn the MASS simulatorerviron-
ment[3]. Every groupexperimenthasthe systenrunningfor 1000
time clicks threetimes, eachtime usingone of the threedifferent
polices. Table1 shaws the comparisorof the agents performance
usingdifferencepolicies. For the ComputerProducerAgent,who
hasmulti-linked negotiation issues,the flexibility policy is obvi-
ously betterthanthe othertwo policies;it getsmoreearly reward

andpaysfewer decommitmenpenaltie€ For Hardware ProducerAgent,

8Using t-test, With the 0.01 Alpha-level, the following hy-
pothesisis accepted: when using the flexibility policy, Com-
puterProducerAgent achie/zes an extra utility thatis more than



the Earliest-Finish-Tme Policy andthe Flexibility Policy make no
differenceo theagents decisionmakingprocessessincetheagent
hasno sub-contractedask that needsconsideration. The reason
thatthe Earliest-Finish-Tme Policy provideslessutility is because
the ComputerProducerAgentcancelsmoretaskrequestgbecause
the finish times Hardware ProducerAgent could provide are too
late) and hencethe Hardware ProducerAgent hasfewer tasksto
perform and gainsthat the lessreward. Theseexperimentshavs
thatin a multi-linked negotiationsituation,it is very importantfor
the agentto reasoningaboutrelationshipamongdifferent negoti-
ation issuesand leave reasonabldlexibility for them. This type
of reasoningslecreasethelik elihoodof decommitmenfor previ-
ously settledissuesandthusgainsmoreutility.

6. RELATED WORK

Toourknowledge thereis nowork thathasaddressethedirectly-
linked relationshipin the negotiationprocess.Thereis somework
thattakesinto accountheindirectly-linkedrelationshippamongmul-
tiple negotiationissues.Level commitment[5]allows agentto de-
commit by payinga decommitmenipenalty A statisticalmodel
is usedto predictfuture eventsso thatthe agentcan calculatethe
opportunisticcostfor the currentcommitment. Whena new task
arrives,the agentcanbacktrackfrom its previous decisionby pay-
ing a decommitmenipenaltyto get a betterlocal solution. Also
Sandholm[6]hasdevelopeda complex contracttype - clustering-
swap-multiagent(CSM contract)which allows tasksto be clus-
tered,andthenswappedetweeragentsaandevencirculatedamong
agents. He has proved that this CSM-contractss suficient for
reachingglobaltaskallocationoptimumin afinite numberof con-
tracts. This work dealswith indirectly-linked issuesby introduc-
ing complicatedcontracttypes,however it doesnot reasonabout
theinterrelationshimmongtasksandtheinfluenceof thetemporal
constraintson tasksasin our work. In researcton the distributed
meetingscheduling7] problem,multiple meetingschedulingses-
sionswere allowed to going on concurrently Two differentcom-
mitmentstratgieswereexplored: onewheretheagentblockedthe
proposedime andthe otherwherethe time wasnot blocked until
an agreements reached. Adaptive selectionof the commitment
stratgy accordingto environmentfactorsis recommendedHow-
ever, in both of theseworks, the agentdoesnot explicitly reason
abouttherelationshipamongdifferentissuesundernegotiation. In
orderto proposeoffers or counteroffers to minimize the conflict
andoptimizethe combinedoutcome.

Our partial-orderschedulavork is relatedto the GraphicalEval-
uationandReview Technique(GER) [4] whichis usedfor project
schedulingandmanagementThebig differencebetweerthiswork
andoursis thatthiswork is notorientedto negotiation,all actiities
arelocal andcanbe managedvith authority thusthey do notrea-
sonaboutfree ranges consistenrangesand scheduléflexibilities
which we feel are critical for agentto effectively managemulti-
linked negotiation.

7. CONCLUSION AND FUTURE DIRECTIONS

In this paperwe have studiedmulti-linkednegotiationandlooked
atdifferentrelationshipsuchasdirected-linlkedandindirectly-linked
relationships.We built a partial-orderschedulaepresentatiomand
a setof relatedalgorithmasatoolkit to dealwith multi-linked ne-
gotiation.Additionally, we exploredhow flexibility is animportant
factorin successfuhegotiationand how the agentusereasonable

64% of the utility gainedwhenusingthe the Earliest-Finish-Tme
Policy.

flexibility stratgy basedon allocatingflexibility to linked nego-
tiation issuesso asto achiere higher performance.In the future
work, we would like to study how flexibility helpsan agentdeal
with uncertaintyin executionof taskandthe arrival of new tasks.
In thiswork, we assumedhatlocal taskexecutionwasdeterminis-
tic whichis not truefor mostapplicationdomains.We alsoplanto
usea morecomplex measureof flexibility [2] which characterizes
theinteractionamongtasksbesidethetime issue.Additionally, we
would like to studywhatis a goodstratgy for anagentto decide
whetherto performall negotiationissuesconcurrentlyandif not,
whatsequencshouldthey be done. We alsowantto explore how
meta-leel informationaboutotheragentsloadswould helpin this
decision-makingprocess.
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