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1. Introduction

An increasinghumberof computersystemsare beingviewedin termsof autonomousgents
Therearetwo maindriversto thistrend.Firstly, agentsaarebeingadvocate@dsanextgeneration
modelfor engineeringomplex distributedsystemg13], [44]. Secondlyagentsarebeingused
asan overarchingframeworkfor bringing togetherthe componentAl subdisciplineghatare
necessaryo designand build intelligent entities[24], [32]. While thereis still much debate
aboutthe precisenatureof agenthoodanincreasinghumberof researcherind the following

characterisation useful [44]:

an agentis an encapsulatedomputersystenthat is situatedin someernvironment
andthat is capableof flexible, autonomousactionin that environmentin order to

meet its design objectives

Thereare a numberof points aboutthis definition that require elaboration.Agentsare: (i)
clearly identifiable problemsolving entitieswith well-definedboundariesand interfaces;(ii)
situated(embedded)n a particularenvironment—thg receve inputs relatedto the stateof
their ervironmentthrough sensorsand they act on the ervironmentthrough effectors; (iii)
designedo fulfill a specificpurpose—thg have particularobjectves(goals)to achieve; (iv)
autonomous—thehave controlbothover their internalstateandover their own behaiour; (v)
capableof exhibiting flexible problemsolvingbehaiour in pursuitof their designobjectves—
they needto bebothreactve (ableto respondn atimely fashionto changeghatoccurin their

environment) and proacte (able to act in anticipation of future goals) [45].
Whenadoptinganagent-orientediew of computationit is readilyapparenthatmostproblems
requireor involve multipleagents to representhedecentralisedatureof theproblem themul-
tiple loci of control, the multiple perspecties and/orthe competinginterests[6]. Moreover,
theseagentswill needto interactwith oneanotheyeitherto achiese theirindividual objectves

or to managehe dependenciethatfollow from beingsituatedin a commonernvironment[7],
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[14]. Theseinteractionscanvary from simpleinformationinterchangeso requestdor partic-
ular actionsto be performedandon to cooperatior{working togetherto achieze acommonob-
jective)andcoordinationarrangingor relatedactvitiesto beperformedn acoherenmanner).
However perhapshe mostfundamentahndpowerfulmechanisnior managingnter-agente-
pendenciegat run-timeis negotiatior—the processy which a groupof agentscometo a mu-
tually acceptablegreemenbn somematter.Negotiationunderpinsattemptso cooperateand
coordinatgbothbetweenartificial andhumanagentsiandis requiredoothwhentheagentsare
self interestedcandwhenthey are cooperativelt is so centralpreciselybecausehe agentsare
autonomoud-oranagento influenceanacquaintanceheacquaintancaeeedso beconvinced
thatit shouldactin a particularway. The meansof achievingthis stateareto makeproposals,
tradeoptions,offer concessionsand(hopefully) cometo a mutually acceptablegreementln

short, to negotiate.

Givenits ubiquity andimportancan manydifferentcontextsnegotiationtheoryincorporates
broadrangeof phenomenandmakesuseof manydifferentapproachesge.g.from Al, Social
PsychologyandGameTheory).Despitethis variety, however,automatedegotiatiorresearch
canbe consideredo dealwith threebroadtopics(see[21] for a more detailedclassification

scheme):

* NagotiationProtocols the setof rulesthatgoverntheinteraction.This coverstheper-
missibletypesof participantge.g.the negotiatorsandary relevantthird parties) the
negotiationstateqe.g.acceptingoids, negotiationclosed) the eventsthatcausenego-
tiation statesto change(e.g.no more bidders,bid acceptedjandthe valid actionsof
the participantsin particular states(e.g. which messagesan be sentby whom, to

whom, at what stage).
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Neayotiation Objects the rangeof issuesover which agreemenmustbe reached At
oneextreme,the objectmay containa singleissue(suchasprice), while on the other
handit may cover hundredsof issues(relatedto price, quality, timings, penalties,
termsandconditions,etc.).Orthogonako the agreemenstructure anddeterminedy
the negotiation protocol,is the issueof the typesof operationthat canbe performed
on agreementdn the simplestcase the structureandthe contentsof the agreement
arefixed andparticipantscaneitheracceptor rejectit (i.e. atake it or leave it offer).
At the next level, participantshave theflexibility to changethe valuesof theissuesn
the negotiationobject(i.e. they canmake counterproposaldo ensurethe agreement
better fits their negotiation objectves). Finally, participantsmight be allowed to
dynamically alter (by adding or removing issues)the structureof the negotiation
object(e.g.a carsalesmamay offer oneyears free insurancan orderto clinch the

deal).

Agents’ Decision Making Models the decision making apparatushe participants
employ to actin line with the neggotiationprotocolin orderto achiese their objecties.
The sophisticationof the model, as well as the rangeof decisionsthat have to be
made,areinfluencedby the protocolin place,by the natureof the negotiationobject,

and by the range of operations that can be performed on it.

Therelativeimportanceof thesethreetopicsvariesaccordingto the negotiationandenviron-

mentalcontext.Thus,in somecircumstanceghe negotiationprotocolis the dominantconcern

(e.q.[33], [43]). For example the systemdesignemay determinethat the negotiationis best

organisedusinga particularform of auction(e.g.English,Dutch, Vickrey, First-PriceSealed

Bid). This mechanisndesignchoiceconstrainghe typesof operationghat canbe performed
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on the negotiationobject(no counter-proposalsr issueextensionspndprescribeghe behav-
iour of theagents'decisionmakingmodels(e.g.strategidoehaviouiis pointlessandtheagents’
dominantstrategyis to simply bid up to their truereservatiorvalue).In othercaseshowever,
theagent’sdecisionmakingmodelis thedominantconcern(e.g.[37], [40]). Here,the protocol
doesnot prescribeanoptimalstrategyfor theagentandthereis scopefor strategiaeasoningo
determinethe bestcourseof action.In suchcasestherelative succes®f two agentss deter-
mined by the effectivenesof their reasoningmodel—thebetterthe model, the greaterthe

agent’s reward.

Giventhe wide variety of possibilities,it shouldbe clearthatthereis no universallybestap-
proachor techniqueor automatechegotiation Rather thereis aneclecticbagof methodswith
propertiesandperformanceharacteristicthatvary significantlydependingon the negotiation
context.The aim of this paperis, therefore to examinethe spaceof negotiationopportunities
for autonomousgentsjo identify andevaluatesomeof the key techniquesandto highlight
someof themajorchallengedor futureautomatecdhegotiatiorresearchThis paperis notmeant
asa surveyof thefield of automatedhegotiation.Ratherthe descriptionsandassessments
thevariousapproachearegenerallyundertakerwith particularreferenceao work in whichthe
authorshave beeninvolved. However,the specificissuesraisedshouldbe viewed as being

broadly applicable.

Theremaindewof this paperis structuredasfollows. Section2 presentsa genericframeworkfor
automatedhegotiation.This frameworkis thenusedto structurethe subsequendiscussiorand
analysisof the variousnegotiationtechniquessection3 dealswith gametheoretictechniques,
sectiond with heuristictechniquesandsections with argumentation-basadchniqueskinally,
section6 outlinessomeof themajorchallengeshatneedto be addressetieforeautomateahe-

gotiation becomes pervasive.
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2. A Generic Framework for Automated Negotiation

Negotiationcanbeviewedasa distributedsearctthrougha spaceof potentialagreementsfig-
urel). Thedimensionalityandtopologyof this spaces determinedy the structureof the ne-
gotiationobject.Indeed,one could considereachattributeof the negotiationobjectto havea
separate&limensionassociateavith it; clearly,in this view, the spaceof figure 1 concerngwo
attributes Thus,whennewissuesareaddedor old onesremoved)duringthe courseof anego-
tiation, thenextradimensionsareadded(or removed)andthe numberof pointsof agreement
may increasg(or decrease)Similarly, if anagentchangesneof the valuesof oneof the at-

tributes within an offer, it is moving from one point in the agreement space to another.

Foragivennegotiationthe participantsarethe activecomponentshatdeterminethedirection
of the search At the startof this processegachagenthasa portion of the spacein whichiit is
willing to makeagreementslypically, it alsohassomemeansof ratingthe pointsin its space
andsomemeansof usingthis ratingto determinethe actualagreements# makesNegotiation
proceeddy the participantssuggestingpecificpoints(or regions)in the agreemenspaceas
potentiallyacceptableDuring the negotiationprocessthe participants’agreemenspacegas
well astheirratingfunctions)maychangetheymayexpandgcontractor shift, for examplebe-
causetheir environmentchangesor becausdhey are persuadedo changetheir views. The
searchterminatesvhentherequirednumberof participantdind a mutuallyacceptablgointin
the agreemenspaceor whenthe protocol dictatesthat the searchshouldbe terminated(for

whatever reason) without making an agreement.

Given this metaphor figure 1 canbe seento representagentAl negotiatingwith two other
agentgA2 andA3). Theagreemenstructures thesamein bothcasesThe currentoffer in the

A1-A3 negotiationthesenteractionsarethelightly colouredexchangesis in theareaof over-
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lap betweerthetwo agentaneaninghatit couldrepresenapotentialagreemenbetweerthem.
Howeverthe currentoffer in the A1-A2 negotiation(theseinteractionsarethe darkly coloured
exchangesyvill notleadto anagreemensinceit is outsidethe agreemenspaceof A2 (indeed
in thiscase Al andA2 currentlyhavenon-intersectingreasof agreementneaninghatnodeal

is possible). For more on this metaphor for viewing the agreement space see [15], [20], [22].

Fromthis representationt canbe seenthatthe minimal negotiationcapabilitiesare: (i) to pro-
posesomepartof theagreemenspaceasbeingacceptableand(ii) to respondo suchaproposal
indicatingwhetherit is acceptableln otherwords,the minimumrequiremenbf a negotiating
agentis theability to makeandrespondo proposalsHerewe considera proposako beasolu-
tion to the negotiationproblem;eithera singlecompleteproposedsolution,a singlepartial so-
lution, or a group of completeor partial solutions.In terms of the agreemenspace these
differentkindsof proposaldecomeasinglepoint, aregionof thespacea setof points,or aset
of regionsof thespacgfor exampleapartialsolutionwould beanyregionof thespacen which
the quality wasabovesomelevel andthe price belowa certainthreshold) Generallyspeaking,
proposalsanbe madeeitherindependentlypf otheragents’proposalr basednthenegotia-

tion history.

Arguablythesimplestind of negotiationwe canimagineis a Dutchauction[31]. Theauction-
eer(oneagentin the negotiation)calls out prices(negotiationobjectswith a singleattribute).
Whenthereis no signalof acceptancérom the otherpartiesin the auction(otheragentsn the
negotiationtheauctioneemakesa newoffer whichit believeswill bemoreacceptabl€by re-
ducingtheprice).Here,becaus®f theconventionprotocol)underwhichtheauctionoperates,
alack of responses sufficientfeedbackor theauctioneeto infer alack of acceptance-How-

everin anythingmore complexthanthis ratherspecialcase the minimal requirementor the
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“other agents’is thattheyareableto indicatedissatisfactiorwith proposalghattheyfind un-

acceptable.

If agentanonly accepbrrejectothers’proposalsthennegotiationandespeciallynegotiation
over objectsthatare multi-dimensional)canbe very time consumingandinefficient sincethe
proposehasno meansof ascertainingvhy theproposals unacceptablejorwhethertheagents
arecloseto anagreementnor in which dimension/directiorof the agreemenspaceit should
movenext.Hencethe proposeis essentiallypicking pointsin theagreemenspacebasednits
perceptiorof whatotherspreferandhopingthatit will eventuallystumbleuponsomethingac-
ceptableTo improvetheefficiency of the negotiationprocesstherecipientneedgo beableto
providemoreusefulfeedbackon the proposalst receivesThis feedbackcantakethe form of
a critique (commentson which partsof the proposalthe agentlikes or dislikesl) or acounter-
proposal(analternativeproposalgeneratedh responséo aproposal) Fromsuchfeedbackthe
proposershouldbein a positionto generatea proposalthatis morelikely to leadto anagree-

ment (if it chooses to do so).

Considerthe conceptof a critiquefirst. A critique providestwo forms of feedbacki) it sug-
gestconstraint®n particulamegotiationissuesand(ii) it indicatesacceptance/rejectiaf par-
ticular parts of the proposal(or indeedof the whole proposal).To illustrate thesepoints,

consider the following short dialogues that are examples of proposals followed by critiques:

A: | propose that you provide me with  service X under the following
conditions.

B: | am happy with the price of X, but the delivery date is too late.

L To avoid introducing an unnecessarilyyarge numberof different types of statementwe considersimple

accept/reject statements to be special cases of critiques.
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A: | propose that | will provide you with service Y if you provide me with
service X.

B: | don’t want service Y.

In thefirst casethecritiqueindicateshoseaspect®f theproposathatareacceptablandthose
thatneedto bemodifiedandit alsosuggests constrainton oneof theissuegdeliverydateear-
lier thanthe currentsuggestion)ln the secondcase the critique indicatesoutrightrejectionof

partof the proposal Generallyspeakingthe moreinformationplacedin thecritique,theeasier

it is for the original agent to determine the boundaries of its opponent’s agreement space.

Counter-proposalarethesecondeedbacknechanismA counter-proposas simply apropos-
al thatis morefavourableo thesendermadein responsé¢o a previousproposal Thefollowing

are examples of proposals followed by counter-proposals:

A: | propose that you provide me with service X.

B: | propose that | provide you with service X if you provide me with
service Z.

A: | propose that | provide you with service Y if you provide me with
service X.

B: | propose that | provide vyou with service X if you provide me with
service Z.

In the first case,the counter-proposa¢xtendsthe initial proposal,andin the secondcaseit
amendgartof theinitial proposal Counter-proposaldiffer from critiquesin thatthefeedback
is lessexplicit (the recipientof a counter-proposahasto infer the constraintandpreferences
from theway the proposalis re-constituted)but generallymoredetailed(sincespecificregions

of the opponent’s agreement space are identified).

On their own, proposalscritiques,and counter-proposalare bald statement®f what agents

want. Thus,their scopeis confinedsolelyto the structureof the negotiationobject. While it is
9
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perfectlypossibleto basenegotiationn just theseobject-levelconstructgindeedthis is pre-
ciselywhatmostcurrentnegotiationmodelsdo), doing so diminishessomeof the potentialof

negotiation technology. For example, it means that agents cannot:

» Justifytheir ngotiation stance;

An agentmight have acompellingreasorfor adoptinga particularnegotiationstance.
For example,acompary maynotbelegally entitledto sell a particulartype of product
to a particulartype of consumeior a particularitem may be out of stockandthe next
delivery might not be until the following month.In suchcasesthe ability to provide
the justificationfor its attitudetowardsa particularissuecan allow the opponentto

more fully appreciate an agentonstraints and beliaur.

» Persuadeone another to change theigo&ation stance;

Agentssometimeseedto actively changetheir opponentsagreemenspace or its
rating over thatspacejn orderfor a dealto be possibleln suchcasesagentsseekto
constructargumentghatthey believe will make their opponentook morefavourably
upontheir proposal.Thus,agumentsseekto identify opportunitiesfor suchchange
(e.g.acarsalesmarthrows in a stereowith a carto increasehe value of the good),
createnew opportunitiesor changge.g.a carsalesmaraddsa nev dimensionto the
rating function by highlighting the car’s novel securityfeatures)or modify existing
assessmertriteria (e.g.carsalesmamgetsthe buyerto changets evaluationfunction

by corvincing him that security is more important than high speed).

In both casesnegotiatorsare providing argumentgo supporttheir stance(henceargumenta-

tion-basednegotiatior). Thus,in additionto generatingproposalscounter-proposaland cri-

10
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tigues,thenegotiatoris seekingo makethe proposalmoreattractive(acceptablelpy providing
additionalmeta-leveinformationin theform of argumentgor its position.Thenatureandtypes
of theargumentganvary enormously(see[16] [19] [40] for moredetails).However,common
categoriesnclude:threats(failure to accepthis proposaimeanssomethingnegativewill hap-
pento you),rewardgacceptancef thisproposameansomethingoositivewill happero you),
andappealgyou shouldpreferthis option overthatalternativefor somereason) Whateverits
preciseform, therole of the supportingarguments eitherto modify the recipient’sregionof
acceptabilityor its ratingfunctionoverthisregion.In sodoing,argumentfiavethe potentialto
increasethe likelihood and/orthe speedof agreementd®eingreachedfor example,if agents
preferargumentghataremorelikely to leadto anagreemen¢which requiressomemetricon
theagreemenspacelt is possibleto provethatargumentatioteadsto quickeragreemenid2]2.
In theformercasepy persuadingagentdo acceptealsthattheymaypreviouslyhaverejected.
In thelattercasepy convincingagentdo acceptheiropponent’gositiononagivenissue(and

to cease negotiating over it).

3. Game Theoretic Modéls

Gametheoryis a branchof economicdhatstudiesinteractiondbetweenrself-interestedgents.
Like decisiontheory,with whichit sharesnanyconceptsgametheoryhasits rootsin thework

of vonNeumanrandMorgensterj23]. As its namesuggestshebasicconcept®f gametheory
arosefrom the study of gamessuchaschessHowever,it rapidly becameclearthatthe tech-

niquesandresultsof gametheorycanequallybe appliedto all interactionghatoccurbetween

2. of coursepoorly designedargumentatiorsystemsalsohave the potentialto increasehelengthof the negotia-
tion unnecessarilyfor exampleif agentskeeprepeatinghe sameargumentsad infinitum. However, poor design
of theotheraspect®f thenegotiationmechanisntanhave similarly adwerseeffectsandsopotentiallyoverly long

negotiations are not something specific tguanentation-based getiation.

11
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self-interestecgents Gametheoryis relevantto the study of automatedegotiationbecause

the participants in such negotiations can reasonably be assumed to be self interested.

Theclassiogametheoretioquestioraskedf anyparticularmulti-agentencounters: whatis the
best—mostrational—thing an agentcando?In mostmulti-agentencountersthe overall out-
comewill depenctritically onthechoicesmadeby all agentsan thescenarioThisimpliesthat
in orderfor anagento makethe choicethatoptimisedts outcomejt mustreasorstrategically
Thatis, it musttakeinto accountthe decisionghat otheragentsmay make,and mustassume
thattheywill actsoasto optimisetheir own outcomeln negotiationthis meansfor example,
takinginto accountheprivatevaluationghatagentdaveof thenegotiationssuestheirprivate
deadlinegor makingadeal,andsoon. Gametheorygivesusaway of formalisingandanalys-

ing such concerns.

Negotiationand bargainingwere studiedin the gametheory literaturewell beforethe emer-
genceof multi-agentsystemsasa researctdiscipline,and evenbeforethe adventof the first
digital computer However,computersciencebringstwo importantconsiderationso thegame

theoretic study of negotiation and bargaining:

1. Gametheoreticstudiesof rationalchoicein multi-agentencountersypically assume
thatagentsareallowedto selectthe beststratgy from the spaceof all possiblestrate-
gies,by consideringall possibleinteractionslt turnsoutthatthe searchspaceof strat-
egies and interactionsthat needsto be consideredhas exponentialgrowth, which
meansthat the problemof finding an optimal strateyy is in generalcomputationally
intractableIn computersciencethe studyof suchproblemsis the domainof compu-
tationalcompleity theory[26]. Thereis a significantliteraturedevotedto the devel-

opmentof efficient (polynomialtime) algorithmsfor apparentlyintractableproblems,

12
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and the applicationof suchtechniqueso the study of multi-agentencounterss a

fruitful ongoing area of wrk.

2. Theemegenceof the InternetandWorld-Wide Web hasprovided anenormousom-
mercialimperatve to the further developmentof computationahegotiationandbar-

gaining techniques [25].

Givenaparticulamegotiatiorscenaridhatwill involve automatedgentsgametheoretictech-

niques can be applied to two key problems:

1. Thedesignof an appropriateprotocol that will govern the interactionsbetweenthe
negotiation participants. Therotocoldefineshe“rules of encounterbetweeragents
[33]. Formally, a protocolis a setof normsthatconstrainthe proposalghatthe nego-
tiation participants are able to neakt is possible to design protocaisthatarny par-
ticular ngotiation history has certagesirableproperties—this is medanismdesign

and is discussed in more detail helo

2. Thedesignof a particularstrategy (the agents'decisionmakingmodels)thatindivid-
ual agentscanusewhile negotiating—anagentwill aimto usea strategy thatmaxim-
ises its avn individual welfare. A ley difficulty hereis that, typically, the stratgies
that work bestin theorytendto be computationallyintractable andarehenceunusa-

ble by agents in practice.

As notedabove mechanisndesigninvolvesthe designof protocolsfor governingmulti-agent
interactionssuchthattheseprotocolshavecertaindesirablepropertiesPossiblepropertiesn-

clude, for example [35] p204:
13
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» GuaranteedsuccessA protocol guaranteesuccessf it ensuresthat, eventually

agreement is certain to be reached.

* Maximising social welfare: Intuitively, a protocol maximisessocial welfare if it
ensureghat any outcomemaximisesthe sum of the utilities of negotiation partici-
pants. If the utility of an outcome for agent was simply definedin terms of the
amount of mongthatagentrecevedin the outcome thena protocolthatmaximised

social weltre would maximise théotal amount of mong“paid out”.

» Pareto efficiency A negotiation outcomeis saidto be Paretoefficient if thereis no
other outcome that will m&kat least one agent bettgf without makingat leastone
other agent wrseoff. Intuitively, if a negotiationoutcomeis not Paretoefficient, then
there is another outcome that will neaktleastoneagenthappierwhile keepingeve-

ryone else at leasis happ.

* Individual rationality. A protocolis saidto be individually rationalif following the
protocol— “playing by the rules™is in thebestinterestsof negotiation participants.
Individually rational protocolsare essentiabecausevithout them, thereis no incen-

tive for agents to emge in ngotiations.

« Stability: A protocolis stableif it providesall agentswith anincentve to behaein a
particular vay. The best-knan kind of stability is Nashequilibriunt two strategiess
ands' are said to be in Nash equilibrium if under #ssumptionthat one agentis

usings, the other can do nwetter than uss' , and vice ersa.

« Simplicity. A “simple” protocolis onethatmakesthe appropriatestratgy for a nego-

14
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tiation participant “olkious”. Thatis, a protocolis simpleif usingit, a participantcan

easily (tractably) determine the optimal stggte

 Distribution: A protocolshouldideally be designedo ensurethatthereis no single
point of failure (such as a single arbitratahdideally, so asto minimise communi-

cation between agents.

Thefactthatevenquitesimplenegotiatiorprotocolscanbeprovento havesuchdesirablgyrop-
ertiesastheseaccountsn no small partfor the succes®f gametheoretictechniquegor nego-
tiation[17]. As anexample considethe monotonicconcessiomrotocolwith Zeutherstrategy
[33] pp40-49.Themonotonicconcessiomprotocolfor two negotiationparticipantss asfollows.
Negotiationproceedsn asequencef roundswhereat everyround,eachagentputsforwarda
proposallf the proposalsoverlap”, thenagreemenhasbeenreachedlf the proposalsio not
overlap thennegotiatiorproceedso afurtherround,wheretheagentsithermakea concession
or elseputforwardtheproposatheymadeontheprecedingound.If neitheragentmakesacon-
cessionthennegotiatiorterminatesvith a“conflict deal”. Thissimpleprotocolensureshatne-
gotiation either monotonically proceedstowardsa solution, or else terminates.Now, what
strategyshouldanagentusewhenfacedwith sucha protocol?Onepossibilityis to usethe Zeu-

then strategyThis strategy essentially says that:

» the agentthat shouldconcedes the one with the mostto lose from the negotiation

breaking dan;

» theconcessiorthatshouldbe madeis the minimumrequiredto changehe balanceof

risk—so that the other agent is required to concede on subsequent rounds.

15
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Both of thesepropertiescanbeformalisedquite easily[33] p43.1t canbe provedthatusingthe
Zeuthenstrategywhenplaying the monotonicconcessiomprotocolmeansagentswill cometo
reachagreemenbn a dealthatis Paretooptimal. Unfortunately the Zeuthenstrategyis notin
equilibrium; thereis anincentiveto deviatefrom the strategyat the last negotiationstep[33]
p48. Moreover,the strategyis computationallycomplex,requiringan exponentiahumberof
calculationf theagent’sutility functionateachnegotiatiorroundin orderto computetheop-
timal deal.Neverthelesst is striking thatsucha simpleandintuitive protocolcanbe provento

have desirable properties.

Despitethesevery obviousadvantageshowever,therearea numberof problemsassociated

with the use of game theory when applied to automated negotiation:

* Gametheoryassumeshatit is possibleto characterisen agents preferencesvith
respect to possible outcomékimans however, find it extremelyhardto consistently
define their preferenceser outcomesn general, humapreferences cannot be
characterisedven by a simple orderingver outcomeslet aloneby numericutilities
[32] p475-480. In scenarios whgyeeferencesireobvious (suchasthe caseof a per-
son huying aparticularCD and attemptingto minimise costs),gametheoretictech-
niques may wrk well. With more comple (multi-issue) preferences,it is much

harder to use them.

« Thetheoryhasfailedto generatea general modelgoverningrationalchoicein inter-
dependensituations[46]. Instead,the discipline hasproduceda numberof highly
specialisedmodelsthat are applicableto specifictypes of interdependentiecision
making (e.g.the von Neumann-Mogensterrsolutionto two-persongames[23]). As

Binmore notes, in non-coopenadi(a sub-branch ofagne theory) theories:

16
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...conclusions(of non-cooperatie models) only apply to one specific
game.If the details of the rules are changedslightly, the conclusions

reached need no longer badid [5] p. 196.

* Gametheorymodelsoften assumeperfectcomputationatationality meaningthatno
computations requiredto find mutually acceptablesolutionswithin a feasiblerange
of outcomesFurthermorethis spaceof possibledealsis often assumedo be fully
known by theagentsasis the potentialoutcomevalues.Thisassumptions rarelytrue
in mostrealworld casesagentgypically know their own informationspace put they
do not know thatof their opponentHowever, evenif thejoint spaces known, know-
ing thata solutionexistsis entirely differentto knowing whatthe solutionactuallyis.
Chesgs a classicexampleof this point. Thegamehasa solution—astrateyy for white
or black which is eithera win or a draw, but the searchis computationallycomplex.
Therefore the notion of perfectrationality, althoughusefulin designing,predicting
andproving propertiesof a systemjs not altogethemsefulin practice.Firstly, it can-
not actually be attained:physical mechanismgake time to processnformationand
selectactions,hencethe behaiour of realagentscannotimmediatelyreflectchanges
in the environmentandwill generallybe sub-optimal[39]. Secondlyit doesnot pro-
vide a meansof analysingthe internal designof an agent;one rational agentis as

good as another

Despitetheseproblems gametheoryis extremelycompellingasatool for automatedegotia-
tion. In caseswvhereit is possibleto characteris¢he preferenceandpossiblestrategie®f ne-

gotiation participants, then game theory has much to offer.

17
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3. Heuristic Approaches

Themajormeansof overcomingthe aforementionedimitationsof gametheoreticmodelsis to
useheuristicmethodsSuchmethodsacknowledgdhatthereis a costassociatavith computa-
tion anddecisionmakingandsoseekto searchthe negotiationspacen a non-exhaustivéash-
ion. This has the effect that heuristic methodsaim to producegood rather than optimal
solutions.Themethodghemselvesnayeitherbe computationadpproximation®f gametheo-
retictechnique®r theymaybecomputationatealisation®f moreinformal negotiatiormodels
(e.g.[29], [30]). Examplesf suchmodelsinclude:[3], [8], [18], [36], [41]. Thekeyadvantages

of the heuristic approach can be stated as follows:

* the modelsare basedon realistic assumptionshencethey provide a more suitable
basisfor automatiorandthey can,thereforebe usedin awider variety of application

domains;

» thedesignerof agentswho arenot weddedto gametheory canusealternatve, and

less constrained, models of rationality teelepdifferentagent architectures.

The centralconcernof this line of work is to modelthe agent’sdecisionmakingheuristically
duringthecourseof thenegotiation(generallyspeakingthe choserprotocoldoesnot prescribe
anoptimalcourseof action).To delvedeepeinto this areawe will concentrat®n the heuristic
modelwe havedevisedwe developed setof deliberationmechanismthatwork within afair-

ly free negotiation protocdi[8][9][10] [37].

The spaceof possibleagreementss quantitativelyrepresentedby contractshaving different
valuesfor eachissue.Eachagentthenratesthesepointsin the spaceof possibleoutcomesac-

cordingto somepreferencestructure capturedoy a utility function.Proposal&ndcounter-pro-
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posalsare then offers over single points in this spaceof possibleoutcomes,and search
terminatesitherwhenthetime to reachanagreemenhasbeenexceedear whena mutually
acceptablesolution,a point of intersectionof the agents’acceptableutcomessets,hasbeen

reached.

An agentarchitectureahatmodelsthe decisiongnvolvedin the searchifor mutuallyacceptable
solutionshasalsobeendeveloped9]. Whereaghe protocolnormativelydescribeshe order-
ingsof actions thedecisionmakingmechanismslescribehe possiblesetof agentstrategiesn
usingthe protocol. Thesestrategiesrecapturedy a negotiationarchitectureghatis composed
of responsivanddeliberativedecisionmechanismsDecisionmakingwith the formermecha-
nismis basedon a linearcombinationof simplefunctionscalledtactics which manipulatethe
utility of contractd8]. Thelattermechanismsresubdividednto trade-offandissuemanipu-
lation mechanism$9]. The former generate®sffersthat manipulatethe value,ratherthanthe
overallutility, of theoffer. Therationalefor thetrade-offmechanismlike persuasivargumen-
tation, is to makeproposalghat are more attractiveto the opponent.This is achievednot by
“providing additionalmeta-levelinformation” (seesection4), but by providing contractshat
are“closer” to the opponent’dast offer. The issuemanipulationmechanismaimsto increase

thelikelihood of anagreemeny addingandremovingissuesnto thenegotiatiorset.Theissue

3. The negotiation protocol doesnot prescribean agents behaiour, but it doesconstrainits action selection
problemsolving throughthe useof normatie rulesof interaction.Theserulestemporallyordet accordingto the
agents roles,communicatiorutterancedy specifyingbothwho cansaywhat, aswell aswhen.Specifically the
protocolis a repeatedsequentiamodelwhereoffers areiteratively exchangedUnderthis protocol,agentsare
fully committedto their utterancesindutterancesireprivate (unlike, say thefirst-priceopen-cryEnglishauction,
whereall offersarepublicly “heard” by the otherinteractionparticipants) Theprotocolis distributed,symmetric,
supportsbi and/ormulti-agentnegotiation as well as distributive and integrative negotiation, involving one or
mary issuegrespectrely. The utterancegproposalsor counterproposalsarebasedon previouscommentsnade
by otheragentsandrepresent single completeproposalfor a solution. Thereareno critiquesand counterpro-

posals are based on the object afot@tion (which we term a contract).
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manipulationmechanisndynamicallyaltersthe structureof the negotiationobject,helpingto
escapéocal minimain thenegotiatiordynamicslt doesthis eitherby increasinghesetof pos-
sible outcomegqadding),whennegotiationis in deadlockor, alternatively,removing“noisy”
iIssueghatareobstructingthe negotiationprogressSinceagentshaveto mutuallyagreeonthe
setof issuesinvolved in negotiation the issuemanipulationdialoguecanbe interpretedasa
mechanisnthat modifiesthe dimensionalityof the solutionspace The othermechanisms;e-
sponsiveandtrade-off,canthensearchthe alteredsolutionspace Whentakentogether these
threemechanismsepresenacontinuumof possibledecisionmakingcapabilitiesrangingfrom
behaviourghatexhibitgreaterawarenessf environmentatesourcesindlessto solutionqual-
ity, to behaviourghatattemptto acquirea givensolutionquality independentlyf theresource

consumption.

Generallyspeakingwhile heuristicmethodsdo indeedcircumventsomeof the shortcomings

of game theoretic models, they also have a number of comparative disadvantages:

» the modelsoften selectoutcomes(deals)that are sub-optimal;this is becausehey
adoptan approximatenotion of rationality andbecausehey do not examinethe full

space of possible outcomes;

» the modelsneedextensve evaluation,typically through simulationsand empirical
analysis,sinceit is usuallyimpossibleto predict preciselyhow the systemandthe

constituent agents will bebain a wide ariety of circumstances.

4. Argumentation-Based Approaches

All of the techniquesve havediscussedo far havebeencentredon the tradingof proposals.

Although, asthe previoussectionsdemonstratethis canbe donein a very sophisticatedvay,
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the various approaches have three main limitations:

» The proposalghemseles generallydenotesingle pointsin the spaceof negotiation

agreements (a single X or O in Figuré; 1)

» Theonlyfeedbackhatcanbemadeto a proposals a counterproposalwhichitselfis

another point in the space, or an acceptance or witiadfra

» It is hardto changethe setof issuesundernegotiationin the courseof a negotiation
(which corresponddo changingthe negotiation spaceof Figure 1 by adding new

dimensions).

Theaim of argumentation-basetkegotiationis to removetheselimitations. The basicideabe-
hindtheargumentation-basexpproachs to allow additionalinformationto beexchangedyver
andaboveproposalsThis informationcanbe of a numberof differentforms,all of which are
argumentsvhich explainexplicitly the opinion of the agentmakingtheargumentThus,in ad-
dition to rejectinga proposalanagentcanoffer a critique of the proposalexplainingwhy it is
unacceptableThis hasthe effectof identifying anentireareaof the negotiationspaceasbeing
not worth exploringby the otheragent.Similarly, anagentcanaccompanya proposalwith an
argumentvhich sayswhy the otheragentshouldacceptt. This latterkind of argumenimakes
it possibleto changehe otheragent’sregionof acceptability(by alteringits preferences)and
alsoprovidesameansof changinghe negotiationspacatseli—without the ability to arguefor
theworth of anewelemenin the negotiationobject,thereceivingagentwould not, in general,

haveanybasisonwhichto determinéts value.This kind of persuasivargumentatiornloesnot

4 Though,of course agentsreceizing proposalsmay assumeall kinds of implicit information on the basisof

them.
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haveto betied directly to proposalsither.Forexamplejn humanargumentationi is possible
to makethreatsor offer rewards andthesekinds of argumentanbe capturedn this approach
[19]. As in humanargumentationagentanay not betruthful in theargumentshattheygener-
ate.Thuswhenevaluatinganargumentthe recipientneedso assesshe argumenbn its own
meritsandthenmodify this by its own perceptiorof theargument'sdiegreeof credibility in or-

der to work out how to respond.

Again to providemoredetailsof this broadclassof negotiationwe focuson modelswe have
developedTo thisend,thewayin whichargumentatiofits into thegenerahegotiatiorprocess
wasdefinedin [38] wherea simplenegotiationprotocolfor tradingproposalsvasaugmented
with a seriesof illocutionary moveswhich allow for the passingof argumentsilt is possibleto
think of the passingof anargumenusingoneof thesemovesasmarkingatransitionfrom the
negotiationprotocolto a separateargumentatiormprotocolwhich definesthe rulesof the game
for carryingoutanargumentlialogue(possibleprotocolsfor suchdialogueshavebeensuggest-
edin [1], [2]). Whenthe argumentdialogueterminatesthe agentanakethe reversetransition

and pick up the negotiation dialogue once again.

The exactargumentatioomechanisnwe employis logic-based27] andbuildsonwork in ar-
gumentatiorasanapproacho handlingdefeasibleeasoningThis makest possiblefor agents
to handlingcontradictorystatementgwhich frequentlyoccurduring argumentsithout col-
lapsinginto triviality, andallow conflicting argumentgo be resolved Usingargumentatiornn
real agents(asopposedo simplecollectionsof logical statementsineanshandlingthe com-
plexitiesof theagents'mentalattitudes communicatiorbetweeragentsandtheintegrationof

the argumentation mechanisms into a complex agent architecture.
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Thesdssuesverediscussedn [28], wherewe showedhowto augment standardnodelof ar-
gumentatiorto work for agentswvhich reasorusingbeliefs,desiresandintentions We alsodis-
cussedhow to make use of multi-contextsystems[12], originally proposedas a meansof
providing efficient theoremproversfor modallogics, to integrateargumentatiorinto a belief-
desire-intentiorgentarchitectureThis latterstrandof work wasfurtherdevelopedn [34], and
thishasledto animplementationn whichagentsegotiataisingargumentatioim orderto con-

struct joint plans.

Forthefuture,two mainareaf work remain.Thefirst is in thedefinition of suitableargumen-
tationprotocolsthatis, setsof rulesthatspecifyhowagentgyeneratendrespondo arguments
baseduponwhattheyknow. Initial attemptsat definingsuchprotocolsaregivenin [1], [2], but
asdiscussedhere,it seemghatwhendefining an argumentatiorprotocol,we “hard-wire” in
theattitudethata givenagenttakeswhennegotiatingwith others,defining,for instancewhen
anarguments foundto be persuasiveandwhenits groundscanbe questionedAs aresult,we
may endup with negotiatoravhich arepossiblyratherinflexible in their argumentatiorstance
(thoughmoreflexible thannegotiatorsvhich cannotargue).Sincethis seemgatherlimiting,
we needto investigatethis areamorewith the aim of discoveringmoreflexible argumentation
protocolsthanwe currentlyhave. Thesecondnainareaof work is alsorelatedto argumentation
protocols,andspecifically the transitionbetweenthe underlyingnegotiationprotocolandthe
argumentatiomprotocol. Whenis theright time to makethis transition,whenis it right to start
anargumentZlearlyit only makessensdo engagen the complexbusines®f argumentation
whenit will helpthe negotiation but we needto translatehis high-levelnotionof “rightness”

into some more concrete decision criterion that can be built into our agents.

While thesessuesstill needto beaddresseth orderto build fully functionalagentscapableof
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argumentation-basewegotiationthework describedn this sectionhaslaid thefoundationdor
building flexible negotiatorsSuchagentswill havethe ability to be persuasivendsoachieve
agreementsvhich non-argumentatiothasednegotiatorscannot.However,the problemwith
suchmethodss thattheyaddconsiderabl®verheads$o the negotiatiorprocessnotleastin the
constructiorandevaluationof argumentsAs aresult,we imaginethatagentsvhich canargue
in supportof their negotiationswill only everrepresena small,thoughimportant,classof au-

tomated negotiators.

5. Conclusions

This paperhasarguedthatautomatedegotiationis a centralconcernfor multi-agentsystems
researchTo this end,agenericframeworkfor classifyingandviewing automatedegotiations
hasbeendevelopedThisframeworkwasthenusedto discussandanalysehethreemainmeth-
odsof approachthathavebeenadoptedo automatecdhegotiationnamely,gametheoretic heu-
ristic andargumentation-baseapproached-or eachapproacha brief appraisabf its relative
meritsanddrawbacksgs presentedThis assessmentasgenerallyperformedn the contextof

the authors’ own models.

It is clearthatmuchresearctstill needgo be performedin the areaof automatedegotiation.
This researclobviouslyincludesextendingand developingthe specificapproacheshat have
beendiscussedereinandevendevelopingnew methodgsuchasthosebasedon particledy-

namics[17], for example) However therearealsoa numberof broadenssueswhich, to date,
havereceivedcomparativehfittle attention.Theseincludethefollowing. Firstly, the develop-
mentof a bestpracticerepositoryfor negotiationtechniquesThatis, a coherentesourcehat
describesvhich negotiationtechniquesare bestsuitedto a giventype of problemor domain

(muchlike the way thatdesignpatternsfunctionin object-orientedanalysisanddesign[11]).
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For eachentry,therelativestrengthaandweaknesseseedto be enumeratedhe underpinning
assumptionseedto be explicitly stated,andthe likely operationalcharacteristicmeedto be
listed. At presentmuchof this knowledgeis implicit anddevelopergendto simply adoptthe
technique(or family of technigques)with which they are most familiar. Secondly,work on
knowledgeelicitation and acquisitionfor negotiationbehaviourneedsto be advanced At
presentthereis virtually no work on how a usercaninstructanagentto negotiateon their be-
half. Suchinstructionneedgo conveythebroadnegotiatiorattitudethattheagentshouldadopt,
the extentto which the agentcannegotiateautonomouslyandthe degree®of freedomthatthe
agentcanexploreduringa negotiationepisodeFinally, andrelatedto the previoustwo points,
work onproducingpredictablenegotiatiorbehaviouneedgo bedevelopedThiswork is need-
edto ensurdhatusersarecomfortableo delegatenegotiatiordecisiondo anautonomougiece
of softwareandthatwhentheydo sotheyaresurethatthe agentwill actwithin its negotiation

mandate.

Acknowledgements

Thiswork hasbeenpartially supportedy the EPSRCunderthe grantGR/M07076andby the

EU under grant IST-1999-10948.

References

[1] L. Amgoud,N. Maudet,andS. Parsong2000)“Modelling dialoguesusingargumenta-

tion” Proceedings of the 4th Conference on Multi-Agent Systeosson, MA, 31-38.
[2] L. Amgoud,S.ParsonsandN. Maudet(2000)“Arguments,dialogue,andnegotiation”

Proceeding®f the 14th EuropeanConferenceon Artificial Intelligence Berlin, Germa-
ny, 338-342.

25



To appear in: Int Journal of Group Decision and Negotiation GDN2000 Keynote Paper

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

M. BarbuceanandW. Lo (2000)“A multi-attributeutility theoreticnegotiatiorarchitec-
turefor electroniccommerce’Proceeding®f 4th Int. Conf.on Autonomou#\gents Bar-
celona, Spain, 239-247.

K. Binmore (1990) Essays on the foundations of game theBasil Blackwell.
K. Binmore (1992) Fun and Games: A Text on Game Thé@yC. Heath and Co.

A. H. BondandL. Gasse(eds.)(1988)“Readingsin DistributedArtificial Intelligence”

Morgan Kaufmann.

C.Castelfranch{1998)“Modelling socialactionfor Al agents’Artificial Intelligencel03
(1-2) 157-182.

P.Faratin,C. Sierra,andN. R. Jenningg1998)“NegotiationDecisionFunctionsfor Au-
tonomous Agentslnt. Journal of Robotics and Autonomous Systain@@-4) 159-182.

P.Faratin,C. SierraN. R. JenningandP.Buckle(1999)“DesigningResponsivandDe-
liberative AutomatedNegotiators”’Proc. AAAlI Workshopon Negotiation: SettlingCon-
flicts and Identifying Opportunitie©rlando, FL, 12-18.

P.Faratin,C. SierraandN. R. Jenningg2000)“Using Similarity Criteriato Make Nego-
tiation Trade-Offs"Proc. 4th Int. Conf on Multi-Agent SysterBeston, USA, 119-126.

E. GammaR. Helm, R. JohnsorandJ. Vlissides(1995)“ DesignPatterns:Elementof
Reusable Objected-Oriented Softwateldison Wesley.

F.GiunchigliaandL. Serafini(1994)“Multilanguagehierarchicalogics(or: How wecan

do without modal logics)Artificial Intelligence65 29-70.

N. R. Jenningg(2000) “On Agent-BasedSoftwareEngineering”Artificial Intelligence
117 (2) 277-296.

N. R.Jenningg1993)“CommitmentsandConventionsTheFoundatiorof Coordination
in Multi-Agent SystemsThe Knowledge Engineering Revi8w3) 223-250.

26



To appear in: Int Journal of Group Decision and Negotiation GDN2000 Keynote Paper

[15] N. R. JenningsS. ParsonsC. Sierraand P. Faratin(2000) “Automated Negotiation”
Proc. 5th Int Conf.on Practical Applicationof Intelligent Agentsand Multi-AgentSys-
tems(PAAM-2000, Manchester, UK23-30.

[16] M. Karlins and H. I. Abelson (1970P¢€rsuasioh Crosby Lockwood and Son.

[17] S.Kraus(1997)“NegotiationandCooperationn Multi-Agent Environments™Artificial
Intelligence94 79-97.

[18] S. KrausandD. Lehmann(1995) “Designing and building an automatednegotiation
agent’Computational Intelligencé&l (1) 132-171

[19] S.Kraus,K. SycaraandA. Evenchik(1998)“Reachingagreementthroughargumenta-

tion: a logical model and implementatioAtftificial Intelligencel104 1-69.

[20] B. Laasri,H. Laasri,S. LanderandV. Lesser(1992)“A genericmodelfor negotiating
agents’int. Journal of Intelligent and Cooperative Information Systel(i3), 291-317.

[21] A. R.Lomuscio,M. WooldridgeandN. R. Jenningg2000)“A classificationschemdor
negotiationin electroniccommerce’in Agent-MediatedElectronicCommerceA Euro-

pean Perspectivgeds. F. Dignum and C. Sierra), Springer Verlag, 19-33.

[22] R.LouiandD.Moore(2000)“DialogueandDeliberation"CognitiveSciencésubmitted).

[23] J.Von NeumannandO. Morgenstern(1944)“The Theoryof Gamesand EconomicBe-

haviour’ Princeton University Press.

[24] N. J. Nilsson (1998)Artificial Intelligence: A New SynthesidMorgan Kaufmann.

[25] P. NoriegaandC. Sierra(eds.)(1999)"“AgentMediatedElectronic Commercé LNAI
Volume 1571, Springer-Verlag.

[26] C. H. Papadimitriou (1994)Computational ComplexityAddison-Wesley.

[27] S.ParsonsandN. R. Jenningg1996)“NegotiationThroughArgumentation—APrelim-
inary Report”Proc. 2nd Int. Conf. on Multi-Agent Systendgoto, Japan, 267-274.

27



To appear in: Int Journal of Group Decision and Negotiation GDN2000 Keynote Paper

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

S.ParsonsC. SierraandN. R. Jenningg1998)“Agentsthatreasorandnegotiateby ar-
guing” Journal of Logic and Computatidh(3) 261-292.

D. G. Pruitt (1981) Negotiation BehaviotirAcademic Press.

H. Raiffa (1982) The Art and Science of Negotiatiddarvard University Press.

J.A. Rodriguez-AguilarF. J.Martin, P.Noriega,P. Garcia,C. Sierra(1998)“Towardsa

tesbed for trading agents in electronic auction mark&t€ommunicationd1 5-19.

S. Russelland P. Norvig (1995)“Artificial intelligence:a modernapproacti Prentice
Hall.

J. S. Rosenschein and G. Zlotkin (199Rules of Encount&MIT Press.

J.Sabater(C. Sierra,S. ParsonandN. R. Jenningg1999)“Using multi-contextsystems
to engineerexecutableagents’Proc. 6th Int. Workshopon AgentTheoriesArchitectures
and LanguagesOrlando, FL. 131-148.

T. W. Sandholm(1999)“Distributed RationalDecisionMaking” in MultiagentSystems
(ed. G. Weiss) MIT Press, 201-258.

A. SathiandM. S.Fox (1989)“Constraintdirectednegotiationof resourceallocation”in
L. Gasserand M. Huhns(eds.)Distributed Artificial Intelligencell, 163-195,Morgan

Kaufmann.

C. Sierra,P. FaratinandN. R. Jenningg1997)“A Service-OrientedNegotiationModel
betweenmutonomousAgents”Proc. 8th Europeanworkshopmn Modelling Autonomous
Agents in a Multi-Agent WorJdRonneby, Sweden, 17-35.

C.SierraN. R.JenningsP.Noriega,andS.Parsong1997)“A Frameworkior Argumen-
tation-Based\egotiation”Proc. 4th Int. Workshopon AgentTheories Architecturesand
LanguagesRode Island, USA 177-192.

H. A. Simon (1982) Models of Bounded Rationality, VolumeNaIT Press.

28



To appear in: Int Journal of Group Decision and Negotiation GDN2000 Keynote Paper

[40]

[41]

[42]

[43]

[44]

[45]

[46]

K. Sycara(1989)“Argumentation:Planningother Agents’ Plans”Proc 11th Int. Joint.
Conf on AJ Detroit, Ml., 517-523.

K. Sycara(1989)“Multi-agent compromisevia negotiation”in L. GasseandM. Huhns

(eds.)Distributed Atrtificial Intelligence 11119-139, Morgan Kaufmann.

F. Tohme (1997) “Negotiation and defeasiblereasondor choice”, Proc AAAI Spring

Symposium on Qualitative preferences in deliberation and practical reas@urip2.

N. VulkanandN. R. Jenningg2000)“Efficient Mechanismgor the Supplyof Services
in Multi-Agent Environments’nt Journal of Decision Support Systeré8 (1-2) 5-19.

M. Wooldridge(1997)“Agent-basedoftwareengineering|EE Proc SoftwareEngineer-
ing 144 (1) 26-37.

M. WooldridgeandN. R. Jenningg1995)“Intelligent agentstheoryandpractice” The
Knowledge Engineering Reviel@(2) 115-152.

D. ZengandK. Sycara(1997)“How cananagentlearnto negotiate?’in J. Muller, M.
Wooldridge and N. R. Jenningstelligent Agents 111233-244, Springer Verlag.

29



To appear in: Int Journal of Group Decision and Negotiation GDN2000 Keynote Paper

Ai's current region of acceptability

CZ\i\) Ai's initial region of acceptability

X Previous offer
N O Current Offer

Figure 1: The Space of Negotiation Agreements
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