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�
Abstract. This paperconsidersthe useof logic-basedlanguages
for multi-agentnegotiation.We begin by motivating theuseof such
languages,andintroducinga formal modelof logic-basednegotia-
tion. Usingthismodel,wedefinetwo importantcomputationalprob-
lems:thesuccessproblem(givenaparticularnegotiationhistory, has
agreementbeenreached?)andtheguaranteedsuccessproblem(does
a particularnegotiation protocol guaranteethat agreementwill be
reached?)We thenconsidera seriesof progressively morecomplex
negotiation languages,and considerthe complexity of using these
languages.We concludewith a discussionon relatedwork and is-
suesfor thefuture.

1 Introduction

Negotiationhaslongbeenrecognisedasacentraltopicin multi-agent
systems[7, 5]. Muchof this interesthasarisenthroughthepossibility
of automatedtradingsettings,in which softwareagentsbargain for
goodsandservicesonbehalfof someend-user[6].

One obstaclecurrently preventing the vision of agentsfor elec-
troniccommercefrom beingrealisedis thelackof standardisedagent
communicationlanguagesandprotocolsto supportnegotiation.To
this end,several initiativeshave begun,with thegoal of developing
suchlanguagesandprotocols.Most activity in this areais currently
focusedon the FIPA initiative [2]. The FIPA communityis develop-
ing a rangeof agent-relatedstandards,of which the centrepieceis
an agentcommunicationlanguageknown as“ ACL”. This language
includesa numberof performatives explicitly intendedto support
negotiation[2, pp17–18].

Ouraimin thispaperis to considertheuseof languageslikeFIPA ’s
ACL for negotiation.In particular, we focusontheuseof logical lan-
guagesfor negotiation.Theuseof logic for negotiationis notanarbi-
trary choice.For example,logic hasprovedto bepowerful tool with
which to studytheexpressive power andcomputationalcomplexity
of databasequerylanguages[3]. Webelieve it will have similarben-
efitsfor theanalysisof negotiationlanguages.

In thefollowing section,weintroduceageneralformalframework
for logic-basednegotiation.In particular, we definetheconceptof a
negotiationhistory, andconsidervariouspossibledefinitionsof what
it meansfor negotiation to succeedon sucha history: we refer to
this as the successproblem.In section4, we defineprotocols for
negotiation,andconsidertheproblemof whena particularprotocol
guaranteesthat agreementbetweennegotiationparticipantswill be
reached:we referto this astheguaranteedsuccessproblem.In sec-
tion 5, we considerthreeprogressively morecomplex languagesfor
negotiation.We begin with propositionallogic, andshow that, for
this language,theguaranteedsuccessproblemis in thesecondtier of�
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thepolynomialhierarchy(it is � p� -complete,andhenceunlikely to be
tractableevenif weweregivenanoraclefor NP-completeproblems).
We thenpresenttwo furthernegotiationlanguages,which aremore
suitedto electroniccommerceapplications;thesecondof theseis in
factcloselybasedon thenegotiationprimitivesprovidedin theFIPA

agentcommunicationstandard[2]. We show that the successprob-
lem for theselanguagesis provably intractable(they have double
exponentialtime lower bounds).We concludeby briefly discussing
relatedwork andissuesfor futurework.

2 Preliminaries

We begin by assuminga non-emptysetAg ���
	������� n� of agents.
Theseagentsarethenegotiationparticipants,andit is assumedthey
arenegotiatingover a finite set ������������������ � of outcomes. For
now, we will not be concernedwith the questionof exactly what
outcomesare, or whetherthey have any internal structure— just
think of outcomesaspossiblestatesof affairs.

Eachagenti � Ag is assumedto have preferenceswith respect
to outcomes,given by a partial pre-order � i � ����� . Following
convention,we write � � i � � to mean !"���#� �%$ �&� i.

Negotiationproceedsin a seriesof rounds,whereat eachround,
everyagentputsforwardaproposal.A proposalis asetof outcomes,
that is, a subsetof � . The intuition is that in putting forwardsucha
proposal,anagentis assertingthatany of theseoutcomesis accept-
able.

In practice,thenumberof possibleoutcomeswill beprohibitively
large.To seethis, considerthat in a domainwhereagentsarenego-
tiating over n attributes,eachof which may take oneof m values,
therewill bemn possibleoutcomes.This meansit will be impracti-
cal for agentsto negotiateby explicitly enumeratingoutcomesin the
proposalsthey make. Instead,we assumethat agentsmake propos-
als by putting forward a formula of a logical negotiation language
— a languagefor describingdeals.In muchof this paper, we will
beexaminingtheimplicationsof choosingdifferentnegotiationlan-
guages,andin orderto comparethem,wemustmakecertaingeneral
assumptions.Thefirst is thata negotiationlanguage' is associated
with a setwff !(' $ of well-formedformulae— syntacticallyaccept-
ableconstructionsof ' . Next, we assumethat ' really is a logical
language,containingthe usualconnectives of classicallogic: “ ) ”
(and), “ * ” (or), “ + ” (not), “ , ” (implies), and“- ” (if f) [1, p32].
In addition, ' is assumedto have a Tarskiansatisfaction relation
“ . �0/ ”, which holdsbetweenoutcomes� andmembersof wff !(' $ .
We write �1.�0/32 to indicatethat outcome�4��� satisfiesfor-
mula 2�� wff !(' $ . The classicalconnectives of ' areassumedto
have standardsemantics,sothat,for example,�5. � / 26)87 if f both�9. �0/:2 and �;. �0/<7 . If 2=� wff !(' $ , thenwe denoteby > > 2@? ?A/ the
setof outcomesthatsatisfy 2 , thatis, > > 2@? ?"/<�B�C�D.��D.�0/<2E� .

As we notedabove, negotiation proceedsin a seriesof rounds,



whereat eachround,every agentputsforward a formula of ' rep-
resentingthe proposalit is making.A singleround is thuscharac-
terisedby a tuple FG2 � ������H2 n I , wherefor eachi � Ag, the formula2 i � wff !(' $ is agenti’s proposal.Let R be the setof all possible
rounds.Weuser � r �G���� to standfor membersof R, anddenoteagent
i’sproposalin roundr by r ! i $ .

A negotiation history is a finite sequence of rounds! r J�� r � ������ rk $ . Let H � RK be the set of all possiblenegotia-
tion histories.Weuseh � h� ���C to standfor membersof H. If u � IN,
thenwe denotetheu’ th roundin historyh by h ! u$ . Thush !�L $ is the
first roundin h, h !M	 $ is thesecond,andsoon.

3 Types of Agreement

Givenaparticularnegotiationhistory, animportantquestionto askis
whetheror not agreementhasbeenreachedwith respectto this his-
tory. For many negotiationscenarios,thisproblemis far from trivial:
it may well not be obvious to the negotiationparticipantsthat they
have in factmademutuallyacceptableproposals.

In fact,we canidentify several differenttypesof agreementcon-
dition, whichmaybeusedin differentnegotiationscenarios.It is as-
sumedthat thenegotiationparticipantswill settleon theagreement
condition to be usedbefore the actual negotiation processproper
begins. The selectionof an agreementcondition is thus a meta-
negotiation issue,which falls outsidethescopeof ourwork.

To understandwhatagreementmeansin our framework, it is help-
ful to view a negotiationhistory asa matrix of ' -formulae,asfol-
lows. 2 J � 2 ��ON�N�N 2 k�

...
...

. . .
...2 Jn 2 �n N�N�N 2 k
n

In this matrix, 2 u
i is theproposalmadeby agenti in roundu � IN.

Thesimplesttypeof agreementis where“all dealsarestill valid” —
onceanagenthasmadea proposal,thenthis proposalremainsvalid
throughoutnegotiation. (One important implication of suchagree-
mentis thatsinceall previousoffersarestill valid, it makesnosense
for agentsto makemorerestrictiveproposalslaterin negotiation:we
emphasisethatour formalapproachdoesnotdependonthisassump-
tion — other typesof agreementare possible,as we demonstrate
below.)

In this case,determiningwhetheragreementhas beenreached
meansfinding at leastoneoutcome���D� suchthat every agenti
hasmadea proposal2 ui

i where �P. �0/�2 ui
i . In otherwords,agree-

mentwill havebeenreachedif everyagenti hasmadeaproposal2 ui
i

suchthat > > 2 u Q� ? ? /SR N�N�N R > > 2 un
n ? ? /PT��U . This will be the caseif the

formula 2 u Q� ) NCN�N )V2 un
n is satisfiable.Givena historyh, expressed

asa matrix asabove, agreementhasbeenreachediff the following
formulais satisfiable: W

i X Ag

YZ [
ui X
\ JC] ^ ^ ^ ] k _ 2 ui

i `a (1)

Given a history h � H, we denotethe formula (1) for h by 2 h.
We referto theproblemof determiningwhetheragreementhasbeen
reachedin somehistoryh asthesuccessproblem. Notethatthesuc-
cessproblemcantrivially bereducedto thesatisfiabilityproblemfor
thenegotiationlanguageusingonly polynomialtime.

An obvious variant of this definition is whereprior negotiation
historyis disregarded:theonly proposalsthatmatterarethemostre-
cent.Agreementwill bereachedin sucha historyif f theconjunction

of proposalsmadeonthefinal roundof negotiationis satisfiable.The
successconditionis thus: W

i X Ag

2cb h d � bi (2)

A third possibledefinitionof agreementis thatagentsmustconverge
on“equivalent”proposals.Suchagreementis capturedby thefollow-
ing condition. 2 b h d � b� - N�NCN -e2 b h d � bn (3)

4 Protocols

Multi-agent interactions do not generally take place in a vac-
uum: they are governedby protocols that definethe “rules of en-
counter”[7]. Putsimply, a protocolspecifiestheproposalsthateach
agentis allowed to make, asa functionof prior negotiationhistory.
Formally, a protocol f is a function f9g H hjik! R$ from histories
to setsof possiblerounds.Oneimportantrequirementof protocolsis
thatthenumberof roundsthey allow on any givenhistoryshouldbe
at mostpolynomialin thesizeof thenegotiationscenario.Theintu-
ition behindthisrequirementis thatotherwise,aprotocolcouldallow
anexponentialnumberof rounds— sinceanexponentialnumberof
roundscould not be enumeratedin practice,suchprotocolscould
never beimplementedin any realisticdomain.

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

1. h !�L $ �lfk!�m $ (wherem is theemptyhistory);and
2. h ! u$ �6fk!n! h !�L $ ����C� h ! u o=	 $n$n$ for 	qp u rB. h . .
Now, what happensif fk! h$ �sU ? In this case,protocol f saysthat
therearenoallowablerounds,andwesaythatnegotiationhasended.
Theendof negotiationdoesnot imply thattheprocesshassucceeded,
but rathersimply that theprotocolwill not permit it to continuefur-
ther.

Noticethatnegotiationhistoriescanin principlebeunrealistically
long. To seethis, supposethat theset � of outcomesis finite. Then
everyagenthast b uvb possibleproposals,meaningthatevenif anagent
never makes the sameproposaltwice, negotiation historiescan be
exponentiallylong.Wesayprotocol f is efficientif it guaranteesthat
negotiation will end with a history whoselength is polynomial in
thesizeof � andAg. Efficiency seemsa reasonablerequirementfor
protocols,asexponentiallylong negotiationhistoriescouldnever be
practical.

Whenwecreateanagentinteractionprotocol,weattemptto engi-
neertheprotocolsothat it hascertaindesirableproperties[7, pp20-
22]. For example,we might aim to engineerthe protocolso that it
ensuresany agreementis sociallyefficient (Paretooptimal),that the
protocolis computationallysimple,andsoon.

In this paper, we will beconcernedwith just onepropertyof pro-
tocols:whetheror not they guaranteesuccess. Wewill sayaprotocolf guaranteessuccessif every negotiationhistorycompatiblewith f
endswith agreementbeingreached.Protocolsthatguaranteesuccess
arefrequentlydesirable,for obviousreasons.

Beforeproceeding,weneedto saysomethingabouthow protocols
arerepresentedor encoded. (This is a technicalmatterthatis impor-
tantwhenwe cometo considersomedecisionproblemslater in the
paper.) We will assumethat(efficient)protocolsarerepresentedasa
two-tapeTuringmachine:themachinetakesasinputarepresentation



of prior negotiationhistoryon its first tape,andwritesasoutputthe
setof possiblesubsequentroundsonthesecondtape.Wewill further
assumethattheTuringmachinerequirestimepolynomialin thesize
of .Ag �6�q. in orderto carryout thiscomputation.

5 Example Negotiation Languages

Example 1: Classical Propositional Logic. For thefirst example,
wewill assumethatagentsarenegotiatingoveradomainthatmaybe
characterisedin termsof a finite setof attributes,eachof which may
be either true ( w ) or false( x ). An outcomeis thusan assignment
of trueor falseto every attribute.Theproposalspossiblein this kind
of languageareexactly thekind of outcomestypically consideredin
decisiontheory. For example,in theclassic“oil wildcatter” problem
agentsmight be involved in a negotiation aboutwhich of two oil
fieldsto drill in, andproposalsmightbeof theform:y drillF ieldA )l+ drillF ieldBy + drillF ieldA ) drillF ieldB

The obvious languagewith which to expressthe propertiesof such
domainsis classicalpropositionallogic, which we will call ' J . The
setwff !('cJ $ containsformulaeconstructedfrom afinite setof propo-
sition symbolsz5��� p � q � r ���C{� combinedinto formulaeusingthe
classicalconnectives “ + ” (not), “ ) ” (and), “ * ” (or), and so on. It
is easyto seethat the successproblemfor 'cJ historieswill be NP-
complete.More interestingis thefactthatwe canestablishthecom-
plexity of theguaranteedsuccessproblemfor ' J . (In what follows,
we assumesomefamiliarity with complexity theory[4].)

Theorem 1 Theguaranteedsuccessproblemfor efficient '|J proto-
colsis completefor � p� .
Proof: We needto prove that: (i) theproblemis in � p� , and(ii) the
problemis � p� hard.To establishmembershipof � p� , we definea� p� alternatingTuringmachineM thatacceptsefficient ' J protocols
which guaranteesuccess,andrejectsall others.The input to M will
be an efficient '|J protocol f . The machineM runs the following
algorithm:

1. universallyselectall historiesh compatiblewith f ;
2. existentiallyselectanoutcome� ;
3. acceptif �}. � /�~ 2 h, otherwisereject.

Step(1) usesuniversalalternationto generateeachhistorycompat-
ible with f ; step(2) usesexistentialalternationto establishwhether
or not thathistoryis successful;step(3) forcesthemachineto accept
if everyhistorycompatiblewith theprotocolis successful,andreject
otherwise.At step(1), thehistoriesselectedwill beat mostpolyno-
mial in thesizeof � andAc. Observe that themachinehasjust two
alternations,a universalfollowed by an existential,andhenceM is
indeeda � p� alternatingTuringmachine.

To show thattheproblemis � p� hard,we reducetheQBF
� ] � prob-

lem — this is the quintessential� p� completeproblem[4, p96]. An
instanceof QBF

� ] � is givenby a quantifiedbooleanformulawith the
following structure:�

x � �C���� xk � y � ����C� yl 2c! x � �C���� xk � y � ����C� yl $
Sucha formula is true if for all assignmentsthat we can give to
booleanvariablesx � ���C�� xk, thereis someassignmentwe cangive
to booleanvariablesy � ���C�� yl suchthat 2c! x � ������ xk � y � ��C��� yl $ is
true.Hereis anexampleof sucha formula.

�
x � � x� >{! x � * x

� $ )V! x � *6+ x
� $ ? (4)

Formula(4) in factevaluatesto false.(If x � is false,thereis novalue
we cangive to x

�
thatwill make thebodyof theformulatrue.)

To reduce an instance (1) of QBF
� ] � to the ' J guaranteed

successproblem, we createan agent for each � -variable and
�

-
variablein the QBF formula, and an additionalagentfor the body2c! x � ����C� xk � y � �C���� yl $ . We thenconstructa protocol f sothat:y the agent corresponding to the body initially proposes2c! x � ��C��� xk � y � ������ yl $ , andproposes“f alse”thereafter;y each� -variableagentcorrespondingto yi initially proposesyi -w , thenyi -�x , and“ x ” thereafter;y thenth

�
-variableagentproposes“ x ” until roundn, thenonround

n is allowed to make two proposals,yn -�w andyn -�x , and
proposes“ x ” thereafter.

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

agentfor body: ! x � * x
� $ )V! x � *6+ x

� $ x
agentfor � -variablex

�
: x

� -ew x
� -ex

agentfor
�

-variablex � : � x � -�w�� x � -ex�� x
Thesetnotationin thethird row denotestheproposalsthisagentisal-
lowedto makeatthatstep.Theinput formulawill betruejust in case
everynegotiationhistorycompatiblewith thisprotocolis successful.
Further, any negotiationhistory generatedin this way will bepoly-
nomialin thenumberof clausesandthenumberof booleanvariables
in theoriginal QBF

� ] � formula,andthereductioncanclearlybedone
in polynomial time. Henceany instanceof QBF

� ] � canbe reduced
in polynomialtime to theproblemof determiningwhetheror not an
efficient ' J protocolguaranteessuccess,andwe aredone. �
Notethat � p� -completeproblemsaregenerallyreckonedto beworse
than, say, co-NP-completeor NP-completeproblems,althoughthe
precisestatusof suchproblemsin therelationto theseclassesis not
currentlyknown for sure[4]. Theorem1 shouldthereforeberegarded
asanextremelynegative result.

An obviousquestionto askis whetherthecomplexity of theguar-
anteedsuccessproblemcanbereducedin someway. Therearetwo
main factorsthat leadto theoverall complexity of theproblem:the
complexity of theunderlyingnegotiationlanguage,andthe“branch-
ing factor” of theprotocol.It is possibleto prove that if we chosea
negotiationlanguagewhosesatisfiabilityproblemwasin P, thenthe
complexity of thecorrespondingguaranteedsuccessproblemwould
bereducedonelevel in thepolynomialhierarchy— in fact it would
beco-NP-complete(i.e., � p� -complete).

With respectto the branchingfactorof the protocol,supposewe
have a deterministic' J protocol f — onein which . fk! h$ .�p�	 for
all h � H. Sincesuchprotocolsgenerateonly onehistory, thenit is
not hardto seethat the correspondingguaranteedsuccessproblem
will be NP-complete.Of course,determinismis a far too restrictive
propertyto requireof realisticprotocols.

Example 2: A Language for Electronic Commerce. Proposi-
tional logic is a simpleandconvenient languageto analyse,but is
unlikely to beusefulfor many realisticnegotiationdomains.In this
example,we focuson somewhat morerealistice-commerce scenar-
ios, in which agentsnegotiate to reachagreementwith respectto
somefinancialtransaction[6]. Wepresentanegotiationlanguage' �
for usein suchscenarios.



We begin by defining the outcomesthat agentsare negotiating
over. The idea is that agentsare trying to reachagreementon the
valuesof a finite set V ��� v � ���C�� vm � of negotiation issues[8,
pp181–182],whereeachissuehasa naturalnumbervalue.An out-
come ���;� for sucha scenariois thusa function ��g V h IN,
whichassignsa naturalnumberto eachissue.

In orderto representtheproposalsthatagentsmake in sucha sce-
nario,we usea subsetof first-orderlogic. We begin by giving some
examplesof formulaein this subset.y ! price �9t�L $ )�! warranty �B	�t $

“the priceis $20andthewarrantyis 12months”y !M	���p price p t�L $ )V! warranty �B	�t $
“the priceis between$15and$20andthewarrantyis 12months”y ! price � warrantyCost p t�L�L�L $
“price pluswarrantyis lessthan$2000”

Formally, ' � is thesubsetof first-orderlogic containing:a finite set
V of variables,(with at leastonevariablefor eachnegotiationissue);
asetC of constants,onefor eachnaturalnumber;thebinaryaddition
function “ � ”; the equality relation “ � ”; and the less-thanrelation
“ r ”.

Thereis both goodnews andbadnews about ' � : thegoodnews
is that it is decidable;thebadnews is that it 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$ timeanda ! n$ alternationson inputsof lengthn [4,
p104].

Theorem 2 The success problem for ' � is complete for�
k � J TA > t � nk � n? .

Proof: Follows from the fact that ' � formulaemay be reducedin
linear time to formulaeof Presburger arithmeticandvice versa [1,
p250].Presburgerarithmeticisasubsetof first-orderlogiccontaining
equality, thesuccessorfunctionS g IN h IN andconstant� , theless
thanrelation“ r ”, andtheadditionfunction“ � ”. Formulaeof Pres-
burger arithmetic are interpretedover a structure F IN �HL�� S��rq�H� I ,
wherethe componentsof this structurehave the obvious meaning.
Sincetheproblemof decidingwhetheraformulaof Presburgerarith-

metic is true is completefor
�

k � J TA > t � nk � n? , (seee.g.,[4, p105]),
andthiscomplexity classisclosedunderpolynomialtimereductions,
theresultfollows easily. �
Thedetailsof theclassTA > t ! n$ � a ! n$ ? areperhapsnotvery important
for thepurposesof this example.Thecrucialpoint is thatany algo-
rithm wecareto write thatwill solve thegeneral' � successproblem
will haveat leastdoubleexponentialtimecomplexity. It follows that
suchanalgorithmis highly unlikely to beof any practicalvalue.With
respectto theguaranteedsuccessproblemfor ' � , we notethatsince
thesuccessproblemgivesa lower boundto thecorrespondingguar-
anteedsuccessproblem,the ' � guaranteedsuccessproblemwill be

at least
�

k � J TA > t � nk � n? hard.

Example 3: A negotiation meta-language. Thelanguageusedin
the previous exampleis suitablefor statingdeals,andis thussuffi-
cient for usein scenariosin which agentsnegotiateby just trading
suchdeals.However, asdiscussedin [8], the negotiationprocessis
morecomplex for many scenarios,andagentsmustengagein per-
suasionto get thebestdeal.Persuasionrequiresmoresophisticated

dialogues,and,asa result, richer negotiation languages.Onesuch
language,basedon the negotiationprimitivesprovided by the FIPA

ACL [2], and relatedto [8], includesthe illocutions shown in Ta-
ble 12. In this table, 2 is a formulaof a languagesuchas '|J or ' � .
In this sense,the languagewhich includesthe illocutions is a meta-
language for negotiation— a languagefor talking aboutproposals.
For the restof this example,we will considera language' � which
consistsof exactly thoseillocutionsin Table1, where 2 is a formula
in ' � .

Illocution Meaning
request! i � j �H2 $ a requestfrom i to j for a proposalbasedon 2
offer ! i � j �H2 $ a proposalof 2 from i to j
accept! i � j �H2 $ i acceptsproposal2 madeby agentj
reject! i � j �H2 $ i rejectsproposalof 2 madeby agentj
withdraw! i � j $ i withdraws from negotiationwith j

Table 1. Illocutionsfor thenegotiationlanguage� � .
Theseillocutions work asfollows. Therearetwo ways in which

a negotiation can begin, either when one agentmakes an offer to
another, or whenonemakesarequestto another. A requestis asemi-
instantiatedoffer. For example,thefollowing illocution

request! i � j ��! price �q� $ )�! warranty �B	�t $n$
is interpretedas“If I wanta 12monthwarranty, whatis theprice?”.

Proposalsarethentradedin theusualway, with thedifferencethat
anagentcanreply to aproposalwith a reject, explicitly sayingthata
givenproposalis unacceptable,ratherthanwith a new proposal.Ne-
gotiationceaseswhenoneagentaccepts anoffer or withdraws from
negotiation.Notethat this protocolassumestwo agentsareengaged
in the negotiation. (Many-many negotiationsarehandledin [8] by
many simultaneoustwo-way negotiations.)

To further illustrate the useof ' � , considerthe following short
negotiationhistorybetweentwo agentsnegotiatingoverthepurchase
of ausedcar:

1. request! a � b ��! price p���L�L�L $ )�! model �q� $ )V! age �q� $n$
2. offer ! b � a ��! price �D����L�L $ )&! model � Escort$ )V! age �D� $n$
3. reject! a � b ��! price �9����L�L $ )V! model � Escort$ )�! age �D� $n$
4. offer ! b � a ��! price �D����L�L $ )&! model � Golf $ )&! age �D� $n$
5. offer ! a � b ��! price �D��t�L�L $ )&! model � Golf $ )&! age �D� $n$
6. offer ! b � a ��! price �D����L�L $ )&! model � Golf $ )&! age �D� $n$
7. accept! a � b ��! price �D����L�L $ )&! model � Golf $ )�! age �D� $n$
Broadly speaking,the illocutions in ' � aresyntacticsugarfor the
kinds of proposalthat we have discussedabove: we canmapthem
into ' � and henceinto the framework introducedin section2. To
do this we first needto extend the condition for agreement.In the
casewherewe have two agents,a andb negotiating,theagreement
conditionweuseis a combinationof (2) and(3):!G2 b h d � ba )62 b h d � bb $ )�!G2 b h d � ba -e2 b h d � bb $ (5)

Thusthe agentsmustnot only make mutually satisfiableproposals
on thefinal round,they mustmake equivalentproposals.Giventhis,
we canprove thefollowing result.�

Note that the languageproposedin [8] alsoincludesillocutions which in-
cludethe reasonfor anoffer. We omit discussionof this facility here.We
alsoomit thetimestampfrom theillocutions.



Theorem 3 Theaugmentedsuccessproblemfor ' � is completefor�
k � J TA > t � nk � n? .

Proof: Theresultfollows from Theorem2 andthefact thatwe can
define a linear time transformationbetween' � and ' � histories,
which preserves the conditionsof success.We will in fact definea
mappingwhich translatesfrom ' � illocutionsto ' � formulae— the
mappingcanbeeasilybeextendedto histories.Three' � illocutions
canbere-writtendirectly:y offer ! i � j �H2 $ becomesa proposal2 ;y accept! i � j �H2 $ becomesa proposal2 which matchesthelastpro-

posal;y reject! i � j � 2 $ becomesa proposal+E2 .

Theseillocutionsthenfit preciselyinto theframework definedabove,
andsuccessoccursin preciselythesamesituation— when(5) is sat-
isfiable— oncethelastproposal,theonewhichmakes(5) satisfiable,
is echoedby thesecondagent.Theremainingtwo illocutionscanbe
capturedby:y request! i � j � 2 $ becomesaproposal2 in whichsomeattributesare

of theform ! valuemin p attribute p valuemax$ ;y withdraw! i � j $ becomes“ x ”.

A proposal“ x ” immediatelymakes (5) unsatisfiable,and the ne-
gotiationterminates,exactly asonewould expectof a withdraw. A
proposalin which someattributesAi are of the form ! valuemin p
attribute p valuemax$ andothersAj havemorerestrictedvaluesleads
immediatelyto the satisfiabilityof (5) if the responseis a proposal
which agreeson theAj andhasany valuefor theAi (sincethesewill
agreewith the intervals > valuemin � valuemax? ). Sincethe transforma-
tion will clearlybelinearin thesizeof thehistory, theresultfollows.�
Thereis alsothequestionof whethersuccesscanbeguaranteedwhen
negotiating in ' � , and this, of course,dependsupon the protocol
used.Table2 givestheprotocolusedin [8]. We will call this f¡/£¢ .

Agent i says Agent j replies
request! i � j �H2 u

i $ offer ! j � i �H2 u
j $

offer ! i � j �H2 u
i $ offer ! j � i �H2 u

j $ , or accept! j � i � 2 u
j $ , or

reject! j � i �H2 u
i $ , or withdraw! j � i $

reject! i � j �H2 $ offer ! j � i �H2 u
j $ or withdraw! j � i $

accept! i � j �H2 u d �
j $ endof negotiation

withdraw! i � j $ endof negotiation

Table 2. Theprotocol ¤ /£¢ for � � at theuth stepof thenegotiation.

Clearly this protocolcanleadto negotiationswhich never termi-
nate(sinceit is possiblefor agentsto tradethe samepair of unac-
ceptableoffers for ever). However, it is not unreasonableto insist
that conditionsareplaceduponthe protocol in orderto ensurethat
this doesnothappenandthatnegotiationseventuallyterminate.One
suchcondition is that agentsmake concessionsat eachstage,that
is, that eachoffer madeby an agentis lesspreferableto that agent
thanany of its predecessors.Underthiscondition,andassumingthat
agentswithdraw once 2 dropsbelow somethreshold,we have:

Theorem 4 Protocol f /£¢ guaranteessuccess.

Proof: Consideranongoingnegotiation.If wecanshow thatthene-
gotiationterminates,thensuccessis guaranteed.Now, if i generates
theillocutionwithdraw! i � j $ or accept! i � j �H2 $ , negotiationterminates.
If i generatesreject! i � j � 2 $ , theneitherj withdraws andthenegotia-
tion terminatesafter thenext step,or j respondswith anoffer. Sim-
ilarly, if i generatesoffer ! i � j �H2 $ , either the negotiation terminates
after the next step,or j issuesan offer or a reject.A rejectwill, of
course,generateawithdrawal or anoffer. Thustheonly way thatthe
negotiationcancontinueis throughtheexchangeof offers,albeitof-
fersinterspersedwith rejects.Sincebothagentsalwaysconcede,any
offer an agentmakeswill be lessacceptableto it thanthe previous
offer it made,andso,after makinga numberof offers, thevalueof
the dealbeingofferedwill fall beneaththe threshold.At this point
theagentwill withdraw, andthenegotiationwill terminate. �
Onesimplescenariowhich is capturedby f¥/£¢ is that in which one
agent,i say, rejectsevery offer madeby the other, j, until suitable
concessionshavebeengained.Of course,providedthattheend-point
is acceptablefor j, thereis nothing wrong with this — and if the
concessionj is lookingfor aretoosevere,thenj will withdraw before
makinganacceptableoffer.

6 Discussion

This paperhasidentifiedtwo importantcomputationalproblemsin
the useof logic-basedlanguagesfor negotiation— the problemof
determiningif agreementhasbeenreachedin a negotiation,andthe
problemof determiningif a particularnegotiationprotocolwill lead
to an agreement.Both theseproblemsarecomputationallyhard.In
particularthepapershowedtheextentof theproblemsfor somelan-
guagesthatcould realisticallybeusedfor negotiationsin electronic
commerce.This effort is thuscomplementaryto work on defining
suchlanguages.Obviousfuturelinesof work areto considertheim-
pactof theseresultson thedesignof negotiationlanguagesandpro-
tocols,andto extendthework to cover morecomplex languages.In
particular, we areinterestedin extendingtheanalysisto considerthe
useof argumentationin negotiation[8].
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