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Abstract. This paperconsidersthe useof logic-basedanguages
for multi-agentnegotiation.We begin by motivating the useof such
languagesandintroducinga formal model of logic-basedhegotia-
tion. Usingthis model,we definetwo importantcomputationaprob-
lems:thesuccesgroblem(givena particularnegotiationhistory, has
agreemenbeenreached?andtheguaranteeduccesgroblem(does
a particular negotiation protocol guaranteethat agreementvill be
reached?YVe thenconsidera seriesof progressiely morecomplex
negotiation languagesand considerthe compleity of usingthese
languagesWe concludewith a discussionon relatedwork andis-
suedfor thefuture.

1 Introduction

Negotiationhaslongbeerrecognise@sacentraltopicin multi-agent
systemg7, 5]. Muchof thisinteresthasarisenthroughthepossibility
of automatedradingsettings,in which software agentsbamgain for
goodsandservicen behalfof someend-usef6].

One obstaclecurrently preventing the vision of agentsfor elec-
troniccommercdrom beingrealiseds thelack of standardisedgent
communicationanguagesand protocolsto supportnegotiation. To
this end,several initiatives have begun, with the goal of developing
suchlanguagesndprotocols.Most actiity in this areais currently
focusedon the FIPA initiative [2]. The FIPA communityis develop-
ing a rangeof agent-relatedstandardspf which the centrepieces
an agentcommunicatiolanguageknownn as“AcL”. This language
includesa numberof performatves explicitly intendedto support
negotiation[2, pp17-18].

Ouraimin thispapetis to considetheuseof languagetike FIPA’s
AcL for negotiation.In particular we focuson the useof logical lan-
guagesor ngyotiation. Theuseof logic for negotiationis notanarbi-
trary choice.For example,logic hasprovedto be powverful tool with
which to studythe expressie powver and computationatompleity
of databasguerylanguage$3]. We believe it will have similarben-
efitsfor the analysisof negotiationlanguages.

In thefollowing sectionwe introduceageneraformal framework
for logic-basechegotiation.In particular we definethe conceptof a
negotiationhistory andconsidervariouspossibledefinitionsof what
it meansfor negotiationto succeedn sucha history: we refer to
this as the succesgroblem.In section4, we define protocolsfor
negotiation,and considerthe problemof whena particularprotocol
guaranteeshat agreemenbetweennegotiation participantswill be
reachedwe referto this asthe guaranteedsuccesgroblem.In sec-
tion 5, we considerthreeprogressiely morecomplex languagedor
negotiation. We begin with propositionallogic, and shawv that, for
thislanguagetheguaranteeduccesgroblemis in thesecondier of
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thepolynomialhierarchy(it is I15 -completeandhenceunlikely to be
tractablesvenif weweregivenanoraclefor NP-completeproblems).
We thenpresentwo further negotiationlanguageswhich aremore
suitedto electroniccommerceapplicationsthe secondf theseis in
factcloselybasedon the negotiationprimitivesprovidedin the FipA
agentcommunicatiorstandard2]. We shaw thatthe succesgrob-
lem for theselanguagess provably intractable(they have double
exponentialtime lower bounds).We concludeby briefly discussing
relatedwork andissuedor futurework.

2 Preliminaries

We begin by assuminga non-emptysetAg = {1, ..., n} of agents
Theseagentsarethe negotiationparticipantsandit is assumedhey
arenegotiatingover a finite setQ = {w,«’,...} of outcomesFor
now, we will not be concernedwith the questionof exactly what
outcomesare, or whetherthey have ary internal structure— just
think of outcomesaspossiblestatesof affairs.

Eachagenti € Agis assumedo have preferencesvith respect
to outcomesgiven by a partial pre-order=; C Q x Q. Following
cornvention,we write w > w’ to mean(w,w’) € >=i.

Negotiation proceedsn a seriesof rounds,whereat eachround,
every agentputsforwarda proposal A proposals a setof outcomes
thatis, a subsebf Q. Theintuition is thatin putting forward sucha
proposalanagentis assertinghatary of theseoutcomeds accept-
able.

In practice the numberof possibleoutcomewill be prohibitively
large. To seethis, considerthatin a domainwhereagentsare nego-
tiating over n attributes,eachof which may take one of m values,
therewill be m" possibleoutcomesThis meanst will beimpracti-
calfor agentdo negotiateby explicitly enumeratingputcomesn the
proposalghey male. Instead,we assumehat agentsmake propos-
als by putting forward a formula of a logical negotiation languaye
— alanguagefor describingdeals.In much of this paper we will
be examiningtheimplicationsof choosingdifferentnegotiationlan-
guagesandin orderto compareghem,we mustmalke certaingeneral
assumptionsThefirst is thata negotiationlanguagel is associated
with a setwff (£) of well-formedformulae— syntacticallyaccept-
able constructionf £. Next, we assumehat £ really is a logical
language containingthe usual connectves of classicallogic: “A”
(and),“Vv” (or), “=" (not), “=" (implies), ande" (iff) [1, p32].
In addition, £ is assumedo have a Tarskiansatishction relation
“I=¢", which holds betweenoutcomes2 and membersof wff (£).
We write w [=£ ¢ to indicatethat outcomew € Q satisfiesfor-
mulay € wif(£). The classicalconnecties of £ areassumedo
have standardsemanticssothat,for example.w =. ¢ A 9 iff both
w L pandw |2 Y. If ¢ € wif (L), thenwe denoteby [¢] - the
setof outcomeghatsatisfyp, thatis, [¢]s = {w | w Fc ¢}

As we noted above, negotiation proceedsn a seriesof rounds,



whereat eachround,every agentputsforward a formula of £ rep-
resentingthe proposalit is making. A singleroundis thuscharac-
terisedby atuple {1, . - ., ¢n), wherefor eachi € Ag, theformula
»i € Wif (L) is agenti’s proposal.Let R be the setof all possible
roundsWe user, r’, . . . to standfor memberof R, anddenoteagent
i's proposain roundr by r(i).

A negotiation history is a finite sequence of rounds
(ro,r1,...,rc). Let H = R* be the set of all possiblenegotia-
tion historiesWe useh, i, . . . to standfor memberof H. If u € IN,
thenwe denotethe u’'th roundin history h by h(u). Thush(0) is the
firstroundin h, h(1) is thesecondandsoon.

3 Typesof Agreement

Givenaparticulamegotiationhistory, animportantquestiorto askis
whetheror not agreemenhasbeenreachedwith respecto this his-
tory. For mary negotiationscenariosthis problemis farfrom trivial:
it may well not be obvious to the negotiation participantsthat they
have in factmademutually acceptabl@roposals.

In fact, we canidentify several differenttypesof agreementon-
dition, which maybeusedin differentnegotiationscenarioslt is as-
sumedthat the negotiation participantswill settleon the agreement
conditionto be usedbefore the actual negotiation processproper
bagins. The selectionof an agreementcondition is thus a meta-
negotiationissue which falls outsidethe scopeof our work.

To understanavhatagreemenmeansn our framework, it is help-
ful to view a negotiation history asa matrix of £-formulae,asfol-
lows.
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In this matrix, ¢ is the proposalmadeby agenti in roundu € IN.
The simplesttype of agreemenis where“all dealsarestill valid” —
oncean agenthasmadea proposalthenthis proposaremainsvalid
throughoutnegotiation. (One importantimplication of suchagree-
mentis thatsinceall previousoffersarestill valid, it makesno sense
for agentso make morerestrictive proposaldaterin negotiation:we
emphasis¢hatourformal approachdoesnotdependon thisassump-
tion — other typesof agreementre possible,as we demonstrate
below.)

In this case,determiningwhetheragreementas beenreached
meansfinding at leastoneoutcomew € 2 suchthatevery agenti
hasmadea proposalp” wherew =, ¢!'. In otherwords, agree-
mentwill have beenreachedf every agent hasmadea proposaly’
suchthat[p{']z N --- N [pr']c # 0. Thiswill bethe caseif the
formulag(* A --- A @ is satisfiable Given a history h, expressed
asa matrix asabove, agreemenhasbeenreachedff the following
formulais satisfiable:

Al V # ()
ieAg \uy€{0,...,k}
Given a history h € H, we denotethe formula (1) for h by ¢n.
We referto the problemof determiningwhetheragreemenhasbeen
reachedn somehistory h asthe succesgproblem Notethatthe suc-
cesgproblemcantrivially bereducedo thesatisfiabilityproblemfor
the nggotiationlanguageausingonly polynomialtime.
An olvious variant of this definition is where prior negotiation
historyis disregardedtheonly proposalshatmatterarethemostre-
cent.Agreemenwill bereachedn sucha historyiff theconjunction

of proposalsnadeonthefinal roundof negotiationis satisfiableThe
succesgonditionis thus:
h—
A\ e @

iEAg
A third possibledefinition of agreemenis thatagentanustcorverge
on“equivalent” proposalsSuchagreemernis captureddy thefollow-
ing condition.

el e ol 3)

4 Protocols

Multi-agent interactionsdo not generally take place in a vac-
uum: they are governedby protocolsthat definethe “rules of en-
counter”[7]. Putsimply, a protocolspecifieghe proposalghateach
agentis allowed to make, asa function of prior negotiationhistory.
Formally, a protocolr is afunctionw : H — p(R) from histories
to setsof possiblerounds.Oneimportantrequiremenbdf protocolsis
thatthe numberof roundsthey allow on ary givenhistoryshouldbe
atmostpolynomialin the size of the negotiationscenarioTheintu-
ition behindthisrequirements thatotherwiseaprotocolcouldallow
anexponentialnumberof rounds— sincean exponentialnumberof
roundscould not be enumeratedn practice,such protocolscould
never beimplementedn ary realisticdomain.

We will saya historyis compatiblewith a protocolif the rounds
at eachstepin the history are permittedby the protocol. Formally,
historyh is compatiblewith  if thefollowing conditionshold:

1. h(0) € m(e) (wheree is theemptyhistory);and
2. h(u) € w((h(0),...,h(u—1)))for1 <u< |h|.

Now, what happensf w(h) = (? In this case,protocol = saysthat
therearenoallowablerounds andwe saythatnegotiationhasended
Theendof negotiationdoesnotimply thattheprocesdiassucceeded,
but rathersimply thatthe protocolwill not permitit to continuefur-
ther

Noticethatnegotiationhistoriescanin principle be unrealistically
long. To seethis, supposedhatthe set{2 of outcomess finite. Then
everyagenthas2!®! possibleproposalsmeaninghatevenif anagent
never makes the sameproposaltwice, negotiation historiescan be
exponentiallylong. We sayprotocolr is efficientif it guaranteethat
negotiationwill endwith a history whoselengthis polynomialin
thesizeof Q2 andAg. Efficiency seemsa reasonableequiremenfor
protocols,asexponentiallylong negotiationhistoriescould never be
practical.

Whenwe createanagentinteractionprotocol,we attemptto engi-
neerthe protocolsothatit hascertaindesirablepropertieq7, pp20-
22]. For example,we might aim to engineerthe protocol so that it
ensuresary agreemenis socially efficient (Paretooptimal), thatthe
protocolis computationallysimple,andsoon.

In this paperwe will be concernedvith justonepropertyof pro-
tocols:whetheror notthey guaranteesuccessWewill sayaprotocol
7 guaranteesuccessf every ngyotiationhistory compatiblewith =
endswith agreemenbeingreachedProtocolsghatguarantesuccess
arefrequentlydesirablefor obviousreasons.

Beforeproceedingye needto saysomethingabouthow protocols
arerepresentedr encoded(This is atechnicalmatterthatis impor-
tantwhenwe cometo considersomedecisionproblemslaterin the
paper) We will assuméhat(efficient) protocolsarerepresentedsa
two-tapeTuringmachinethemachinetakesasinputarepresentation



of prior nggotiationhistory on its first tape,andwrites asoutputthe
setof possiblesubsequenmbundsonthesecondape Wewill further
assumehatthe Turing machinerequirestime polynomialin thesize
of |Ag x Q| in orderto carry out this computation.

5 Example Negotiation L anguages

Example 1: Classical Propositional Logic. For thefirst example,
wewill assumehatagentsarenegotiatingoveradomainthatmaybe
characteriseth termsof afinite setof attributes,eachof which may
be eithertrue (T) or false(L). An outcomeis thusan assignment
of true or falseto every attribute. The proposalgossiblen this kind
of languageareexactly thekind of outcomegypically consideredn
decisiontheory For example,in the classic*oil wildcatter” problem
agentsmight be involved in a negotiation aboutwhich of two oil
fieldsto drill in, andproposalsnight be of theform:

o drillFielda A ~drillFields
o —drillFielda A drillF ields

The obvious languagewith which to expressthe propertiesof such
domainsis classicalpropositionallogic, which we will call £o. The
setwff (Lo) containsformulaeconstructedrom afinite setof propo-
sition symbols® = {p, q,r, ...} combinedinto formulaeusingthe
classicalconnecties “—" (not), “A” (and),“Vv” (or), andsoon. It
is easyto seethat the succesgproblemfor £y historieswill be NP-
complete More interestings the factthatwe canestablishthe com-
plexity of the guaranteeguccesproblemfor Ly. (In whatfollows,
we assumesomefamiliarity with complexity theory[4].)

Theorem 1 Theguaranteedsuccesproblemfor efficientLo proto-
colsis completefor I15.

Proof: We needto prove that: (i) the problemis in II%, and(ii) the
problemis TT5 hard. To establishmembershipof I15, we definea
T1} alternatingTuring machineM thatacceptsfficient £o protocols
which guarantessuccessandrejectsall others.Theinputto M will

be an efficient Lo protocol 7. The machineM runs the following
algorithm:

1. universallyselectall historiesh compatiblewith r;
2. existentiallyselectanoutcomew;
3. accepif w =, ¢n, otherwisereject.

Step(1) usesuniversalalternationto generateeachhistory compat-
ible with 7r; step(2) usesexistentialalternationto establishwhether
or notthathistoryis successfulstep(3) forcesthe machineto accept
if every historycompatiblewith theprotocolis successfulandreject
otherwise At step(1), the historiesselectedwill be at mostpolyno-

mial in the sizeof  andAc. Obsene thatthe machinehasjust two

alternationsa universalfollowed by an existential,andhenceM is

indeedaIT} alternatingTuring machine.

To shaw thatthe problemis T} hard,we reducethe QBF» v prob-
lem — this is the quintessentiall}, completeproblem[4, p96]. An
instanceof QBF» v is given by a quantifiedboolearformulawith the
following structure:

VX1, -

Jxkayli“'iyl 90(X1,---,Xk,)/1,.--,)/|)

Sucha formulais true if for all assignmentshat we can give to
booleanvariablesxy, . .., X, thereis someassignmentve cangive
to booleanvariablesys, . ..,y suchthato(Xi, ..., X, Yi,.--,¥) is
true.Hereis anexampleof suchaformula.

VX13X2[(X1 \% X2) A (X1 \ _|X2)] (4)

Formula(4) in factevaluatedo false.(If x; is false thereis novalue
we cangive to x» thatwill make thebodyof theformulatrue.)

To reduce an instance (1) of QBF.y to the Lo guaranteed
succesgroblem, we createan agentfor each 3-variable and V-
variablein the QBF formula, and an additionalagentfor the body
(X, X, Y1, - -, Y1). Wethenconstructa protocolr sothat:

e the agent corresponding to the body initially proposes
(X1, -, X, Y1, - - -, Y1), andproposesfalse”thereafter;

e each3-variableagentcorrespondingo y; initially proposes; <
T,theny; < L, and“ L” thereafter;

e thenthV-variableagentpropose$ _L” until roundn, thenonround
n is allowed to make two proposalsy, < T andy, < L1, and
proposes$ " thereafter

The setof negotiation historiesallowed by this protocol for exam-
ple (4) canbedescribedasfollows.

agentfor body: (X1 V X2) A (X1 V —X2) 1
agentfor 3-variablex,: Xo = T Xo < L
agentfor V-variablex;:  {x1 & T,x1 & 1} L

Thesetnotationin thethird row denotesheproposalshisagents al-
lowedto male atthatstep.Theinputformulawill betruejustin case
every negotiationhistorycompatiblewith this protocolis successful.
Further ary negotiation history generatedn this way will be poly-
nomialin thenumberof clausesandthe numberof boolearvariables
in theoriginal QBF2,v formula,andthereductioncanclearlybedone
in polynomialtime. Henceary instanceof QBF, v canbe reduced
in polynomialtime to the problemof determiningwhetheror notan
efficient Lo protocolguaranteesuccessandwe aredone. o

Note thatTT}-completeproblemsaregenerallyreckonedto beworse
than, say co-NpP-completeor NP-completeproblems,althoughthe
precisestatusof suchproblemsin therelationto theseclassess not
currentlyknown for sure[4]. Theoremil shouldthereforeberegarded
asanextremelynegative result.

An obvious questiorto askis whetherthe compleity of theguar
anteedsuccesgproblemcanbereducedn someway. Therearetwo
main factorsthatleadto the overall compleity of the problem:the
compleity of theunderlyingnegotiationlanguageandthe “branch-
ing factor” of the protocol.lt is possibleto prove thatif we chosea
negotiationlanguagevhosesatisfiabilityproblemwasin p, thenthe
compleity of the correspondinguaranteeguccesgroblemwould
bereducedonelevel in the polynomialhierarchy— in factit would
beco-NP-complete(i.e., I} -complete).

With respecto the branchingfactor of the protocol,supposeve
have a deterministicCo protocolm — onein which |w(h)| < 1 for
all h € H. Sincesuchprotocolsgeneratenly onehistory, thenit is
not hardto seethat the correspondingyuaranteeguccesgproblem
will be NP-complete.Of course determinismis a far too restrictve
propertyto requireof realisticprotocols.

Example 2: A Language for Electronic Commerce. Proposi-
tional logic is a simple and corvenientlanguageto analyse but is
unlikely to be usefulfor mary realisticnegotiationdomains.n this
example,we focuson someavhat morerealistice-commere scenar
ios, in which agentsnegotiateto reachagreementwith respectto
somefinancialtransactiorf6]. We presentnegotiationlanguage’:
for usein suchscenarios.



We begin by defining the outcomesthat agentsare negotiating
over. The ideais that agentsare trying to reachagreemenbn the
valuesof a finite setV = {v1,...,vm} of negotiation issues[8,
pp181-182]whereeachissuehasa naturalnumbervalue.An out-
comew € Q for sucha scenariois thusa functionw : V. — IN,
which assignsa naturalnumberto eachissue.

In orderto representhe proposalghatagentsanake in suchasce-
nario, we usea subsef first-orderlogic. We begin by giving some
examplesof formulaein this subset.

e (price = 20) A (warranty = 12)

“the priceis $20andthewarrantyis 12 months”
e (15 < price < 20) A (warranty = 12)

“the priceis betweerfs15and$20andthewarrantyis 12 months”
e (price + warrantyCost< 2000)

“price pluswarrantyis lessthan$2000”

Formally, £; is the subsebf first-orderlogic containing:a finite set
V of variables(with atleastonevariablefor eachnegotiationissue);
asetC of constantspnefor eachnaturalnumber;ithebinaryaddition
function “+”; the equality relation“="; andthe less-tharrelation
<

Thereis both goodnevs andbadnews aboutL; : the goodnews
is thatit is decidablethe badnews is thatit is provably intractable.
In fact, we canprove that £, hasa doubleexponentialtime lower
bound.In what follows, TA[t(n), a(n)] is usedto denotethe class
of problemsthat may be solved by an alternatingTuring machine
usingatmostt(n) time anda(n) alternation®n inputsof lengthn [4,
p104].

Theorem 2 The success problem for £

K
Ukso TAIZ? 1.

Proof: Follows from the factthat £, formulaemay be reducedin
linear time to formulaeof Preslurger arithmeticandvice versa[1,
p250].Preslirgerarithmeticis asubsetf first-orderogic containing
equality thesuccessofunctionS: IN — IN andconstan®, theless
thanrelation“ <”, andthe additionfunction“+". Formulaeof Pres-
burger arithmetic are interpretedover a structure(IN, 0, § <, +),
wherethe componentf this structurehave the obvious meaning.
Sincetheproblemof decidingwhetheraformulaof Preslurgerarith-

is complete for

nk
meticis true is completefor Uk>0 TA[2®" ,n)], (seee.g.,[4, p105]),
andthis compleity classs closedundempolynomialtimereductions,
theresultfollows easily o

Thedetailsof theclassTA[t(n), a(n)] areperhapsiot very important
for the purposesf this example.The crucial point is thatary algo-
rithm we careto write thatwill solvethegenerall; succesgroblem
will have atleastdoubleexponentiattime compleity. It follows that
suchanalgorithmis highly unlikely to beof ary practicalvalue. With

respecto theguaranteeduccesgroblemfor £, we notethatsince
the succesproblemgivesa lower boundto the correspondingyuar

anteedsuccesproblem,the £; guaranteeduccesgproblemwill be

nk
atleast|J,. , TA[2* , ] hard.

Example 3: A negotiation meta-language. Thelanguageaisedin
the previous exampleis suitablefor statingdeals,andis thus suffi-
cientfor usein scenariogn which agentsnegotiateby just trading
suchdeals.However, asdiscussedn [8], the negotiation processs
more comple for mary scenariosand agentsmustengagen per
suasionto getthe bestdeal. Persuasiomequiresmore sophisticated

dialogues,and, as a result, richer negotiation languagesOne such
languagepasedon the negotiation primitives provided by the Fipa
AcCL [2], andrelatedto [8], includesthe illocutions shawvn in Ta-
ble 1. In this table, ¢ is a formulaof alanguagesuchas £y or L.
In this sensethe languagenhich includestheillocutionsis a meta-
language for negotiation— a languagefor talking aboutproposals.
For the restof this example,we will consideralanguagel. which
consistof exactly thoseillocutionsin Table1, wherey is aformula
in L.

lllocution Meaning
requesti,j, ) arequesfromitoj for aproposabasedn ¢
offer(i, j, ) aproposabf ¢ fromito]
accepfi,j,p) iacceptproposakp madeby agent
rejec(i, j, ¢) i rejectsproposalof ¢ madeby agentj
withdraw(i,j) i withdraws from negotiationwith |

Tablel. lllocutionsfor the negotiationlanguageCs.

Theseillocutions work asfollows. Therearetwo waysin which
a negotiation can begin, either when one agentmakes an offer to
anotheror whenonemalkesarequesto anotherA requests asemi-
instantiatedffer. For example thefollowing illocution

requesti, j, (price =?) A (warranty = 12))

is interpretedas”If |1 wanta 12 monthwarranty whatis theprice?”.

Proposalsrethentradedin theusualway, with thedifferencethat
anagentcanreplyto aproposahwith areject explicitly sayingthata
givenproposais unacceptableatherthanwith a new proposalNe-
gotiationceasesvhenoneagentacceps anoffer or withdraws from
negotiation.Notethatthis protocolassumes$wo agentsareengaged
in the negotiation. (Many-mary negotiationsare handledin [8] by
mary simultaneouswo-way negotiations.)

To further illustrate the use of £, considerthe following short
negotiationhistorybetweertwo agentsegotiatingoverthepurchase
of ausedcar:

requesta, b, (price < 4000) A (model=?) A (age =7))
offer(b, a, (price = 3500) A (model= Escor) A (age = 8))
rejec{(a, b, (price = 3500) A (model= Escor)) A (age = 8))
offer(b, a, (price = 3900) A (model= Golf) A (age = 6))
offer(a, b, (price = 3200) A (model= Golf) A (age = 6))
offer(b, a, (price = 3400) A (model= Golf) A (age = 6))
accepta, b, (price = 3400) A (model= Golf) A (age = 6))

NoghrwhpE

Broadly speakingthe illocutionsin £, aresyntacticsugarfor the
kinds of proposalthat we have discussedbore: we canmapthem
into £1 andhenceinto the framevork introducedin section2. To
do this we first needto extend the condition for agreementin the
casewherewe have two agentsa andb negotiating,the agreement
conditionwe useis a combinationof (2) and(3):

AT A e ) (5)
Thusthe agentsmustnot only make mutually satisfiableproposals
onthefinal round,they mustmale equivalentproposalsGiventhis,
we canprove thefollowing result.

2 Note thatthe languageproposedn [8] alsoincludesillocutions which in-
cludethe reasonfor an offer. We omit discussiorof this facility here.We
alsoomit thetimestamgfrom theillocutions.



Theorem 3 Theaugmenteduccesproblemfor £, is completefor

K
Ukso TA22 ).

Proof: Theresultfollows from Theorem2 andthefactthatwe can
definea linear time transformationbetweenf, and £; histories,
which preseresthe conditionsof successWe will in factdefinea
mappingwhich translategrom £, illocutionsto £, formulae— the
mappingcanbe easilybe extendedto histories.ThreeL, illocutions
canbere-writtendirectly:

o offer(i, |, p) becomes proposalp;

e accepti, j, ¢) becomes proposaky which matcheghelast pro-
posal;

e rejeci(i,], p) becomesproposab.

Thesaéllocutionsthenfit preciselyinto theframework definedaborve,

andsucces®ccursin preciselythe samesituation— when(5) is sat-
isfiable— oncethelastproposaltheonewhichmalkes(5) satisfiable,
is echoedby the secondagent.Theremainingtwo illocutionscanbe

capturedoy:

e requesdti, j, ) becomes proposalp in which someattributesare
of theform (valuenin < attribute < valuénax);
e withdraw(i, j) becomes L".

A proposal“L” immediatelymales (5) unsatisfiableand the ne-
gotiationterminatesgxactly asonewould expectof a withdraw. A
proposalin which someattributesA; are of the form (valuenin <
attribute < valuenax) andothersA; have morerestrictedvaluesleads
immediatelyto the satisfiability of (5) if the responseés a proposal
which agreeson the A; andhasary valuefor the A; (sincethesewill
agreewith the intenvals [valugnin, valuenay). Sincethe transforma-
tion will clearlybelinearin thesizeof thehistory, theresultfollows.

o

Thereis alsothequestiorof whethersuccessanbeguaranteegvhen
negotiating in £», andthis, of course,dependsupon the protocol
used.Table2 givestheprotocolusedin [8]. We will call this.,,.

Agenti says Agentj replies

requesti, j, ¢i) offer(j, i, ¢}')

Oﬁer(iaja (plu) Offel'(j, i: (pJU)’ or accep(ja ia 90]“)' or
rejec(j, i, i), or withdraw(j, i)

rejec(i, ], p) offer(j, i, ¢;") or withdraw(j, i)

accepfi, j, gaj“’l) endof negotiation

withdraw(i, j) endof negotiation

Table2. Theprotocolr ., for L2 attheuth stepof the negotiation.

Clearly this protocol canleadto negotiationswhich never termi-
nate(sinceit is possiblefor agentsto tradethe samepair of unac-
ceptableoffers for ever). However, it is not unreasonabléo insist
that conditionsare placeduponthe protocolin orderto ensurethat
this doesnot happerandthatnegotiationseventuallyterminate One
suchconditionis that agentsmake concessionst eachstage,that
is, that eachoffer madeby an agentis lesspreferableto that agent
thanary of its predecessorglnderthis condition,andassuminghat
agentswithdraw oncegp dropsbelov somethresholdwe have:

Theorem 4 Protocolr., guamnteessuccess.

Proof: Considermnongoingnegotiation.If we canshav thatthene-
gotiationterminatesthensuccesss guaranteedNow, if i generates
theillocution withdraw(i, j) or accepti, j, ), negotiationterminates.
If i generateseject(i, |, ), theneitherj withdravs andthe negotia-
tion terminatesafter the next step,or j respondwith an offer. Sim-
ilarly, if i generateffer(i, |, ¢), eitherthe negotiation terminates
after the next step,or j issuesan offer or areject. A rejectwill, of
coursegeneratea withdrawval or anoffer. Thusthe only way thatthe
negotiationcancontinueis throughthe exchangeof offers,albeitof-
fersinterspersedvith rejecs. Sincebothagentsalwaysconcedeary
offer anagentmakeswill be lessacceptableo it thanthe previous
offer it made,andso, after makinga numberof offers, the value of
the dealbeingofferedwill fall beneaththe threshold.At this point
theagentwill withdraw, andthe negotiationwill terminate. o

Onesimplescenariowhich is capturedoy =, is thatin which one
agent,i say rejectsevery offer madeby the other j, until suitable
concessionkave beengained Of course providedthattheend-point
is acceptabldor j, thereis nothing wrong with this — andif the
concessioljis looking for aretoo severe,thenj will withdrav before
makinganacceptableffer.

6 Discussion

This paperhasidentifiedtwo importantcomputationaproblemsin

the useof logic-basedanguagedor negotiation— the problemof

determiningif agreemenhasbeenreachedn a negotiation,andthe
problemof determiningif a particularnegotiationprotocolwill lead
to an agreementBoth theseproblemsare computationallyhard. In

particularthe papershavedthe extentof the problemsfor somelan-
guageshatcould realisticallybe usedfor negotiationsin electronic
commerce This effort is thus complementaryto work on defining
suchlanguagesOhviousfuturelinesof work areto consideitheim-

pactof theseresultson the designof negotiationlanguagesindpro-
tocols,andto extendthe work to cover morecomplec languagesin

particular we areinterestedn extendingthe analysisto considerthe
useof agumentationin negotiation[8].
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