
Ontheuseof logic in negotiation
�

MichaelWooldridge and SimonParsons

Departmentof ComputerScience
Universityof Liverpool,LiverpoolL69 7ZF

UnitedKingdom�
m.j.wooldridge, s.d.parsons � @csc.liv.ac.uk

�����	��
�����
This paperconsidersthe useof logic-basedlanguagesfor multi-
agentnegotiation. We begin by motivating the useof suchlan-
guages,andintroducingaformalmodelof logic-basednegotiation.
Using this model, we definetwo importantcomputationalprob-
lems: the successproblem(given a particularnegotiationhistory,
hasagreementbeenreached?)and the guaranteedsuccessprob-
lem (doesa particularnegotiation protocol guaranteethat agree-
mentwill bereached?)We thenconsidera seriesof progressively
morecomplex negotiationlanguages,andconsiderthecomplexity
of usingtheselanguages.Weconcludewith adiscussiononrelated
work andissuesfor thefuture.����� ��
������������ � �
Negotiationhaslong beenrecognisedasa centraltopic in multi-
agentsystems[7, 4]. Much of this interesthasarisenthroughthe
possibilityof automatedtradingsettings,in which softwareagents
bargainfor goodsandserviceson behalfof someend-user[5].

Oneobstaclecurrentlypreventingthevisionof agentsfor elec-
tronic commercefrom being realisedis the lack of standardised
agentcommunicationlanguagesandprotocolsto supportnegotia-
tion. To thisend,severalinitiativeshavebegun,with thegoalof de-
velopingsuchlanguagesandprotocols.Mostactivity in thisareais
currentlyfocusedontheFIPA initiative [2]. TheFIPA communityis
developinga rangeof agent-relatedstandards,of which thecentre-
pieceis anagentcommunicationlanguageknown as“ ACL”. This
languageincludesanumberof performativesexplicitly intendedto
supportnegotiation[2, pp17–18].

Our aim in this paperis to considerthe useof languageslike
FIPA ’s ACL for negotiation. In particular, we focuson the useof
logical languagesfor negotiation. Theuseof logic for negotiation
is not an arbitrary choice. For example, logic hasproved to be
powerful tool with which to studytheexpressive power andcom-
putationalcomplexity of databasequerylanguages.We believe it
will havesimilarbenefitsfor theanalysisof negotiationlanguages.

Weconsidertwodistinctaspectsof logicalnegotiationlanguages:� Adequacy: Which negotiationlanguagesareappropriatefor�
This researchwassupportedby theEPSRCundergrantGR/M07076.

which applicationdomains?Is a givenlanguagesufficiently
expressive for a particulardomain?� Simplicity: Is a chosennegotiationlanguagelikely to beus-
ablein practice?

Of course,thereis a tradeoff betweenadequacy andsimplicity: the
morepowerful a languageis, thelesstractableit becomes.

In thefollowing section,we introducea generalformal frame-
work for logic-basednegotiation. In particular, we definethecon-
ceptof a negotiationhistory, andconsidervariouspossibledefini-
tionsof whatit meansfor negotiationto succeedonsuchahistory:
we refer to this as the successproblem. In section4, we define
protocolsfor negotiation,andconsidertheproblemof whena par-
ticularprotocolguaranteesthatagreementbetweennegotiationpar-
ticipantswill bereached:wereferto thisastheguaranteedsuccess
problem.In section5, we considerthreeprogressively morecom-
plex languagesfor negotiation.We begin with propositionallogic,
andshow that,for this language,theguaranteedsuccessproblemis
in thesecondtier of the polynomialhierarchy(it is  p! -complete,
andhenceunlikely to betractableeven if we weregivenanoracle
for NP-completeproblems).We theninvestigatehow thecomplex-
ity of the problemvaries,dependingon the choiceof negotiation
languageandthepropertiesof theprotocol.

We thenpresenttwo further negotiation languages,which are
more suited to electroniccommerceapplications;the secondof
theseis in fact closely basedon the negotiation primitives pro-
vided in the FIPA agentcommunicationstandard[2]. We show
thatthesuccessproblemfor theselanguagesis provably intractable
(they have doubleexponentialtime lower bounds). We conclude
by briefly discussingrelatedwork andissuesfor futurework." # 
$&% �(')� � �&
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Webegin by assuminganon-emptysetAg +-,�.*/�010202/ n3 of agents.
Theseagentsarethenegotiationparticipants,andit is assumedthey
arenegotiatingover a finite set 45+6,178/97;:�/20�020 3 of outcomes. For
now, we will not be concernedwith the questionof exactly what
outcomesare,or whetherthey have any internalstructure— just
think of outcomesaspossiblestatesof affairs.

Eachagenti < Ag is assumedto have preferenceswith respect
to outcomes,givenby a partialpre-order= i > 4@?A4 . Following
convention,we write 7B= i 7 : to mean CD7E/F7 :HG <I= i .

Negotiationproceedsin aseriesof rounds,whereateachround,
every agentputs forward a proposal. A proposalis a setof out-
comes, thatis, asubsetof 4 . Theintuition is thatin puttingforward
sucha proposal,anagentis assertingthatany of theseoutcomesis
acceptable.



In practice,thenumberof possibleoutcomeswill beprohibitively
large.To seethis,considerthatin adomainwhereagentsarenego-
tiating over n attributes,eachof which may take oneof m values,
therewill bemn possibleoutcomes.This meansit will beimprac-
tical for agentsto negotiateby explicitly enumeratingoutcomesin
theproposalsthey make. Instead,weassumethatagentsmakepro-
posalsby putting forward a formula of a logical negotiation lan-
guage — a languagefor describingdeals. In muchof this paper,
we will beexaminingtheimplicationsof choosingdifferentnego-
tiation languages,and in order to comparethem, we must make
certaingeneralassumptions.The first is that a negotiation lan-
guageJ is associatedwith a setwff CKJ G of well-formedformulae
— syntacticallyacceptableconstructionsof J . Next, we assume
that J really is alogical language,containingtheusualconnectives
of classicallogic: “ L ” (and),“ M ” (or), “ N ” (not), “ O ” (implies),
and“P ” (if f) [1, p32]. In addition, J is assumedto haveaTarskian
satisfactionrelation“ Q +SR ”, which holdsbetweenoutcomes4 and
membersof wff CKJ G . We write 7TQ + R@U to indicatethat outcome7V<-4 satisfiesformula U < wff CKJ G . The classicalconnectives
of J areassumedto have standardsemantics,sothat,for example,7WQ+SR U LYX if f both 7ZQ +SR U and 7VQ +SR[X . If U < wff CKJ G ,
thenwe denoteby \ \ U^] ] R thesetof outcomesthatsatisfy U , that is,\ \ U^] ]HR +-,27_Q�7`Q + RaU 3 .

As we notedabove, negotiationproceedsin a seriesof rounds,
whereat eachround,every agentputsforwarda formulaof J rep-
resentingtheproposalit is making.A singleroundis thuscharac-
terisedby atuple b Udc /1020�02/ U n e , wherefor eachi < Ag, theformulaU i < wff CKJ G is agenti’s proposal.Let R bethesetof all possible
rounds:

R + wff CKJ G ?If2f1fg? wff CKJ Gh ikj lQAgQ times

Weuser / r : /201020 to standfor membersof R, anddenoteagenti’s
proposalin roundr by r C i G .

A negotiationhistoryisafinitesequenceof roundsC r m*/ r c /2020102/ rk G .
Let H + Rn bethesetof all possiblenegotiationhistories.We use
h / h: /202010 to standfor membersof H. If u < IN, thenwe denotethe
u’ th roundin history h by h C uG . Thush C�o G is the first roundin h,
h Cp. G is thesecond,andsoon.q ��'sr�% $ut*� �pv q � � �w$&r��	�8� � � q % �&����$*�
Throughoutthe paper, we make useof the terminologyandtools
of complexity theory. Although we provide a summaryof main
conceptsfrom complexity theorythatwe use,we emphasisethata
detailedpresentationis beyond the scopeof this paper. We refer
thereaderto [3, 6] for details.Westartfrom thecomplexity classes
P (of languages/problemsthat may be recognised/solved in deter-
ministicpolynomialtime),andNP (of languages/problemsthatmay
berecognised/solved in non-deterministicpolynomialtime). If x c
and x ! arecomplexity classes,thenwe denoteby xzy�{c theclassof
languages/problemsthat arein x c assumingthe availability of an
oraclefor languages/problemsin x ! [6, pp415–417].Thus,for ex-
ample,NP|	} denotestheclassof languages/problemsthat maybe
recognised/solved in non-deterministicpolynomialtime,assuming
the presenceof an oraclefor languages/problemsin NP. A lan-
guagethatis completefor NP|	} would thusbeNP-completeevenif
we had“free” answersto NP-completeproblems(suchasproposi-
tional logic satisfiability).Wedefinethepolynomialhierarchywith
referenceto theseconcepts[6, pp423–429].First,define~ pm +_ pm +_�
Thus both

~ pm and  pm denotethe classesof languages/problems
that may be recognised/solved in deterministicpolynomial time.

We theninductively definetheremainingtiersof thehierarchy, as
follows: ~ p

u � c +_����� p
u  p

u � c + co-
~ p

u � c
Thus

~ pc is simply the classNP, and  pc is the classco-NP, while~ p! +-�z��|	} and  p! + co-�z��|	} .��� v&r�$*����������
$u$�'�$ � �
Givena particularnegotiationhistory, animportantquestionto ask
is whetheror not agreementhasbeenreachedwith respectto this
history. For many negotiationscenarios,this problemis far from
trivial: it may well not be obvious to the negotiationparticipants
thatthey have in factmademutuallyacceptableproposals.

In fact, we can identify several different typesof agreement
condition,which maybeusedin differentnegotiationscenarios.It
is assumedthatthenegotiationparticipantswill settleontheagree-
ment condition to be usedbefore the actualnegotiation process
properbegins. The selectionof an agreementcondition is thusa
meta-negotiation issue,which falls outsidethescopeof our work.

To understandwhat agreementmeansin our framework, it is
helpful to view a negotiationhistoryasa matrix of J -formulae,as
follows. U m c U cc f2f�f U kc

...
...

. . .
...U mn U cn f2f�f U k
n

In this matrix, U u
i is theproposalmadeby agenti in roundu < IN.

Thesimplesttypeof agreementis where“all dealsarestill valid”
— onceanagenthasmadea proposal,thenthis proposalremains
valid throughoutnegotiation. One importantimplication of such
agreementis that sinceall previous offers arestill valid, it makes
no sensefor agentsto make morerestrictive proposalslater in ne-
gotiation:we emphasisethatour formal approachdoesnot depend
on thisassumption— othertypesof agreementarepossible,aswe
demonstratebelow.

In this case,determiningwhetheragreementhasbeenreached
meansfinding at leastoneoutcome7-<�4 suchthatevery agenti
hasmadea proposalU ui

i where 7�Q + RBU ui
i . In otherwords,agree-

mentwill have beenreachedif every agenti hasmadea proposalU ui
i suchthat \ \ U u �c ] ] R���f�f2f��S\ \ U un

n ] ] R��+�� . Thiswill bethecaseif the
formula U u �c LAf1f2f�L U un

n is satisfiable.Givenahistoryh, expressed
asa matrix asabove,agreementhasbeenreachediff thefollowing
formulais satisfiable:�

i � Ag

�� �
ui ��� m1� � � � � k � U ui

i �  (1)

Givena historyh < H, we denotetheformula(1) for h by U h. We
refer to the problemof determiningwhetheragreementhasbeen
reachedin somehistoryh asthesuccessproblem.

Notethatthesuccessproblemcanclearlybereducedto thesat-
isfiability problemfor thenegotiationlanguageusingonly polyno-
mial time. Thetypesof agreementweconsiderin thispaperareall
variantsof satisfiability. However, it is importantto understandthat
(1) is by nomeanstheonly typeof agreementthatwe candefine.

A differenttypeof agreementis whereprior negotiationhistory
is disregarded:theonly proposalsthatmatterarethemostrecent.
Agreementwill bereachedin sucha history if f theconjunctionof
proposalsmadeon thefinal roundof negotiationis satisfiable.The
successconditionis thus: �

i � Ag

U;¡ h ¢ c ¡i (2)



A third possibledefinition of agreementis that agentsmustcon-
verge£ on “equivalent” proposals:wheretheproposalsmadeagree
on all particulars. Suchagreementis capturedby the following
condition. U ¡ h ¢ c ¡c P¤f2f2f*P U ¡ h ¢ c ¡n (3)¥ # 
���	�g�w��% �
Multi-agent interactionsdo not generallytake placein a vacuum:
they aregovernedby protocolsthatdefinethe“rules of encounter”
[7]. Putsimply, a protocolspecifiestheproposalsthateachagent
is allowedto make, asa functionof prior negotiationhistory. For-
mally, a protocol ¦ is a function ¦T§ H ¨ª©«C RG from histories
to setsof possiblerounds. One importantrequirementof proto-
cols is that the numberof roundsthey allow on any given history
shouldbe at most polynomial in the size of the negotiation sce-
nario. The intuition behindthis requirementis that otherwise,a
protocolcouldallow anexponentialnumberof rounds— sincean
exponentialnumberof roundscouldnotbeenumeratedin practice,
suchprotocolscouldneverbeimplementedin any realisticdomain.

Wewill sayahistoryis compatiblewith aprotocolif therounds
at eachstepin thehistoryarepermittedby theprotocol.Formally,
historyh is compatiblewith ¦ if thefollowing conditionshold:

1. h C�o G <¬¦«C� G (where is theemptyhistory);and

2. h C uG <¬¦«C®C h C�o G /20�0201/ h C u ¯°. G®G®G for .�± u ²@Q h Q .
Now, what happensif ¦«C hG +³� ? In this case,protocol ¦ says
thatthereareno allowablerounds,andwe saythatnegotiationhas
ended. Theendof negotiationdoesnot imply that theprocesshas
succeeded,but rathersimply that theprotocolwill not permit it to
continuefurther.

Notice thatnegotiationhistoriescanin principlebeunrealisti-
cally long. To seethis,supposethattheset 4 of outcomesis finite.
Thenevery agenthas ´ ¡ µ�¡ possibleproposals,meaningthat even
if an agentnever makesthesameproposaltwice, negotiationhis-
toriescanbeexponentiallylong. We sayprotocol ¦ is efficient if
it guaranteesthatnegotiationwill endwith a historywhoselength
is polynomialin thesizeof 4 andAg. Efficiency seemsa reason-
able requirementfor protocols,asexponentiallylong negotiation
historiescouldnever bepractical.

When we createan agentinteractionprotocol, we attemptto
engineertheprotocolso that it hascertaindesirableproperties[7,
pp20–22].Examplesof suchpropertiesinclude:� Social efficiency: by which we meanthat any outcomeis

guaranteedto beParetooptimal.� Stability: by whichwemeannegotiationparticipantshaveno
incentive to divergefrom theprotocol.� Simplicity: by which we meanthat agentsdo not have to
work hardto determinethebeststrategy.

In thispaper, wewill beconcernedwith justonepropertyof proto-
cols:whetheror not they guaranteesuccess. Wewill sayaprotocol¦ guaranteessuccessif everynegotiationhistorycompatiblewith ¦
endswith agreementbeingreached.Protocolsthatguaranteesuc-
cessaredesirable,for obviousreasons.But considerthenatureof
this problem. In general,a protocolallows branching during the
negotiationprocess.Thisbranchingarisesbecausenegotiationpar-
ticipantsareallowedto make anumberof proposalsateachround.
It is easyto seethatthenumberof negotiationhistoriesof lengthl
compatiblewith anegotiationprotocolwith branchingfactorb will
bebl , that is, exponentialin thelengthof theprotocol.Thusdeter-
miningwhetheror notaprotocolguaranteessuccesswill intuitively

involve solvinganexponentialnumberof individual successprob-
lems, which are themselves logical satisfiability problems. This
suggeststhat the guaranteedsuccessproblemis likely to be com-
putationallyhard;in thenext section,whenwe considersomecon-
cretenegotiation languages,we will seejust how hard it actually
is.

Beforeproceeding,however, we needto saysomethingabout
how protocolsarerepresentedor encoded. (This is atechnicalmat-
terthatis importantwhenwecometo considersomedecisionprob-
lemslater in the paper.) We will assumethat (efficient) protocols
arerepresentedasatwo-tapeTuringmachine:themachinetakesas
input a representationof prior negotiationhistory on its first tape,
andwrites asoutput the setof possiblesubsequentroundson the
secondtape. We will further assumethat the Turing machinere-
quirestimepolynomialin thesizeof QAg ?¶4�Q in orderto carryout
this computation.· ¸�tu��'sr�% $Y¹�$u�º�º��� �*��� � ��» � � ���º�&�º$u�
In this section,we presenta seriesof progressively morecomplex
negotiationlanguagesandprotocols.We begin with propositional
logic. Although this logic is not appropriatefor many negotiation
domains,it is a usefulstartingpoint for our analysis,andthe re-
sultsweestablishfor propositionallogic canberegardedas“lower
bounds”for other, moreexpressive negotiationlanguages.¸gtw�º'sr�% $ �º¼ q % �*����� �k�º% # 
��r��º��� ��� � � �º% » �º��� �º½
For the first example,we will assumethat agentsarenegotiating
over a domainthatmaybecharacterisedin termsof a finite setof
attributes,eachof which may be eithertrue ( ¾ ) or false( ¿ ). An
outcomeis thusan assignmentof true or falseto every attribute.
Theproposalspossiblein thiskind of languageareexactly thekind
of outcomestypically consideredin decisiontheory. For example,
in theclassic“oil wildcatter”problem,agentsmightbeinvolvedin
anegotiationaboutwhichof two oil fieldsto drill in, andproposals
mightbeof theform:� drillF ieldA L¬N drillF ieldB� N drillF ieldA L drillF ieldB

Theobviouslanguagewith which to expressthepropertiesof such
domainsis classicalpropositionallogic, which we will call J�m .
The set wff CKJ�m G containsformulaeconstructedfrom a finite set
of propositionsymbolsÀ_+�, p / q / r /201020Á3 combinedinto formulae
usingtheclassicalconnectives“ N ” (not), “ L ” (and),“ M ” (or), and
soon. It is easyto seethatthesuccessproblemfor J m historieswill
be NP-complete.More interestingis thefact thatwe canestablish
thecomplexity of theguaranteedsuccessproblemfor J;m .
Theorem 1 (From [9].) Theguaranteedsuccessproblemfor effi-
cient J m protocolsis  p! -complete.

Notethat  p! -completeproblemsaregenerallyreckonedto beworse
than,say, co-NP-completeor NP-completeproblems,althoughthe
precisestatusof suchproblemsin the relation to theseclassesis
not currentlyknown for sure[3]. Theorem1 shouldthereforebe
regardedasanextremelynegative result.

An obvious questionto ask is whetherthe complexity of the
guaranteedsuccessproblemcanbe reducedin someway. There
are two main factorsthat lead to the overall complexity of the
problem: the complexity of the underlyingnegotiation language,
andthe “branchingfactor” of theprotocol. It is possibleto prove
that if we chosea negotiation languagewhosesatisfiabilityprob-
lem wasin P, thenthecomplexity of thecorrespondingguaranteed



successproblemwould bereducedonelevel in thepolynomialhi-
erarchyÂ . To make this concrete,let us considerthe subsetJ HCm ofJ;m in which formulaeare restrictedto be conjunctionsof Horn
clauses. A clauseis saidto beHorn if it containsat mostonepos-
itive (unnegated)literal. It is well known that thereis a determin-
istic polynomialtimealgorithmfor determiningthesatisfiabilityofJ HCm [6, pp78–79].We canprove thefollowing.

Theorem 2 Theguaranteedsuccessproblemfor efficient J HCm pro-
tocolsis  pc -complete.
Proof: Weneedto prove that: (i) theproblemis in  pc , and(ii) the
problemis  pc hard. To establishmembershipof  pc , we definea pc Turing machineM that acceptsefficient J HCm protocolswhich
guaranteesuccess,andrejectsall others. The input to M will be
an efficient J HCm protocol ¦ . The machineM runs the following
algorithm:

1. universallyselectall historiesh compatiblewith ¦ ;

2. acceptif U h is satisfiable,otherwisereject.

Noticethatthesecondstepcanbedonein deterministicpolynomial
time. Sincethealgorithmrequiresasingle,universalalternation,it
is a  pc algorithm.

To show thattheproblemis  pc -hard,weshow how theproblem
of decidingvalidity of J�m formulaecanbereducedto determining
whetheror not an efficient J HCm protocolguaranteessuccess.The
input to thepropositionalvalidity problemis a formula U , andwe
canassumewithout lossof generalitythat U is in ConjunctiveNor-
mal Form(CNF). A CNF formulahastheform

C c LÃf2f2fwL Cm

whereeachCn ( .Ä± n ± m) is a disjunctionof literals.Theideais
to createa protocol ¦ sothat:� thereis anagentcorrespondingto eachclauseCn;� thereis a singleagentfor thesetof atomicpropositionsÀ .

Theprotocolthenworksasfollows:� anagentcorrespondingto aclauseCm + l c M�f2f�f(M lo proposes
eachof its literalsit turn,andproposes“ ¿ ” thereafter;� the agentcorrespondingto the set of atomic propositions
takesasingledifferentpropositionp <YÀ oneachround,and
on this roundis allowedto make two proposals:p OÅ¿ andN p OÆ¿ . Whentheset À is exhausted,theagentproposes¿ .

(Noticethat theproposalsmadearein J HCm .) Theprotocolensures
thatnegotiationendswhenboththeclauseagentsandthe À agent
canmake no morenon-¿ proposals.

To seehow thereductionworks,consideraninput formulaU +�C p M qGh i�j l
C � LÇC p MÇN qGh ikj l

C{
that we wish to testfor validity. Thenthe protocolthatwe create
from this formulaallows thefollowing negotiationhistories:

agentfor C c : p q
agentfor C

!
: p N qÀ agent: , p O³¿�/	N p OÈ¿É3Ê, q O³¿�/	N q OÈ¿É3

Therewill clearly be four historiesof this protocol, eachhistory
correspondingto onepossiblevaluationthatcouldbegiven to the
primitive propositionsÀ . Theprotocolwill clearlyguaranteesuc-
cessjust in casetheinput formulais valid. Ë

Protocol
Language Non-deterministic DeterministicJ;m  p! -complete NP-completeJ HCm  pc -complete P

Table 1: The complexity of the guaranteedsuccessproblemfor
deterministicand non-deterministicprotocols, using variantsof
propositionallogic.

With respectto the branchingfactorof the protocol, supposewe
have a deterministicJ�m protocol ¦ — one in which Q ¦dC hG QE±Ì.
for all h < H. Sucha protocol is guaranteedto producea single
negotiationhistory. Thisallows usto easilyestablishthefollowing
resultfor deterministicJ m protocols.

Theorem 3 The guaranteedsuccessproblem for efficient deter-
ministic J�m protocolsis NP-complete.

Similarly, we canestablishthefollowing for J HCm .

Theorem 4 The guaranteedsuccessproblem for efficient deter-
ministic J HCm protocolsis in P.

Table1 summarisesour complexity resultsfor protocolsbasedon
propositionallogic. Weremarkthatdeterminismis afartoorestric-
tive propertyto requireof realisticprotocols.

Beforeleaving this section,we presenta simpleexampleof a
protocolthatguaranteessuccessfor agentsnegotiatingusingasub-
setof propositionallogic. We refer to the subsetof propositional
logic in questionas J nm . Formulaeof J nm areconstrainedto take the
form

l m LYf2f1fkL lm

whereeachlm is a literal, that is, either an elementof À or the
negationof anelementof À . If U < wff CKJ nm G , thenwe denotethe
setof literalsin U by lit C U G .

Giventwo formulaeU andX , wesaythat U is aconcessionwith
respectto X if U is “less constraining”than X , i.e., if \ \ X ] ] R �Í�Î\ \ U^] ] R �Í . It shouldbe easyto seethat by this definition, U is less
constrainingthan X if U is a subformulaof X andlit C U G Î lit CKX G .
So, for example,p LÏN q representsa concessionwith respectto
p LAN q LÇN r, which in turn representsa concessionwith respectto
p L¬N q L¬N r L s.

Wenow turnto theprotocolin question.Theprotocolis simply
themonotonicconcessionprotocolof RosenscheinandZlotkin [7,
pp40–41],recastinto our logical framework. This protocolis de-
finedby thefollowing two rules:

1. on thefirst round,every agentis allowedto proposeany for-
mulaof J nm ;

2. on roundu (u Ð`o ), oneagenti < Ag mustmake a proposalU u
i suchthat U u

i representsaconcessionwith respectto U u ¢ c
i ;

every otheragentputsforward thesameproposalthat it put
forwardon roundu ¯B. .

It is notdifficult to prove thefollowing.

Theorem 5 Themonotonicconcessionprotocolfor J�nm guarantees
success.Moreover, it guaranteesthatagreementwill bereachedin
O C	QAg ?AÀSQ G rounds.



Note that when using this protocol, the obvious strategy for an
agentÑ to playin ordertoensurethatnegotiationconcludesasquickly
aspossibleinvolvesconcedingliteralsthatclashwith thoseof other
negotiationparticipants.For example,in a two agentnegotiation
scenario,supposethat agent . proposedp LIN q andagent ´ pro-
posedp L q. Thentheobviousconcessionfor agent́ to makewould
involve proposingp subsequently. Otherwise,successfultermina-
tion would requirea furthernegotiationround.¸�tu��'sr�% $ "�¼ � » � � ���º�&�º$s���º
�¸�% $&����
� � � � q ��'s'�$&
9�k$�½
Propositionallogic is asimpleandconvenientlanguageto analyse,
but is unlikely to beusefulfor many realisticnegotiationdomains.
In this example,we focuson somewhatmorerealistice-commerce
scenarios,in which agentsnegotiateto reachagreementwith re-
spectto somefinancial transaction[5]. We presenta negotiation
languageJ c for usein suchscenarios.

We begin by definingtheoutcomesthatagentsarenegotiating
over. The ideais thatagentsaretrying to reachagreementon the
valuesof a finite setV +È, v c /1020202/ vm 3 of negotiation issues[8,
pp181–182],whereeachissuehasanaturalnumbervalue.An out-
come 7Ò<54 for sucha scenariois thusa function 7Ò§ V ¨ IN,
which assignsa naturalnumberto eachissue.

In orderto representthe proposalsthat agentsmake in sucha
scenario,we usea subsetof first-orderlogic. We begin by giving
someexamplesof formulaein thissubset.� C price +�´uo G LÓC warranty +�.�´ G

“the priceis $20andthewarrantyis 12 months”� Cp.kÔÉ± price ±5´uo G LYC warranty +6.k´ G
“the price is between$15 and $20 and the warrantyis 12
months”�°Õ n f warranty Ö�.k´
“the warrantyis longerthan12 months”

Formally, J c is the subsetof first-orderlogic containing: a finite
setV of variables,(with at leastonevariablefor eachnegotiation
issue);asetC of constants,onefor eachnaturalnumber;thebinary
additionfunction“ × ”; theequalityrelation“ + ”; andtheless-than
relation“ ² ”.

Thereis bothgoodnewsandbadnewsaboutJ c : thegoodnews
is thatit is decidable;thebadnews is thatit is provably intractable.
In fact,we canprove that J c hasa doubleexponentialtime lower
bound. In what follows, TA \ t C nG / a C nG ] is usedto denotethe class
of problemsthatmay besolved by analternatingTuring machine
usingat most t C nG time anda C nG alternationson inputsof length
n [3, p104].

Theorem 6 (From [9].) Thesuccessproblemfor J c is complete

for Ø k Ù m TA \ ´ ! nk / n] .
Thedetailsof theclassTA \ t C nG / a C nG ] areperhapsnot very impor-
tant for thepurposesof this example.Thecrucialpoint is thatany
algorithmwe careto write that will solve the generalJ c success
problemwill have at leastdoubleexponentialtime complexity. It
follows thatsuchanalgorithmis highly unlikely to beof any prac-
tical value.With respectto theguaranteedsuccessproblemfor J c ,
we notethatsincethesuccessproblemgivesa lower boundto the
correspondingguaranteedsuccessproblem,the J c guaranteedsuc-

cessproblemwill beat least Ø k Ù m TA \ ´ ! nk / n] hard.

Illocution Meaning
requestÚ i Û j ÛpÜzÝ a requestfrom i to j for aproposalbasedon Ü
offer Ú i Û j ÛpÜ�Ý aproposalof Ü from i to j
acceptÚ i Û j ÛpÜzÝ i acceptsproposalÜ madeby agentj
rejectÚ i Û j ÛpÜzÝ i rejectsproposalof Ü madeby agentj
withdrawÚ i Û j Ý i withdraws from negotiationwith j

Table2: Illocutionsfor thenegotiationlanguageJ ! .
¸gtw�º'sr�% $ ��¼ �Þ¹�$u�º�º��� �*��� � ��ß $u�	�uà®% � � �����&�º$�½
The languageusedin the previous exampleis suitablefor stating
deals,and is thus sufficient for usein scenariosin which agents
negotiateby just tradingsuchdeals.However, asdiscussedin [8],
the negotiationprocessis morecomplex for many scenarios,and
agentsmustengagein persuasionto get thebestdeal. Persuasion
requiresmoresophisticateddialogues,and,asa result, richer ne-
gotiationlanguages.Onesuchlanguage,basedon thenegotiation
primitivesprovidedby theFIPA ACL [2], andrelatedto [8], includes
theillocutionsshown in Table2 c . In this table, U is a formulaof a
languagesuchas J m or J c . In this sense,the languagewhich in-
cludesthe illocutions is a meta-language for negotiation— a lan-
guagefor talking aboutproposals.For therestof this example,we
will considera languageJ ! whichconsistsof exactly thoseillocu-
tionsin Table2, where U is a formulain J c .

Theseillocutionswork asfollows. Therearetwo waysin which
a negotiationcanbegin, eitherwhenoneagentmakesan offer to
another, or whenonemakesa requestto another. A requestis a
semi-instantiatedoffer. For example,thefollowing illocution

requestC i / j /2C price +�á G LIC warranty +�.�´ G®G
is interpretedas“If I wanta12monthwarranty, whatis theprice?”.

Proposalsarethentradedin theusualway, with thedifference
that an agentcanreply to a proposalwith a reject, explicitly say-
ing that a given proposalis unacceptable,ratherthanwith a new
proposal. Negotiationceaseswhenoneagentaccepts an offer or
withdraws from negotiation. Note that this protocolassumestwo
agentsareengagedin the negotiation. (Many-many negotiations
arehandledin [8] by many simultaneoustwo-way negotiations.)

To furtherillustratetheuseof J ! , considerthefollowing short
negotiation history betweentwo agentsnegotiating over the pur-
chaseof a usedcar:

1. requestC a / b /�C price ±ãâ*o*o*o G LÓC model +�á G LÓC age +�á G®G
2. offer C b / a /�C price +_ä&Ôuouo G L)C model + EscortG L)C age +�å G®G
3. rejectC a / b /�C price +_ä*Ôuo*o G L�C model + EscortG L�C age +�å G®G
4. offer C b / a /�C price +_ä*æ*ouo G LYC model + Golf G LIC age +�ç G®G
5. offer C a / b /�C price +_ä&´uouo G LYC model + Golf G LIC age +�ç G®G
6. offer C b / a /�C price +_äuâ&ouo G LYC model + Golf G LIC age +�ç G®G
7. acceptC a / b /�C price +_äuâ&ouo G L)C model + Golf G L)C age +�ç G®G

Broadlyspeaking,the illocutions in J ! aresyntacticsugarfor the
kindsof proposalthatwe have discussedabove: we canmapthem
into J c andhenceinto the framework introducedin section2. To
do this we first needto extendtheconditionfor agreement.In the
casewherewehave two agents,a andb negotiating,theagreement
conditionwe useis a combinationof (2) and(3):�

Note that the languageproposedin [8] also includesillocutions which include
the reasonfor an offer. We omit discussionof this facility here. We alsoomit the
timestampfrom theillocutions.



Agent i says Agent j replies
requestÚ i Û j Û®Ü u

i Ý offer Ú j Û i ÛpÜ u
j Ý

offer Ú i Û j ÛpÜ u
i Ý offer Ú j Û i ÛpÜ u

j Ý , or acceptÚ j Û i ÛpÜ u
j Ý , or

rejectÚ j Û i ÛpÜ u
i Ý , or withdrawÚ j Û i Ý

rejectÚ i Û j Û®ÜzÝ offer Ú j Û i ÛpÜ u
j Ý or withdrawÚ j Û i Ý

acceptÚ i Û j Û®Ü u ¢ c
j Ý endof negotiation

withdrawÚ i Û j Ý endof negotiation

Table3: Theprotocol ¦�R { for J ! at theuth stepof thenegotiation.

C U ¡ h ¢ c ¡a L U ¡ h ¢ c ¡b G LÓC U ¡ h ¢ c ¡a P U ¡ h ¢ c ¡b G (4)

Thustheagentsmustnot only make mutuallysatisfiableproposals
on the final round, they must make equivalent proposals.Given
this,wecanprove thefollowing result.

Theorem 7 (From [9].) Theaugmentedsuccessproblemfor J ! is

completefor Ø k Ù m TA \ ´ ! nk / n] .
Proof: Theresultfollowsfrom Theorem6 andthefactthatwecan
definea polynomial time reductionbetweenJ ! and J c histories,
which preservesthe conditionsof success.We will in fact define
a mappingwhich translatesfrom J ! illocutionsto J c formulae—
themappingcanbeeasilybeextendedto histories.Three J ! illo-
cutionscanbere-writtendirectly:� offer C i / j / U G becomesa proposalU ;� acceptC i / j / U G becomesa proposalU which matchesthelast

proposal;� rejectC i / j / U G becomesa proposalN U .

Theseillocutionsthenfit preciselyinto theframeworkdefinedabove,
andsuccessoccursin preciselythe samesituation— when(4) is
satisfiable— oncethe lastproposal,theonewhich makes(4) sat-
isfiable,is echoedby thesecondagent.Theremainingtwo illocu-
tionscanbecapturedby:� requestC i / j / U G becomesaproposalU in whichsomeattributes

areof theform C valuemin ± attribute ± valuemaxG ;� withdrawC i / j G becomes“ ¿ ”.

A proposal“ ¿ ” immediatelymakes(4) unsatisfiable,andthe ne-
gotiationterminates,exactlyasonewouldexpectof awithdraw. A
proposalin which someattributesAi areof the form C valuemin ±
attribute ± valuemaxG and othersAj have more restrictedvalues
leadsimmediatelyto the satisfiability of (4) if the responseis a
proposalwhichagreeson theAj andhasany valuefor theAi (since
thesewill agreewith the intervals \ valuemin / valuemax] ). Sincethe
transformationwill clearly be linear in the sizeof the history, the
resultfollows. Ë
Thereis also the questionof whethersuccesscan be guaranteed
whennegotiatingin J ! , andthis,of course,dependsuponthepro-
tocol used.Table3 givestheprotocolusedin [8]. We will call this¦�R { .Clearly this protocolcanleadto negotiationswhich never ter-
minate(sinceit is possiblefor agentsto tradethesamepair of un-
acceptableoffers for ever). However, it is not unreasonableto in-
sist thatconditionsareplacedupontheprotocolin orderto ensure
that this doesnot happenand that negotiationseventually termi-
nate. Onesuchconditionis thatagentsmake concessionsat each
stage,that is, that eachoffer madeby an agentis lesspreferable

to thatagentthanany of its predecessors— this is essentiallythe
monotonicconcessionprotocoldiscussedeasier. Underthis condi-
tion, andassumingthatagentswithdraw once U dropsbelow some
threshold,wehave:

Theorem 8 (From [9].) Protocol ¦ R { guaranteessuccess.

Onesimplescenariowhich is capturedby ¦ R { is thatin whichone
agent,i say, rejectsevery offer madeby theother, j, until suitable
concessionshave beengained. Of course,provided that the end-
point is acceptablefor j, thereis nothingwrongwith this — andif
theconcessionj is looking for aretoo severe,thenj will withdraw
beforemakinganacceptableoffer.è é � �1�u������� � �
Thispaperhasidentifiedtwo importantcomputationalproblemsin
theuseof logic-basedlanguagesfor negotiation— theproblemof
determiningif agreementhasbeenreachedin a negotiation, and
theproblemof determiningif aparticularnegotiationprotocolwill
lead to an agreement.Both theseproblemsare computationally
hard, and the main contribution of this paperwas to show quite
how hardthey are.In particularthepapershowedtheextentof the
problemsfor somelanguagesthat could realistically be usedfor
negotiationsin electroniccommerce.This effort is thuscomple-
mentaryto work on definingsuchlanguages.Obviousfuturelines
of work areto considerthe impactof theseresultson the design
of negotiationlanguagesandprotocols,andto extendthework to
cover morecomplex languages.In particular, we areinterestedin
extendingtheanalysisto considertheuseof argumentationin ne-
gotiation[8].êë$w��$�
�$ � �w$u�
[1] H. B. Enderton. A MathematicalIntroductionto Logic. The

AcademicPress:London,England,1972.

[2] FIPA. Specificationpart2 — Agentcommunicationlanguage,
1999.Thetext refersto thespecificationdated16April 1999.

[3] D. S. Johnson. A catalogof complexity classes. In J. van
Leeuwen,editor, Handbookof Theoretical ComputerScience
VolumeA: AlgorithmsandComplexity, pages67–161.Elsevier
SciencePublishersB.V.: Amsterdam,TheNetherlands,1990.

[4] S.Kraus.Negotiationandcooperationin multi-agentenviron-
ments.Artificial Intelligence, 94(1-2):79–98,July 1997.

[5] P. Noriega andC. Sierra,editors. Agent MediatedElectronic
Commerce(LNAI Volume1571). Springer-Verlag:Berlin,Ger-
many, 1999.

[6] C. H. Papadimitriou. ComputationalComplexity. Addison-
Wesley: Reading,MA, 1994.

[7] J.S.RosenscheinandG. Zlotkin. Rulesof Encounter:Design-
ing Conventionsfor AutomatedNegotiationamongComputers.
TheMIT Press:Cambridge,MA, 1994.

[8] CarlesSierra,Nick R.Jennings,PabloNoriega,andSimonPar-
sons. A framework for argumentation-basednegotiation. In
M. P. Singh, A. Rao, and M. J. Wooldridge,editors, Intelli-
gentAgentsIV (LNAI Volume1365), pages177–192.Springer-
Verlag:Berlin, Germany, 1998.

[9] M. WooldridgeandS.Parsons.Languagesfor negotiation. In
Proceedingsof theFourteenthEuropeanConferenceon Artifi-
cial Intelligence(ECAI-2000), Berlin, Germany, 2000.


