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Abstract. Autonomous agents operate in complex environment?2 AUTONOMOUS AGENTS

and, over time, conflicts inevitably occur among them. Negotiation is . . .

the predominant process for resolving conflicts. This paper presents<Et A9¢nts be a set of autonomous agents. This section briefly de-
generic negotiation model for autonomous agents that handles mulficribes the key features of every agegic Agents. _

party, multi-issue and repeated rounds. The model is based on com- The agentag; has a setB; = {bu,...} of beliefs, a set

putationally tractable assumptions, accounts for a tight integratiof’s = {gi1,.. .} of goals, and a libranyPL; = {pta,...} of
of the individual capability of planning and the social capability of plan templatesBeliefsrepresent information about the world and the

negotiation, and formalizes a set of human negotiation procedures.agent himselfgoalsrepresent wor!d §tates to be achieved, plaoh
templatesare procedures for achieving goals. Every plan template

pti;€PL; is a 6-tuple that includes a header, a type, a list of condi-
1 INTRODUCTION tions, a body, a list of constraints, and a list of statements. The header
a 2-tupletheader;; = < pname;j;, pvars;;>, wherepname;; is

Autonomous agents are being used in an increasing number of a | X I .
d d d pp e name opt;; andpvars;; is a set of variables. The libraty L;

cations. The agents operate in complex environments and, over timg, iteplan t lat ifving the d iti f |
conflicts inevitably occur among them. The predominant process fo ascompositeplan templates specifying the decomposition of goals

resolving conflicts is negotiation. Recent growing interest in elec-Into more detailed subgoals, apdmitive plan templates specifying

tronic commerce has also given increased importance to negotiatioﬁ.cnons directly _executable fayg:. .

This paper presents a generic negotiation model for autonomous The agentg; is able_to gengrate complex plans from the simpler
agents that handles multi-party, multi-issue, and single or repeate'{().iIan templates stored in the library.phan p;; for achieving a goal
rounds. The main components of the model are: (i) a prenegotiaq“ce_Gi Is a 3-tuple;pix = < PTig, 2n, =4>, WherePTy CPL;
tion model, (ii) a multilateral negotiation protocol, (iii) an individual Is a list of plan templates_jh Isa blnar_y relation _establlshlr_lg a hi-
model of the negotiation process, (iv) a set of negotiation strategiese,rarChy onPT, and 2, is another _bmary relation estab_llshlng 2
and (v) a set of negotiation tactics. The model is based on computa@mporal order o Ty, The planp;y, is representc_ad b.y a hl_erarc_hl-
tionally tractable assumptions, accounts for a tight integration of th&al And-tree d(_enoted bF_StTUCt?.’“' Plan gene_ratlon__ IS an |tera_t|_ve
individual capability of planning and the social capability of negoti- procedure of: (i) plan retrieval, (ii) plan selection, (iii) plan addition,

ation, and formalizes a set of human negotiation procedures. an:t(lv) p!antlntiertpl)qretatlon. h ber of bl f "
This paper builds on our theoretical and experimental work in the any instant, the agenty; has a number of plans for execution.

area of negotiation [7]. In particular, this paper extends our negotiaThese plans are the plans adoptedibyand are stored in thieten-

tion model by both continuing the description of the individual model "°" structure/S;=[piy, . . ]. For each plamp;; €15;, the header of
of the negotiation process and introducing a number of negotiatioff'"Y plan templatpt:;r in p;;, is referred aintentionint;;... The
strategies and tactics. The new strategies and tactics are motivat ent pfte_n has |nf_ormat|o_n about o ther agentslgants. This in-
by human procedures typical of integrative negotiation [6, 9, 10].0rmationis stored in theocial descriptiors D; = {SDi(agn), .. .}-

This paper also lays the foundation for extending our experiment{;?:f:négilggggﬁ&;;ifg(satg%Gggﬁgejv)é;(aghf;;’ contains the
) i gj .

work, namely for performing a new experiment aiming at validating
a version of the model that handles two-party, multi-issue negotiation
(integrative negotiation). 3 THE NEGOTIATION MODEL
The remainder of the paper is structured as follows. Section
presents a generic model of individual behavior for autonomou
agents. The model forms a basis for the development of negotiaf”}

iet Ag = {aq,...,agn}, AgC Agents, be a set of autonomous
gents. LetPay = {pix,...,pnk}, be a set of plans of the agents

ing agents. Section 3 presents a generic model of negotiation fo'tP jilgfmcludw;g mtentlonsIAi t:O {mt““tl)’ R ’m;’_”“tl}}_riSpeC{
autonomous agents. Section 4 situates the present work within thiy €y for agentsig, . ..., agn. L€ onfag be aconflict of interests

related literature. Finally, section 5 concludes and outlines future avgmong the agents ig. This section presents a domain-independent

enues of research description of a computational model of negotiation.
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Negotiation problem structure generatio® negotiation prob- 3.2 The multilateral negotiation protocol

lem NP; from the perspective ofig; is a 6-tuple: NP, =

< agi, Gik, Pik, intikr, Ai, La; >, Whereg;,€G; is a goalp;r€Pagy The protocol defines the set of possible tasks that each agent g

is a plan ofag; for achievingg;x, int;xi € I44 is an intention of  can perform at each point of the negotiation process. A negotiation

pik, Ai = Ag — {ag;} and Ia; = Ia, — {int;x}. The prob-  strategy specifies a particular task to perform from the set of possible

lem N P;;, has astructure N Pstruct;;, consisting of a hierarchical tasks. Aglobal description of the negotiation process follows.

And-Or tree. Formally,N Pstruct;i is a 4-tuple:N Pstruct;, = The process starts with an agent, say, communicating a ne-

<N PTi, j;[, <+, <.>, whereN PT;,CPL; is alist of plan tem-  gotiation proposapropti,, to all the agents ind;. A negotiation

plates,<;f and <;" are relations similar to<, and <, and =<, is proposalpropi,., is a set of facts (see subsection 3.3). Each agent

a binary relation establishing alternatives among the plan templatesg; € A; receivesproply,, and may decide either: (i) to accept

in NPT,. The nodes of the And-Or tree are plan templates. Thepropli,,, (ii) to rejectpropt},,, without making a critique, or (jii)

header of the root node describes tiggotiation goal;x. to rejectpropls,,, and making a critique. Aritique is, for instance,

The structureV Pstruct;, is generated from plap;;, by an iter-  a statement about issue priorities.

ative procedure involving: (i) plan interpretation, (ii) plan retrieval, ~The process continues witly; receiving the responses of all the

(iii) plan selection, and (iv) plan additioy Pstruct;, defines all ~ agents inA;. Next,ag; checks whether a negotiation agreement was

the solutions ofV P, currently known byag;. A solutionis a plan  reached. If the proposalropli,, was accepted by all the agents

that can achieve;r. in A;, the negotiation process ends successfully and the agreement
proply. . is implemented. In this caseg; just informs the agents in

Issue identification and prioritizationThe negotiation issues of 4, that an agreement was reached. Otherwigecan act either: (i)

ag; are obtained from the leaves df Pstructix. Let Ly, = by communicating a new proposalop},,, or (i) by acknowledging
[ptika, - - -] be the collection of plan templates constituting the leavesihe receipt of all the responses.
of NPstruct;;. The header of every plan templatex; € Lix is The process proceeds with the agentd jmeceiving the response

called a fact and denoted bfy,;. Formally, afact fx; is a 3-tuple:  of ag;. If ag; decides to communicate a new propgsalp’;, , each

ikno

firj = <isinj, vlisir;], min; >, Whereis;y; is anegotiation issue  agentag; € A; may again decide: (i) to acceptopl,,, or (i) to
(corresponding t@nameir;), v[isi;] is @ value ofis.k; (corre-  rejectpropty, without making a critique, or (iii) to rejegirop!y,,
sponding to an element qfvars;x;), andrix; is a list of argu-  and making a critique. Kg; decides to acknowledge the receipt of all
ments (corresponding to the remaining elementgwefrs;x;). Let  the responses, the process proceeds to a new round in which another
Fix, = {fika, -, fir=} be the set of facts aV Pstruct;,. Thene-  agentags, € Ag communicates a proposal to all the agentstin =
gotiating agendaf ag; is the set of issueb, = {isika, - .., 1Sikz} Ag — {agy}. This is repeated for other agentsAmg.
associated with the facts ;. The interval of legal values for each
issueis;k; €1k is represented by;x; = [minik;, mawik;).

For each issués;i; € Iy, let prix; be itspriority andw,,,; its 3.3 The negotiation process: individual perspective

importance weightLet PR, = {prika,...,prik-} and Wi, = o
{Wika, - .., wir-} be the sets of priorities and normalized impor- The individual model of the negotiation process specifies the tasks

tance weights of the issues I, respectively. that each agent must perform. These tasks (or processes) are shown in
Figure 1 for the specific case of an ageptc Ag that communicates

Limits and aspirations formulatiorLimits and aspirations are for- a negotiation proposal. A description of the main processes follows
mulated for each issue at stake in negotiation. Tiimi for issue  (for clarity, we omit the representation of time).
isikj € L is represented byim,; and the initialaspiration by o S
asp};, with limi,;€Diy,; andasps ,€Diy;. Negotiation proposal generatlorj'hlg process generates t_he set of

‘ negotiation proposal®’ PS;;, satisfying the requirements imposed
Negotiation constraints definitiorConstraints are defined for each by the structureN Pstruct;,. The generation ofVPS;; is per-
issueis;i; €1;,. Without loss of generality, consider thag; wants ~ formed through an iterative procedure involving: (i) problem inter-
to maximizeis;x;. Hard constraintsare linear constraints that spec- pretation, (ii) proposal preparation, and (iii) proposal addition. Prob-
ify threshold values for the issues. They cannot be relaxed. The hadeém interpretation consists of searchingPstruct;;. for any possi-
constrainthc;y; for is;i; has the formhc;,; = (isik; > limig;, ble solutionsol;x.. of N P;;. and selecting the primitive plan tem-
flex = 0), whereflex = 0 represents null flexibility (inflexibility).  platesPPT;.nm = {ptika,---,Dtikp Of solikm. Proposal prepa-
Soft constraintsre linear constraints that specify minimum accept- ration consists of determining @egotiation proposaprop;km =

able values for the issues. They can be relaxed. The soft constraiif;a, - - ., fikp }, ¢.€., @ Set of facts corresponding to the headers of
scikj for is;i; has the formscg; = (isik; > aspf,lcj, flex = n), the primitive plan templates i® PT;.,. Proposal addition consists
where flex = n, neN, represents the degree of flexibility &f;x;. of adding the negotiation proposatop;., to the setv P.S;j.

The preparation of a proposalop;r.. partitions the setF;x
Negotiation strategy selectionThe agentag; has a library  of facts into: (i) subsetpropim, and (i) subsetcompim =
SL; = {stri,...} of negotiation strategies and a librafyL; = {fikps1,- .., fir=}, called proposal complemertf propixm, and
{tactﬂ, .. } of negotiation taCtiCSNegOtiatiOn Strategieal’e func- Corresponding to the remaining factsﬁlfk_ The facts inpropikm
tions that define the tactics to be used at the beginning and duringre fundamental for achieving the negotiation gpal They are the
the course of negotiation (see subsection Jéjotiation tacticare  inflexible factsof negotiation, forprop;x... The negotiation issues
functions that define the moves to be made at each point of the N&yrop,.,, = {isira,...,isirp} associated with these facts are the
gotiation process (see subsection 3.5). Strategy selection is an infhflexible issuesOn the other hand, the factsdamp;x. are notim-
portant task and must be carefully planned [6, 9]. In this paper, Weortant for achievingy;.. They are thdlexible factsof negotiation,
just assume thatg; selects a strategytrix €S L, that he considers  for prop;y.,,,. The issued compirm = {isikpi1,. .., iSik: } aSSOCI-
appropriate according to his experience. ated with these facts are thexible issues
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Figure 1. The negotiation process (perspective of every agent that communicates a proposal).

Feasible and acceptable proposal preparatiofhis process gen- 3.4 Negotiation strategies
erates the set of feasible proposd’S;x, FPS;x C NPS;,

and the set of acceptable proposal®S;,, APSix C FPS;y. This subsection describes two classes of strategies, called concession
Let HCpropikm = {RCika,-..,hcikp} and SCpropiwm = and problem solving strategies.
{SCikas, - - -, SCinp } e the sets of hard and soft constraints for issue

SConcession strategiewe functions that define the opening negotia-
tion and concession tactics. These strategies model well-known con-
cession patterns. In this paper, we consider the following three sub-
classes of strategies:

in Iprop;:km, respectively. A negotiation propogalop;xm €N PS;k
is feasibleif the issues inl prop;k., satisfy the sefd C'prop;km Of
hard constraints. A feasible propogalop;i., is acceptableif the
issues inprop;km satisfy the seSCprop;i Of soft constraints.

Feasible proposal evaluatioifhis process computes a score for eachl- starting high and conceding slowly model an optimistic open-

proposal inF PS;;, using anadditive scoring functioril0] and or- ing attitude and successive small concessions;
ders the proposals in descending order of preferenceClgt =  2- starting reasonable and conceding moderatelynodel a realistic
(v[iSikal,- - ., v[isikp]) be the values of the issues ipropiem opening attitude and successive moderate concessions;
(Cixm is called acontrac). For each issués;; € Ipropix, defined 3. starting low and conceding rapidly model a pessimistic opening
over the intervalD;x; = [minix, mazix), let Vi, be acompo- attitude and successive large concessions.
nent scoring functiorthat gives the score thay; assigns to a value
vlisixi] € Digy Of isixi. The score for contrad®y,, is given by a The starting high and conceding slowly strategies are formalized
functionV: by analogous functions. For instance, a stratefyys_01 is formal-

» ized by a function which takes a set of issues, Bayop;rm, as input

V(Citm) = Z Wikj % Virg (v[isix;)) and specifies a tactiect;;, of a particular class denoted bjtss:
J=a

. . . shes 01(Ipropikm) = (class, tactix) |
The proposaprop;im is identified with contraof;x,, and both have

the same score if. state = initial then:

class = opening_negotiation N

Feasible proposal selectioiThis process selects a feasible proposal tactik = starting-optimistic

propikm € FPS;;. The negotiation strategytr;, of ag; dictates else:

a tactictact;, € T L; to use (see subsection 3.4). The tactiet;, class = constant_concession_factor A
specifies a particular propogatop;... (see subsection 3.5). tact;, = tough

Feasible proposal modificatiohis process computes a new pro- where state is the current state of the negotiation, and
posal from a rejected proposatopir... The strategystrix defines  starting_optimistic andtough are tactics (see subsection 3.5). The
one or more tactics. The tactics modifyop;x.. to make it more  strategies in the other two-subclasses are formalized by similar func-
acceptable (see subsections 3.4 and 3.5). tions.



Problem solving strategiesre functions that define the opening ne- WhereIpropf.im contains the issues of moderate priority é@f and
gotiation, concession and compensation tactics. These strategies @figh priority for other agentslpropﬁm contains the remaining is-
ten lead to integrative solutionse., solutions providing high joint  sues of moderate priority fatg;, PR contains the priorities that
benefit [6, 9]. In this paper, we consider the following three sub-other agents assign to negotiation issues, dndting_realistic is
classes of strategies: a tactic (see subsection 3.5).

The compensation strategies are again similar. For instance, a

L !OW pno;rz_ chonc_es_smn :jn;akmgu model _small cqncessnofnls on _Strategycmp_1 that specifies a realistic opening attitude, a conces-
|ss_tu~'es ofhigh priority and large concessions on issues of low prig;, , pattern until a pre-defined score, and a general compensation, is
onty. . . . formalized by the following function:

2. modified logrolling— model large concessions both on issues of
high priority for other agents and on issues of low priority dg; +

. . - " empl(Ipropikm, compikm, PRik) = (class, tactiy, Iprop;,

3. compensation- model concession patterns similar to the previ- p-1(Ipropix Pik k) = o LPTOPikm

) + ) - ) )
ous ones until a specific point of the negotiation process; then, L@¢tikt1; IPTOPiy, Lactint 2, Ipropy,,,, tactis+s, compikm) |

model a partial or total attitude of toughness and compensations if: state = initial then:
to indemnify for the losses resulting from that attitude. class = opening_negotiation N\
o . ) tact;, = starting_realistic A tactipy; = nil, 1<5<3
The strateg|e§ m_these sub-clasies partition a s_et of issues, say, .. if:Vpropuem > Viima then:
againIpropirm, into: (i) subsetlprop}, ., corresponding to higher )
priority issues, (ii) subsetprop;,,. , corresponding to lower priority class = constant_concession-factor /
issues, and (jii) subséprop:_, corresponding to remaining issues.

ikm?

Ipropikm = Ipropj;cm + Ipropim + Iprop;;.,., N

The low priority concession making strategies are similar. For in- Visik; € Ipropf,, ,tactiy = moderate A
stance, a strateg@cm,01 thgt specn‘les.an optlmlstlc opening attll- Visin; € Ipropi tactiss = moderate A
tude, small concessions on issues of high priority, large concessions ‘ sem
on issues of low priority, and moderate concessions on the remaining Visik; € Iprop;,,, tactixra = moderate N

issues, is formalized by the following function:

Ipem_01(Ipropikm, PRik) = (class, tact;y, Ipropj;cm,

tactik+1, Ipropiikm, tactiky2, Iprop;,,) |
if: state = initial then:
class = opening_negotiation N\
tactir, = starting-optimistic A tactik4; = nil, 1<5<2
else: class = constant_concession_factor A
Ipropikm = Iprop},, + Ipropk  + Iprop, A

ViSikj Elprop;;m, tact;k, = tough N
+

Visik; € Ipropy,,,, tactik+1 = moderate A

Visikj € Iprop;,,,,tactiki2 = soft

wheretact;, tact;r+1 andtact;i2 are the tactics specified by the
strategy, andnoderate andsoft are tactics (see subsection 3.5).

else: class =compensation A tactik1; = nil, 0<F< 2 A

Y fikj € cOMPikm, tactik+3 = general_compensation

whereV propiknm is the score fopropikm, Viim; is a pre-defined
score, andieneral _compensation is a tactic (see subsection 3.5).

3.5 Negotiation tactics

This section describes three classes of tactics, called opening negoti-
ation, concession and compensation tactics.

Opening negotiation tacticspecify a proposal to submit at the be-
ginning of negotiation. LelVAPS;, = FPS;x — APSik. In this
paper, we consider three tactics (for clarity, we omit the time):

1. starting optimistic— specifies the proposatop;,1 with the high-

est score;

The logrolling strategies are also similar. For instance, a strategs-
mlgr_01 that specifies a realistic opening attitude, small concessions
on issues of high priority, large concessions on issues of low priority,

starting realistic— specifies either: (i) proposatop;rn€APS;k
with the lowest score, or (ii) proposatop;in+1€N AP S,y with
the highest score;

large concession on issues of moderate priorityzfprand high pri-

3. starting pessimistic— specifies the proposalrop;k, with the

ority for other agents, and small concessions on the remaining issues lowest score.

of moderate priority, is formalized by the following function:

+

ikm?

mlgr 01(Ipropikm, PRik, PR) = (class, tact;i, Iprop

tactiky1, Iprop?zm, tactikt2, Ipropiek,m, tactikys, Iprop;,,,) |

if: state = initial then:

class = opening_negotiation A

tact;, = starting-realistic A tactip+; = nil, 1<5<3
else: class = constant_concession_factor A

Ipropikm = Ipropj;cm + Iprop??cm —|—Ip7“opz.ekm +Iprop;,., A

Visikjefprop;’;cm,tactik = tough A
Vl‘Sikje.[pTOpgcm,taCtik_'_l = soft A
Visikjefpropgm,tactikw = tough N
Visikj € Iprop;,,,,tactins3 = soft

The three tactics are formalized by similar functions. For instance,
the tactic starting optimistic is formalized by the following function:

starting_optimistic(FPS;k) = propir1 |
Vpropix; € FPSik, Vpropik1 > Vpropik;

Concession tacticare functions that compute new values for each
issueis;i;. In this paper, we consider@nstant concession factor
sub-class of tactics. In this sub-class, we consider five tactics:

. stalemate— models anull concession ois;y;;

. tough— models ssmallconcession ofs;;;

. moderate— models anoderateconcession ofis;;;

. soft— models darge concession Ofs;y;;

. compromise- models ecompleteconcession oms;; .

O~ wWwNEF



Let propty, be a proposal submitted hyg; at an instant,, and
rejected. Let[is;,;]"™ be the value ofs;; offered inprop'y, . Let
limg; be the limit foris;y;. Let v[is;x;]"™™ 2 be the new value of
isik; to be offered in a new proposal. L&, be the component
scoring function fotis;;. Theconstant concession factor tactiase
formalized by the following function:
const_factor_tact(v[isik;]™, limigj, w, cte) = v[isi;]" 2 |
U[isikj]tTH—z = ’U[’L'Sikj]tn + (_1)w X

Fex | limig; — vlisii]™ | A Fc = cte

wherew = 0 if Vii; is monotonically decreasing ar = 1 if Viy;

models in order to successfully use agents in real-world applications.
Accordingly, this paper presents a computational negotiation model.

As noted, most researchers have paid little attention to the problem
of integrating models of individual behavior with negotiation models.
However, it is one of the costliest lessons of computer science that in-
dependently developed components resist subsequent integration in
a smoothly functioning whole. Components need to be designed for
integration right from the start [2]. Accordingly, this paper presents a
model that accounts for a tight integration of the individual capability
of planning and the social capability of negotiation.

We are interested in negotiation among both competitive and co-
operative agents. Our structure for representing negotiation problems
is similar to decision trees and goal representation trees [3], but there

is monotonically increasingdic € [0, 1] is the concession factor, and are important differences. In particular, our approach is based on plan
cte is a constant. The five tactics are defined as follows: the stalematemplates and plan expansion, and not on production rules and for-

tactic by F'c = 0, the tough tactic by'c €]0,0.15], the moderate
tactic by F'c €]0.15, 0.30], the soft tactic byFc €10.30, 0.45], and
the compromise tactic b¥'c = 1.

Compensation tacticare functions that allowtg; to “improve” re-

ward or backward chaining.

Our negotiation model defines and formalizes a number of nego-
tiation strategies and tactics. Our formulae for modeling concession
tactics are similar to the formulae used by other researchers [1]. How-
ever, our formulae assure that agents do not negotiate in bad faith and

jected proposals in order to indemnify other agents for the losseg,ggel typical concession magnitudes of human negotiation.
resulting from his demands. Successful negotiators often add to the

negotiation agenda issues that they do not really care about, in the

hope that the other parties will feel strong about these issistgong 5 CONCLUSION

enough to be willing to make concessions [10]. In this paper, we conThjs article presented a computational negotiation model for au-

sider the following tactic (again, we omit the representation of time):tonomous agents. There are several features of our work that should
be highlighted. First, the model is generic and can be used in a

1. general compensation or flexible fact manipulatieraliowsag;  wide range of domains. Second, the structure of a negotiation prob-

to “improve” a rejected proposat-op;i. by adding a flexible fact
fika € COMPign 1O Propikn.-

lem allows the direct integration of planning and negotiation. Also,
this structure defines the set of negotiation issues. Third, the model

supports problem restructuring ensuring a high degree of flexibility.

This tactic is formalized by the following function:

Problem restructuring allows the dynamic addition of negotiation is-

sues. Finally, the negotiation strategies are motivated by human nego-

general_compensation(propikn, fiks) = Propikn |

Propikn = Propikn + { fika}

tiation procedures. Our aim for the future is: (i) to extend the model,
and (i) to continue the experimental validation of the model, namely

to perform an experiment aiming at validating a version of the model
that handles two-party, multi-issue negotiation.
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