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Abstract. Thispaperanalyzestheprocessof automatednegotiationbetweentwo
competitive agentsthat have firm deadlines and incompleteinformation about
their opponent. Generallyspeaking, the outcomeof a negotiation depends on
many parameters—including theagents’preferences,theirreservationlimits, their
attitudetoward time andthestrategiesthey use.Although in mostrealisticsitu-
ationsit is not possiblefor agentsto have completeinformationabout eachof
theseparametersfor its opponent, it is not uncommonfor agentsto have partial
informationaboutsomeof them.Undersuchuncertainty, ouraim is to determine
how an agentcanexploit its availableinformationto selectan optimalstrategy.
Here,in particular, theoptimalstrategiesaredeterminedconsideringall possible
ways in which time caneffect negotiation.Moreover, we list the conditions for
convergencewhenboth agentsusetheir respective optimal strategiesandstudy
theeffect of time on negotiationoutcome.

1 Intr oduction

Automated negotiationis akey formof interaction in systemscomposedof autonomous
agents[3]. Given its ubiquity, suchnegotiations exist in many different shapesand
forms (see[7] for a taxonomy). Here,however, we consider a particularclassof auto-
matednegotiation;namely, competitive bargainingover a singleissue(price)between
two agentsthatbothhave firm deadlines.This is exemplified by thee-commercesce-
nario in which a buyer agent anda selleragentnegotiate over the price of a goodor
service.Thebuyerclearlyprefersa low price,while thesellerprefersahighone(hence
the competitive natureof the encounter). In additionto attempting to obtainthe best
price,agentsalsousuallyneedto ensurethatnegotiationendsbeforeacertaindeadline.
However, theendpoint maynot be theonly way in which time influencesnegotiation
behaviour. Considerthecasein whichtheserviceis providedimmediatelyafternegoti-
ationendssuccessfully(sayatpricePandtimeT). In somesituations,it is notsufficient
merelyfor anagentto ensurethatT is any time lessthanits deadline. This maybethe
case,for instance,becauseoneof theagents,saythebuyer, couldbelosingutility with
timeasaresultof notgettingtheservice.Ontheotherhand, thesellermayperhapsgain
moreutility by providing the serviceaslate aspossible.Thus,in this case,the seller



triesto maximize T (within thelimit of its deadline)andthebuyertriesto minimizeT.
In short,it is clearthatagentscanhavedifferent attitudestowardtime.

Generally speaking, themostcommontimeeffectsin bargaining situationsare[6]:

– Discounting: Benefitsreceivedimmediately by anagentarepreferredto thesame
benefitsreceivedin thefuture.

– Bargaining Cost:Thebargainingprocessitself mayincursomecostto anagent.
– SuddenTermination:An agentmayhave a deadline beyondwhich it cannot con-

tinuenegotiation.

In additionto time, theoutcomeof a negotiation typically dependson many other
parameters;suchastheagents’preferences,their reservation limits, andthestrategies
they use.Although in mostrealisticcasesit is not possiblefor agentsto have complete
informationaboutall of theseparameters for its opponent,it is not uncommonto have
partial informationabout someof them.For instance,anagentmayhave information
about its opponent’s preferences,or its deadline. In this paper, we focus on situations
whereanagent hasthefollowing informationaboutits opponent1:

– A setof possiblevaluesfor theopponent’sreservationlimit andabinary probability
distributionover thesevalues.

– A setof possiblevaluesfor theopponent’sdeadlineandabinary probability distri-
butionover thesevalues.

With thisinformationanagent canoptimizeits utility from priceandtime.However
we do not assumethatagentshave full informationaboutthepreferencesof their op-
ponent or thestrategy thatthey use.It is known (commonknowledge)thatbothagents
usea strategy that variestheir negotiationstancewith time, but the particulartypeof
time dependentstrategy that an agentusesis not known to its opponent.Undersuch
uncertainty, our aim is to determine how an agent canexploit the availableinforma-
tion to selectastrategy thatmaximisesits expected utility. Moreover, whenbothagents
have this informationabout oneanother, we determine the impactof this information
on theoutcome of negotiation.This analysisis important becauseit enablesusto con-
structsoftwareagentsthatwill optimallynegotiateon behalfof usersgiventheir state
of knowledgein a givencontext.

The remainder of the paperis structuredin the following manner. Section2 dis-
cussesrelatedwork. Section3 describesthe basicsof our negotiation model. Section
4 determinestheoptimal strategiesfor agentswith incomplete informationabouteach
other. In section5 weanalyzetheoutcomeof negotiationwhenbothagentsusetheir re-
spectiveoptimalstrategies.Finally, in section6 we present theconclusionsandoutline
someavenuesfor future work.

2 RelatedWork

Gametheoretic researchtypically dealswith coordinationandnegotiation issuesby
assumingthat agentshave complete information about eachother and then giving

1 This informationis private in thesensethatthevaluesthatanagenthasabout its opponentare
not known to theopponent.



pre-computedsolutions to specificproblems[10]. However this perfect information
assumptionis limiting becauseuncertainty is endemicin most realisticapplications.
Harsanyi et al [2] give a generalizedsolutionfor two personbargaining gameswith
incomplete information.However thereis no notion of timing issuesin their model.
Another importantmodelof strategic bargainingis theinfinite horizonalternating offer
game[11]. Sincethis hasa unique solution, whereagentsagreeon a split immedi-
ately, it hasbeenappliedto automatednegotiation[5]. Howeverwhile thismodeltakes
time into consideration, it againassumesperfect information.Faratinet al.’s negotia-
tion framework [1] modelstimeasagents’ deadlinesandis notbasedontheassumption
thatagentshaveperfectinformation.Howeverin thismodeltheagent’sutility functions
depend only onnegotiationissueslikepriceandquality, but areindependentof time.

Perhaps the work that is most closely relatedto ours is that of Sandholm and
Vulkan[12]. In their work on bargaining with deadlines,they considertheprobability
distribution over agentdeadlinesto becommon knowledge.Specifically, they address
theproblemof splittingtheprice-surpluswhichis known tobothagents.They show that
theoptimal strategy is onein which agents wait until thefirst deadline,at which point
oneagentconcedes everything to the other. Thusagents only ever make two offers,
they eitherdemand theentiresurplus or no surplusat all. This givestheentiresurplus
of priceto theagentwith thelongerdeadline.But becauseof theoffersmadeby agents,
the deadline effect completelyoverridestime discounting: an agent’s payoff doesnot
changewith its discounting factor. In contrast,in ourwork wetakeabinary probability
distribution over agentdeadlines,but we considerthis to beprivateknowledge.In ad-
dition to this,we alsotake a binaryprobability distribution over theprice-surplus.But
theagentsdonotknow theiropponent’sbargainingcostor discounting factor. Ouropti-
mal strategiestoo give theentiresurplusof priceto theagentwith thelongerdeadline.
However becauseof thedifferencein initial offers,our resultsbring out thedifference
betweenthe effect of deadlinesandtime discounting. That is, the deadline effect on
payoffs to agentsdoesnotsuppresstheeffect of time discounting.

3 The NegotiationModel

Weuseanalternatingoffersnegotiationprotocol for ourstudy. Let � denotethebuyer, �
thesellerandlet [ �
	������ ��	� 	�� ] denote therange of valuesfor pricethatareacceptable
to agent � , where ������� � ��� . A value for price that is acceptable to both � and � ,
lies betweentheir reservationprices,i.e., in the interval [ ������� � �� � 	!� ]. Thedifference
between�  � 	�� and � ����� is the price-surplus. Let "�# %$�� denote the price offeredby
agent� to agent� at time & . Negotiationstartswhenthefirst offer is madeby anagent.
Whenanagent,say � , receives an offer from agent � at time & , i.e., " #  %$�� , it ratesthe
offer usingits utility function '(� . If thevalueof ')� for " #  %$�� at time & is greaterthan
thevalueof thecounter-offer agent� is readyto sendat time &+* , i.e., ",#.-�/$� with &0*213& ,
thenagent� accepts.Otherwisea counter-offer is made. ThustheactionA thatagent�
takesat time & is definedas:4 ��5 & * � " #  %$�� 687 9: ;=<?>A@ & if &B1DCE� whereC?� is theseller’s deadline4GFHF!I "J& if '�� from " #  %$��EK 'L� from counter-offer " #.-�/$� " #.-�/$� otherwise
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Given the fact that both agentshave (different) deadlines,we assumethat both

agentsusea strategy that variestheir negotiation behaviour with respectto the pas-
sageof time.Thus,time is thepredominantfactorusedto decidewhich valueto offer
in thenext negotiationmove. Heresuchstrategiesarecalledtime-dependent (from [1]).
Beforedetermining theoptimalstrategies(in section4),webriefly introducethediffer-
enttypesof time dependentstrategiesthatwe consider. Thesestrategiesvary thevalue
of price depending on the remaining negotiation time, modeledasthe above defined
constantC?	 . As in [1], the initial offer is a point in theinterval [ ��	���� , �R	� 	�� ]. Agents
definea constant SA	 that multiplied by the sizeof interval determines the price to be
offered in the first proposalby agent � . Also the offer madeby agent � to agent � at
time & ( T
UD&=VDCW	 ) is thenmodeledasa function XY	 dependingon timeasfollows:" # 	!$R 7[Z ��	����R\ X�	 5 & 6 5 ��	� 	!�L] ��	���� 6 for thebuyer��	���� \ 50^ ] X�	 5 & 6_6 5 ��	� 	�� ] ��	�B��� 6 for theseller.

A wide rangeof time dependent functions canbe defined by varying the way in
which X 	 5 & 6 is computed. However, functions must ensurethat T`VaX 	 5 & 6 V ^ ,X�	 5 T 6�7 Sb	 and XR	 5 CE	 6c7 ^ . That is, the offer will alwaysbe betweenthe value
range, at thebeginning it will give theinitial constant andwhenthedeadline is reached
it will offer thereservation value. FunctionXc	 5 & 6 is definedasfollows [1]:

X 	 5 & 6d7 S 	 \ 50^ ] S 	 6fehg @%i 5 & � CE	 6C 	 j�kl
Thesefamiliesof functionsrepresent aninfinite number of possiblestrategies,onefor
eachvalueof

I
. However, depending on thevalue of

I
, two extremesetsshow clearly

differentpatterns of behaviour (seeFig. 1):

1. Boulware [9]: For this strategy
I U ^ andtheinitial offer is maintainedtill time is

almostexhausted,whentheagentconcedesup to its reservationvalue.



2. Conceder[8]: For this strategy
I 1 ^ andthe agentgoesto its reservation value

veryquickly. When
I 7 ^ thepriceis increasedlinearly.

Thevalueof acounter-offer dependsontheinitial price(IP)atwhichtheagentstarts
negotiation,thefinal price(FP)beyondwhichtheagent doesnotconcede,

I
andC 	 . Let

V bea vector of thesefour variables,i.e.,V = [IP, FP,
I
, Cm	 ]. We call this thecounter-

offer vector. Let �n denote�n � 	�� , �R� denote�n����� , �o�qp �R � ���_r and Cs�tp T � C?	Hr . The
negotiation outcomeu is anelementof � 5 � � C 6 �wv � , wherethepair ( � � C ) denotesthe
priceandtimeatwhichagreementis reached and v denotestheconflict situation.

Agents’utility functions. Theutility derivedby agentsdependson thefinal agreement
ontheprice � andtheduration of negotiation C . However, utility frompriceto anagent
is independentof its utility from time,i.e., thebuyeralwaysprefersa low priceandthe
selleralwaysprefers a highprice.Thus:' 	Rx �zy{C}|�~ �Y� 5 � � � 6
We considerthefollowing two vonNeumann-Morgensternutility functions[4] asthey
incorporatetheeffectsof discounting andbargaining costs:

1. Additiveform: ' 	 5 � � C 6d7 ' 	�85 � 6 \ ' 	# 5 C 6
where' 	� and ' 	# areunidimensionalutility functions.Thisform is adequatewhen
the only effect of time is a bargainingcostwhich is independentof thefinal out-
come.Wedefined'n	� as 'L � 5 � 687 5 �� ] � 6 for thebuyerand '(�� 5 � 687 5 � ] ��� 6
for the seller. 'R	# wasdefinedas 'R	# 5 C 6n7 F 	�C . Thus when 5 F 	t1`T 6 the agent
gainsutility with time andwhen 5 F 	RUDT 6 theagent losesutility with time.

2. Multiplicative form: ' 	�5 � � C 6d7 ' 	� 5 � 6 ' 	# 5 C 6
where,asbefore, '
	� and '�	# areunidimensionalutility functions.Herepreferences
for attribute � , given theotherattribute C , do not depend on the level of C . This
form is adequatewhentheeffects of time arebargainingcostanddiscounting. 'q	�
wasdefinedasbeforeand '(	# wasdefinedas 'R	# 5 C 6h7 5 F 	 60� . Thuswhen 5 F 	R1 ^ 6
the agentgainsutility with time andwhen 5 F 	�U ^ 6 the agentlosesutility with
time.

Agent � ’s utility from conflict is definedas 'm	 5�v 6=7 T .
4 Optimal NegotiationStrategies

An agent’snegotiationstrategydefinesthesequenceof actionsit takesduring thecourse
of negotiation. In our case,this equatesto determining the value of a counter-offer
which, in turn, depends on the counter-offer vector V. The information that an agent
hasabout thenegotiationparameters is calledits negotiation environment. In order to



determine an optimal strategy an agent needsto find valuesfor V, on the basisof its
negotiation environment, thatmaximizeits utility. Sinceanagent’s utility dependson
two parameters,priceandtime (seesection3), it determinestheoptimalprice ��� and
theoptimal time C � for reachinganagreement.An optimal strategy thusmakescounter-
offers thatresultin thenegotiation outcome( � � � C � ).
4.1 Negotiation Envir onments

We modelthenegotiationenvironment �� for anagent� , asa9-tuple��� � �w� � �w� �� �0� � �/� � �/� �� � C  � �  � '  w�
where:

–
� � denotesatwo elementvectorthatcontainspossiblevaluesfor � ’sdeadlinesuch
thatthefirst element C?�� is lessthanthesecondelementC��� ;

– � � denotestheprobability that � ’s deadline is C
�� — theprobability that it is C��� is
therefore 5/^ ] � � 6 ;

– � �� denotes the value of � � on the basisof which the buyer selectsan optimal
strategy;

– � � denotesa two elementvectorthatcontainspossiblevaluesfor � ’s reservation
pricesuchthatthefirst element� �� is lessthanthesecondelement � �� ;

– � � denotestheprobability that � ’s reservation priceis �c�� — theprobability that it
is ���� is therefore ( ^ ] � � );

– � �� denotesthevalueof � � on thebasisof which thesellerselectsanoptimal strat-
egy;

– CW denotesthebuyer’s deadline;
– �R denotes thebuyer’s reservation price;
– '� denotesthebuyer’s utility which is a function of priceandtime thatdecreases

with priceandeitherincreasesor decreaseswith time.

Elements
� � �w� � �/� � and � � represent the information that � hasabout � . This is

theagent’sprivate information.Ouraimis to determineoptimalstrategiesfor agentsby
considering all possiblewaysin which time caneffect negotiation.Thusdepending on
the typeof utility function '  andthe relationbetweenC �� , C �� and C  , the following
six environmentsaredefined:�R � : When CW�� UDCW and � gains utility with time, i.e., '( is anincreasingfunction

of time.�R � : When CW�� UDCE BU�CW�� and � gainsutility with time.�R � : When CW�� 1DCE and � gains utility with time.�R � : When CW�� UDCE and � losesutility with time, i.e., '
 is andecreasingfunction
of time.�R � : When CW�� UDCE BU�CW�� and � losesutility with time.�R � : When CW�� 1DCE and � losesutility with time.

Theenvironment for thesellercanbedefinedanalogously.
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Fig.2. Possiblebuyerstrategiesin environments � � and � �
4.2 Negotiation Strategies

We formally definean agent’s strategy 5�� 	 6 as a function that mapsits negotiation
environment, �(	 , andtime, C , to thecounter-offer vector at time ( C \ ^ ). Thus � 	 x5 �R	 � C 6 |�� �A� � . Let u betheoutcomethatresultsfrom strategy � 	 . � 	 is theoptimal
strategy for agent� if it maximizes '(	 5 u 6 .

For any environment �Y	� , � 	� denotesthecorresponding optimal strategy. Theop-
timal strategies are determined for eachof the above six environments. An optimal
strategy should result in agreementat the optimal price andat the optimal time. An
agent’s preferencefor priceis independent of time, i.e., thebuyer alwaysprefersa low
price andthe selleralwaysprefers a high price . We therefore determine the optimal
strategy assuming� � 7 ^ (section4.3).Thisgivestheoptimaltime for reaching agree-
ment.Thenfor this optimal time we find the strategy that gives the optimal price by
takingtheactualvalueof � � . This is explainedin section4.4. Theresultingstrategy is
thereforeoptimalin bothtimeandprice.

4.3 Optimal Strategiesin Particular Envir onmentswhen �L�R���
Thissectiondetailstheoptimalstrategy for eachof theenvironmentsnotedabove.The
analysisis from the perspective of the buyer, although strategiesfor the sellercanbe
definedanalogously.

Envir onment �Y�� . In thisenvironment boththedeadlinesof � arelessthanC{ . As both
agentsusetime dependenttactics, � will concedeup to �c�� latestby CW�� or C?�� . Hence
it is enough if � usessomestrategy thatconcedesonly up to � �� . Sinceutility increases
with time until C? , � getsmaximum utility if agreementis reachedaslateaspossible.
Sincetherearetwo possiblevaluesfor theseller’sdeadline,negotiationcouldendeither
at CE�� or CW�� andtherearetwo possiblestrategies � canusein this case(seeFig. 2A). It
couldusea strategy ( �+ � ) thatstartsat �R ���� andapproaches�)�� at CW�� andthenmakes
no furtherconcessionstill CR�� , or a strategy ( �� � ) thatstartsat �R ���� andapproaches�)��
at time CW�� . Thesecanbedefinedmoreformally asfollows:



EU

Alpha

10

20

30

40

50

60

70

0.6 0.8 1

EU
2

Min EU1

Avg EU1

Max EU1

0.40.2

b

b

b

b

b

Fig.3. Effect of   on theEU to buyerin � �
�¡ � 5 �n � � C 6h7 p �� �B��� � ���� � Boulware, C?�� ] if C¢V�CW�� and �n�� otherwiseand�¡ � 5 �n � � C 6h7 p �� �B��� � ���� � Boulware, C?�� ] for all valuesof C .

By usingstrategy �£ � , � getsa utility of 'R 5 ���� � CE�� 6 with probability � � anda utility of'L 5 ���� � C 6 with probability ( ^ ] � � ). Note that C lies betweenC��� and C?�� depending
on � ’s strategy. Sotheexpectedutility to � , �
'  , from strategy �  � is�n'  � 7 � � '  5 � �� � C �� 6 \ 5/^ ] � � 6 '  5 � �� � C 6
whereCW�� UDCsV�CE�� . On theotherhand,if � usesstrategy �¤ � , it getsautility of 'R 5�v 6
with probability � � andautility of '  5 ���� � CE�� 6 with probability ( ^ ] � � ). Soits expected
utility from strategy �+ � becomes�n'  � 7 � � '  5�v 6 \ 50^ ] � � 6 '  5 � �� � C �� 6�¥

Turning now to anexperimentalevaluationof thesestrategies.Agent � ’sutility was
definedasfollows 2

'  5 � � C 6d7`¦ g @%i 50^��¨§ª©¬«A§§ © «A§ ©¯®±° 6 C for CsVDC? T for Cs1DC? 
Thus � ’s utility linearly increaseswith price andtime where g @%i 5/^�� §ª©w«�§§ © «A§ ©¯®±° 6 gives

a valuebetween0 and1. The expectedutility to � from any strategy depends on the
following parameters: p C��� � CE�� � CE � ���� � �� � �� ���� � �wr . Let ²³�# denotethe lengthof time
interval betweenCL�� and CW�� . For all contexts we assignedC��� 7¢´ T � �� 7¶µ T , �� ���� 7· T , ���� 7z´ T and CW 7 ^ T�T . In our experimentswe computed theexpectedutility for

2 In all the experimentsreportedin this sectionwe obtainedsimilar resultsfor additive and
multiplicative formsof utility functions.We thereforedescribeheretheexperiments for only
onemultiplicative form.
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differentvaluesof ²J�# . For eachvalueof ²J�# wevaried � � between0 and1 andfoundthe�n'L in eachcase.In thefirst termfor �n'( from strategy �� � , bothparametersto '
 , i.e.,���� and C?�� , areconstants.In thesecondterm, �{�� is constantbut C couldbeany value
in theinterval CL�� to CW�� dependingonthestrategy thattheselleruses.As aresultweget
a range of valuesfor �n'  from strategy �  � . Sinceutility to � is anincreasingfunction
of time, for the sameprice �(�� , � getsmaximum utility at C��� andminimumutility atCE�� . All otherpossiblevaluesfor �n'( lie within this range.We therefore computedthe
average �n'R for everyvalueof � � . All theparameters to 'n in the �n'� from strategy�� � areconstants.Thisgivesasinglevaluefor �n'Y for every valueof � � .

The resultsof this experiment for ²A�# 7¹¸ T areasshown in Fig. 3. For valuesof� � up to 0.3,strategy �³ � givesa higher �n'n thanthe average �
'
 from strategy �� � .
For highervalues of � � , theaverage �n'
 from �£ � becomeshigher thanthe �n'm from�  � . Let � �� denote the valueof � � below which �  � is betterthan �  � andabove which�� � is betterthan �£ � . This valueof � �� depends on thevalueof ²A�# . As we increased ²¤�# ,
therewasa corresponding increasein the valueof � �� . A decreasein ²¤�# resultedin a
corresponding decreasein � �� . Thustheoptimalstrategy �  � is �¡ � when � �fU � �� and �£ �
when � �E1 � �� .
Envir onment �Y�º . Asoneof thepossibledeadlinesfor theseller, C)�� , is greaterthanCL ,� needsto concedeupto �m in order to maximizeits chancesof reachinganagreement.
Again it coulduseoneof two possiblestrategies(seeFig. 2B). A strategy �A � thatstarts
at �� ���� andapproaches�( at CW by crossing�n�� at CE�� , or a strategy �£ � that startsat�  ���� andapproaches�  at C  , crossing� �� somewherein theinterval betweenC �� andCE . Thatis,�� � 5 �R � � C 6h7»Z p �� ����¼� ���� � Boulware � C?�� r if CsVDCE��p ���� � �� , Boulware, 5 C? ] CE�� 6 r if Cs1DCE���� � 5 �R � � C 6h7 p �� ����¼� �� � Boulware,C? 0r for all valuesof C .
By using �� � , � getsautility of 'n 5 ���� � CE�� 6 with probability � � andutility p ½�'R 5 � � C 6 \
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50^ ] ½ 6 '� 5�v 6 r with probability 50^ ] � � 6 . ½ denotestheprobability thatthesellercrosses�� prior to CL . Sotheexpectedutility to � from strategy �b � is�n'  � 7 � � '  5 � �� � C �� 6 \ 50^ ] � � 6 p ½A'  5 � � C 6 \ 50^ ] ½ 6 '  5�v 6 r
where 5 �n�� U¾�zU��� 6 and 5 C?�� U�C¢U�CW 6 .

If � usesstrategy �£ � it getsa utility of 'n 5�v 6 with probability � � anda utility ofp ½�'L 5 � � C 6 \ 50^ ] ½ 6 'L 5�v 6 r with probability 50^ ] � � 6 where 5 �n�� U��¿U��� 6 and5 CE�� U�C¢UÀCW 6 . So � ’s expectedutility from �� � becomes

�n'  � 7 � � '  5�v 6 \ 50^ ] � � 6 p ½A'  5 � � C 6 \ 50^ ] ½ 6 '  5�v 6 r
In ourexperimentalevaluationof thesestrategies,wegetarangeof valuesfor �n't 

from bothstrategies �+ � and �� � . We assigned½ 7 ^ . Theresultsof ourexperiments(for
the samevaluesof all othervariables as in environment 1) areshown in Fig. 4. The
average �n'R from strategy �+ � washigher thantheaverage�n'm from �� � for all values
of � � . Notethatin this casetherelationshipbetween�  � and �  � does not depend on the
valueof ²��# . Thus theoptimal strategy �  � is �� � for all values of � � .
Envir onment �Y�Á . Sincebothpossibledeadlinesfor the selleraregreaterthan C{ , �
hasto usea strategy �  � thatstartsat �� ���� andconcedesup to �( by C? . Thusfor all
valuesof C �d � 5 �  � � C 6h7 p �  �B��� � �  !�wÂRÃ >�Ä.Å �³Æ I � C  r

In theremaining threeenvironments � ’s utility decreaseswith time,andit canmax-
imize its utility by usinga strategy thatendsnegotiationasearlyaspossible.

Envir onment �Y�Ç . Here C?�� U¶CE andthebuyermaximizesits utility by minimizing
priceby concedingonly up to �c�� sinceit knows from its environmentthat � will offer���� latestby CW�� or CW�� . In additionto thisit canmaximizeits utility from timebyoffering
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� �� asearlyaspossible.Thus � ’sbeststrategy �  � is to offer � �� every timestartingfrom
its first offer (seeFig. 5A). Thus�  � 5 �  � � C 6h7 p �  ����¯� � �� �wv?Ã i FHI�Í³I Æ � C �� r
for all valuesof C andthecounter-offersarealways � �� .
Envir onment �Y�Î . In this environment � ’s beststrategy is to offer �c�� from thestartof
negotiationtill CL�� . If CW�� is theactualdeadlinefor theseller, negotiationwouldendlatest
by C �� at price � �� . On theotherhand, if C �� is theseller’s actualdeadline, negotiation
couldcontinuebeyond C)�� (dependingontheseller’sstrategy). � now hasto concedeup
to �R at theendof CL�� since CE is lessthan CW�� . Thestrategy �  � is shown in Fig. 5B.
Thus �  � 5 �  � � C 6d7»Z p �� �B��� � ���� �wv?Ã i F!I¡Í³I Æ � CE�� r if C¢VÀCW��p � �� � �  �wv?Ã i F!I¡Í³I Æ �Ï5 C  ] C �� 6 r if C¢1ÀC ��
Envir onment �Y�Ð . In this environment � ’s beststrategy �  � is to concedeup to �) at
thebeginningof negotiationsince 'Y 5 �� �Ï^ 6 K '� 5 ��� � · 6 . Thus�  � 5 �  � � C 6d7 p �  ����¼� �  �wv?Ã i FHI�Í³I Æ � C  r
for all valuesof C andthecounter-offersare �Ñ throughout negotiation.

4.4 Optimal Strategiesin Particular Envir onmentswhen �L�ÑÒ���
Theabove strategiesgive anoptimalvalue for C if � � 7 ^ . When � �{Ó7 ^ anoptimal
valuefor price needsto be determined.Therearetwo possiblevaluesfor the seller’s
reservation limit, �
�� with probability � � and �n�� with probability 5/^ ] � � 6 . � now has
two possiblestrategies(seeFig. 6). It canconcedeup to ���� by C (strategy �� � ) andget
an �n'� of �n'  � 7 � � '  5 � �� � C 6 \ 50^ ] � � 6 '  5�v 6
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or concede upto �(�� by C (strategy �� � ) andgetan �n'
 of�n'  � 7 � � '  5 � � C 6 \ 5/^ ] � � 6 '  5 � �� � C 6
where 5 �n�� U¾�zU����� 6 .

In termsof ourexperimentalevaluation, the �n'� from any strategy dependsonthe
following parameters: p � �� � � �� � �  � �  ���� � C �_� � r . We assigned� �� 7¶´ T � � �� 7¶Ô T . For
all contexts we assigned�
 7»µ T � �� ���� 7 · T � C 7[Ô T and C? 7 ^ T+T . We varied � �
between0 and1 andcomputed the �n'c for bothstrategiesfor eachvalueof � � . The
resultsof thisexperimentareasshown in Fig.7.For valuesof � � upto 0.65theaverage
utility from �� � washigherthanthe �n'
 from strategy �� � . For valuesof � � higher than
0.65, the �n'n from strategy �� � becamehigherthantheaverage �n'{ from strategy �� � .
Let � �� denotethe value of � � below which �� � is betterthan �£ � andabove which �³ �
is betterthan �� � . Let ² � � denote the differencebetween�Y�� and �n�� . The value of � ��
dependson thevalueof ² � � . As we increased² � � therewasa correspondingdecreasein
thevalueof � �� . Thedecreasein ² � � resultedin acorresponding increasein � �� . Thusfor5.� �EU � �� 6 theoptimalpriceis �
�� andfor 5.� �E1 � �� 6 theoptimalpriceis �
�� .
5 NegotiationOutcomes

We now determinethe outcome of negotiation whenboth agents usetheir respective
optimalstrategiesasdeterminedin table1. Sincethebuyerandsellercould eithergain
or loseutility with time,we havethefollowing four possibilities:

1. Bothbuyerandsellergainutility with time.
2. Buyergains andsellerlosesutility with time.
3. Buyerlosesandsellergains utility with time.
4. Bothbuyerandsellerloseutility with time.

Theordering on thedeadlinesof � and � will beoneof thefollowing:



Environment OptimalStrategy�fÕ� [ ÖfÕ×ÙØ�ÚbÛ ÖÝÜÞ , Boulware, ßBÜ� ] for all valuesof ß if Nà �ÜBáâ ¼Üã Q
[ ÖfÕ×ÙØ�ÚbÛ ÖÝÜÞ , Boulware, ßBÜ� ] for all valuesof ß if Nà �ÜBäâ ¼Üã Q�fÕ� [ ÖÝÕ×2Ø�ÚbÛ ÖÝÜÞ , Boulware, ßBÜ� ] if ß�åæßBÜ�

[ ÖfÜÞ Û ÖÝÕ , Boulware, ( ß=Õ - ßBÜ� )] if ßÀäcßBÜ�� Õç [ Ö Õ×ÙØ±Ú Û Ö Õ , Boulware, ß Õ ] for all valuesof ß�fÕè [ ÖÝÕ×ÙØ±ÚJÛ ÖÝÜÞ , Conceder, ß8Ü� ] for all valuesof ß�fÕé [ ÖfÕ×ÙØ�ÚbÛ ÖÝÜÞ , Conceder, ß8Ü� ] if ßÀåcßBÜ�
[ ÖÝÜÞ Û ÖÝÕ , Conceder, ( ß=Õ - ßBÜ� )] if ßêä�ßBÜ�� Õë [ Ö Õ×ÙØ±Ú Û Ö Õ , Conceder, ß Õ ] for all valuesof ß

Table 1. OptimalStrategiesfor theBuyer( ÖÝÜÞ denotestheoptimalvaluefor theseller’s reserva-
tion price)

1. CW�� UÀCE�� U�CW � U�CE � (D1)
2. CW � U�CE � UÀCW�� UDCE�� (D2)
3. CW�� UÀCE � U�CE�� U�CE � (D3)
4. CW�� UÀCE � U�CE � UDCE�� (D4)
5. CW � U�CE�� U�CE�� U�CE � (D5)
6. CW � U�CE�� U�CE � UDCE�� (D6)

We considerthecasewhere � gainswith time and � loseswith time anddetermine
the outcome of negotiation for all possibleorderingsof deadlines.For ordering D1,
let CE�� be � ’s actualdeadline (seeFig. 8A). This correspondsto �æ�� for the sellerand
its optimal strategy is � �� . For agent � it correspondsto �{ � (with a high valuefor � � )
irrespective of whetherits deadline is Cn � or CW � . Let �R�� and �n � denote theoptimal val-
uesfor theseller’s minimum reservation priceandbuyer’s maximum reservationprice
respectively. Thuswhen � usesstrategy �  � , � uses� �� , andtheoutcome of negotiation
becomes 5 �n�� � CE�� 6 . On theotherhand, if Cn�� is � ’s actualdeadline (seeFig. 8B), it cor-
responds to �)�� for thesellerandits optimalstrategy is � �� . For thebuyer it is �) � and
its optimal strategy is �  � ( � � is low). Thenegotiationoutcomenow becomes 5 � �� � C �� 6 .
In bothcases,since� ’sdeadline is greaterthan � ’s deadline, it getstheentiresurplus of
price.

D2 is similarto D1 except that � and � areinterchangedandthenegotiationoutcome
is ( �� � ,CE � ) when C? � is � ’s actualdeadlineand( �( � , CE � ) when C? � is � ’s actualdeadline
(seeFig. 8Cand8D).

For D3, let C �� be � ’s actualdeadline (seeFig. 8E). This corresponds to � �� for� and its optimal strategy is � �� . For the buyer it is �( � if its deadline is CW � and �n �
(with � � high) if its deadline is C� � . Usingthecorrespondingoptimalstrategies,in both
casesthe negotiation outcome is 5 �(�� � CE�� 6 . If C?�� is � ’s actualdeadline(seeFig. 8F),
this corresponds to �m�� for � and its optimal strategy is � �� . Now if C? � is � ’s actual
deadline 5 �
 � 6 , its optimal strategy is �  � andthe negotiation outcome is ( �{ � ,CW � ); the
entiresurplusof pricegoesto S. But if C
 � is � ’s actualdeadline 5 �) � with � � low), its
optimalstrategy givestheoutcome 5 �Y�� � CE�� 6 andtheentiresurplusof pricegoesto � .

For D4, let C?�� be the seller’s actualdeadline(seeFig. 8 G). This correspondsto�R�� for thesellerandits optimalstrategy is � �� . If C? � or CW � is � ’s actualdeadline 5 �) � 6 ,
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Fig.8. NegotiationOutcome(thick linesdenotesellerstrategy anddottedlinesbuyerstrategy)

thenits optimal strategy is �  � in bothcases.Thenegotiationoutcomeis 5 � �� � C �� 6 . The
entiresurplusof pricegoesto � . On theotherhand, if C{�� is � ’s actualdeadline 5 �) � 6 ,
its optimalstrategy is �  � (seeFig. 8H).Theoptimalstrategy for � is �  � irrespective of
whetherits actualdeadline is C  � or C  � . Thecorrespondingoutcome of negotiation is
( �� � , CW � ) or ( �n � , CE � ), andtheentiresurplusgoesto � . In thesameway theoutcomeof
negotiation, if bothagentsusetheoptimalstrategiesasdeterminedin section3, canbe
found for all the remaining cases.Theseresultsaresummarized in table2. Cfì denotes
thebeginningof negotiation.

As seenfrom table2, the negotiation outcome remainsthe samein the first three
cases,i.e.,whenbothagentsgainutility with time,or whenany oneof themgainsand
the otherloseswith time. This happensbecausethe agent that gains utility with time
delaysin makinganoffer that is acceptableto theopponenttill theearliestdeadlineis
reached. Whenbothagentsloseutility with time,they makethemaximumrequiredcon-
cessionat theearliestopportunity, i.e. thestartof negotiation.Agreement is therefore
reachedat thebeginningof negotiation.

5.1 Conditions for convergenceof optimal strategies

Thevaluesof � �� and � �� arecrucialin determining � ’s optimalstrategy. For instancein
negotiationenvironment �{ � , theagent’s optimal strategy �  � is �¡ � when 5í� �WU � �� 6 and�  � is �� � when 5í� �E1 � �� 6 . Thusin order for thestrategiesto converge,anagent, say � ’s,
degreeof belief � � about� ’sdeadline mustbelessthan � �� whentheactualdeadline for� is CE�� andit mustbegreaterthan � �� whentheactualdeadlinefor � is Cn�� .



Case1, 2 and3 Case4
DeadlineOrdering Seller’sDeadline NegotiationOutcome NegotiationOutcome

Buyer’s Deadline Buyer’s Deadlineß Ü� ( Ö ÜÞ ,ß Ü� ) ( Ö ÜÞ ,ß Ü� ) ( Ö ÜÞ ,ßJî ) ( Ö ÜÞ ,ßJî )
D1 ß=Õ� ß=Õ� ß=Õ� ß=Õ�ß Ü� ( Ö ÜÞ ,ß Ü� ) ( Ö ÜÞ ,ß Ü� ) ( Ö ÜÞ ,ßJî ) ( Ö ÜÞ ,ßJî )ßBÕ� ß=Õ� ß=Õ� ß=Õ�ß Ü� ( Ö ÕÞ ,ß Õ� ) ( Ö ÕÞ ,ß Õ� ) ( Ö ÕÞ ,ßJî ) ( Ö ÕÞ ,ß,î )
D2 ß=Õ� ß=Õ� ß=Õ� ß=Õ�ß=Ü� ( ÖÝÕÞ ,ßBÕ� ) ( ÖÝÕÞ ,ß=Õ� ) ( ÖÝÕÞ ,ßJî ) ( ÖÝÕÞ ,ß,î )ßBÕ� ß=Õ� ß=Õ� ß=Õ�ß Ü� ( Ö ÜÞ ,ß Ü� ) ( Ö ÜÞ ,ß Ü� ) ( Ö ÜÞ ,ß î ) ( Ö ÜÞ ,ß î )
D3 ß=Õ� ß=Õ� ß=Õ� ß=Õ�ß=Ü� ( ÖÝÕÞ ,ßBÕ� ) ( ÖÝÜÞ ,ß=Ü� ) ( ÖÝÕÞ ,ßJî ) ( ÖfÜÞ ,ßJî )ß Õ� ß Õ� ß Õ� ß Õ�ß Ü� ( Ö ÜÞ ,ß Ü� ) ( Ö ÜÞ ,ß Ü� ) ( Ö ÜÞ ,ß î ) ( Ö ÜÞ ,ß î )
D4 ß Õ� ß Õ� ß Õ� ß Õ�ß Ü� ( Ö ÕÞ ,ß Õ� ) ( Ö ÕÞ ,ß Õ� ) ( Ö ÕÞ ,ßJî ) ( Ö ÕÞ ,ß,î )ßBÕ� ß=Õ� ß=Õ� ß=Õ�ß=Ü� ( ÖÝÕÞ ,ßBÕ� ) ( ÖÝÜÞ ,ß=Ü� ) ( ÖÝÕÞ ,ßJî ) ( ÖfÜÞ ,ßJî )
D5 ß=Õ� ß=Õ� ß=Õ� ß=Õ�ß=Ü� ( ÖÝÕÞ ,ßBÕ� ) ( ÖÝÜÞ ,ß=Ü� ) ( ÖÝÕÞ ,ßJî ) ( ÖfÜÞ ,ßJî )ßBÕ� ß=Õ� ß=Õ� ß=Õ�ß Ü� ( Ö ÕÞ ,ß Õ� ) ( Ö ÜÞ ,ß Ü� ) ( Ö ÕÞ ,ßJî ) ( Ö ÜÞ ,ßJî )
D6 ß Õ� ß Õ� ß Õ� ß Õ�ß Ü� ( Ö ÕÞ ,ß Õ� ) ( Ö ÕÞ ,ß Õ� ) ( Ö ÕÞ ,ß î ) ( Ö ÕÞ ,ß î )ßBÕ� ß=Õ� ß=Õ� ß=Õ�

Table2. Outcomeof negotiationwhenbothagentsusetheir respective optimalstrategies

Similarly theoptimalvaluefor pricedependson thevalueof � �� . For instance,for
the buyer, the optimal price is �m�� if 5í� �ïU � �� 6 and it is ���� if 5.� �31 � �� 6 . Thus
convergenceis guaranteedonly when the valuesof � � and � � satisfy the following
conditions:

1. 5í� �EU � �� 6 if 5 CE� 7 CE�� 6 and 5í� �E1 � �� 6 if 5 CE� 7 CE�� 6 for thebuyer.
2. 5í�  ÝU �  � 6 if 5 CW 7 CW � 6 and 5��  Ý1 �  � 6 if 5 CW 7 CE � 6 for theseller.
3. 5.� �EU � �� 6 if 5 ��� 7 ���� 6 and 5í� �E1 � �� 6 if 5 ��� 7 ���� 6 for thebuyer.
4. 5.�  fU �  � 6 if 5 �R 7 �� � 6 and 5í�  f1 �  � 6 if 5 �R 7 �� � 6 for theseller.

5.2 Payoffs to agents

The utility that an outcome yields to an agentis a function of price and time. The
factorsthat determine the outcomeof negotiation arethe agents’ deadlines andtheir
discounting or bargainingcosts.Wethereforeanalyzetheireffectontheutilities to both
agents.



Effect of deadlines on the payoffs. As seenfrom table2, whenagentshave unequal
deadlines,theentiresurplusof pricegoesto theagentwith thelonger deadline.

Effect of discounting/bargaining costs on payoffs. Whenat leastoneagentgains util-
ity with time, agreementis reachedat the earlierdeadline; whenboth loseon time,
agreementis reachedtowardthebeginning of negotiation.Let thepair 5 ' � � ' �� 6 denote
theutility to � and � whenbothgainwith time, 5 ' � � ' �� 6 when � gainsand � loseswith
time, 5 ' � � ' �� 6 when � losesand � gainswith time and 5 ' � � ' �� 6 whenboth losewith
time.Whentheeffect of time on thetwo agentsis not identical,i.e.,whenoneof them
gainsutility with timeandtheotherloses,thefollowing resultwasobserved.Theagent
thatgains on time getsthesameutility ascompared to thecasewherebothgainwith
time, i.e., for thebuyer 5 ' � 7 ' � 6 andfor theseller 5 ' �� 7 ' �� 6 . Theagentthat loses
ontimegetslessutility with timegetsa lowerutility whencomparedto thecasewhere
bothgainor bothlosewith time, i.e., for thebuyer 5 ' � U3' � 6 and 5 ' � U3' � 6 andfor
theseller 5 ' �� U3' �� 6 and 5 ' �� U3' �� 6 .
6 Conclusions

This paper determinedwhat theoptimalnegotiationstrategiesarefor agentsthat find
themselves in environments with different informationstates.Specifically, we consid-
eredsituationswhereagents have uncertain informationabout two negotiation param-
eters(theopponent’s deadline andreservation limit) but do not have any information
about their opponent’s bargainingcost,discounting factoror strategy. We listedcondi-
tions for convergenceof theseoptimalstrategiesandstudiedtheeffect of time on the
negotiation outcome.In thefuturewe intendto extendouranalysisto determineif this
mutualstrategic behavior leadsto equilibria andthenanalyzesituationswhereagents
have limited informationaboutothernegotiation parameters like the opponent’s bar-
gaining cost,its discountingfactoror its strategy to comparetheir relativeinfluenceson
thenegotiationoutcome.
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