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Abs t rac t 
We present a general theory tha t captures the 
re la t ionship between certain domains and ne-
go t ia t ion mechanisms. T h e analysis makes i t 
possible to categorize precisely the k inds of do
mains in wh ich agents f ind themselves, and to 
use the category to choose appropr ia te negot i 
a t ion mechanisms. T h e theory presented here 
bo th generalizes previous results, and al lows 
agent designers to characterize new domains ac
curately. The analysis thus serves as a cr i t ica l 
step in using the theory of negot ia t ion in real-
wor ld appl icat ions. 
We show tha t in certain Task Or iented Do
mains, there exist d is t r ibu ted consensus mech
anisms w i t h s imple and stable strategies t ha t 
lead to efficient outcomes, even when agents 
have incomplete i n f o rma t i on about their envi
ronment . We also present add i t i ona l novel re
sul ts, in par t i cu la r tha t in concave domains us
ing a l l -o r -no th ing deals, no l y ing by an agent 
can be benef ic ial , and t ha t in subaddi t ive do
mains, there often exist beneficial decoy lies 
tha t do not require fu l l i n f o rma t i on regarding 
the other agent's goals. 

1 In t roduc t i on 
Negot ia t ion has been a subject of central interest in 
D is t r i bu ted A r t i f i c i a l Intel l igence ( D A I ) . T h e word has 
been used in a var iety of ways, though in general it 
refers to commun ica t i on processes tha t fur ther coordina
t ion [Sm i th , 1978; Kuwaba ra and Lesser, 1989; Conry et 
ai, 1988; Kre i fe l ts and von M a r t i a l , 1990]. These nego
t i a t i ng procedures have inc luded the exchange of Par t ia l 
G loba l Plans [Durfee, 1988], the commun ica t ion of i n 
fo rma t ion intended to al ter other agents' goals [Sycara, 
1988; Sycara, 1989], and the use of incremental sugges
t ions leading to j o i n t plans o f act ion [Kraus and W i l k e n -
fe ld, 1991]. 

In previous work [Z lo tk in and Rosenschein, 1989; 
Z lo t k in and Rosenschein, 1991a; Z lo t k i n and Rosen-
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schein, 1990; Z l o t k i n and Rosenschein, 1991b], we have 
considered various negot ia t ion protocols in different do
mains, and examined their propert ies. T h e background 
and m o t i v a t i o n of th is research can be found in [Rosen
schein, 1993]. Agents were assumed to have a goal 
t ha t specified a set of acceptable final states. These 
agents then entered in to an i te ra t ive process of offers 
and counter-offers, exp lo r ing the possib i l i ty of achieving 
their goals at lower cost, and /o r resolving confl icts be
tween their goals. 

The procedure for m a k i n g offers was formal ized in a 
negotiation mechanism,, it also specified the f o rm tha t 
the agents' offers could take (deal types). A deal be
tween agents was general ly a j o i n t p lan . T h e p lan was 
" j o i n t " in the sense tha t the agents m igh t p robab i l i s t i 
cal ly share the load , compromise over which agent does 
which act ions, or even compromise over which agent gets 
which parts of i ts goal satisf ied. 

T h e in teract ion between agents occurs in two consec
ut ive stages. F i rs t the agents negot iate, then they exe
cute the ent i re j o i n t p lan t ha t has been agreed upon . No 
divergence f r om the agreed deal is a l lowed. T h e sharp 
separat ion of stages has consequences, in t ha t i t rules 
out certain negot ia t ion tact ics t ha t m i g h t be used in an 
interleaved process. 

At each step, bo th agents s imul taneously offer a deal. 
Our protoco l specifies t ha t at no po in t can an agent de
mand more than i t d id p rev ious ly—in other words, each 
offer either repeats the previous offer or concedes by de
mand ing less. T h e negot ia t ion can end in one of two 
ways: 
C o n f l i c t : i f neither agent makes a concession at some 
step, they have by defaul t agreed on the (doma in depen
dent) "conf l ic t dea l " ; 
A g r e e m e n t : i f at some step an agent A1 , for example, 
offers agent A2 more than A2 h imsel f asks for, they agree 
on A1's offer, and if bo th agents overshoot the other 's 
demands, then a coin toss breaks the symmet ry . 

T h e result of these rules is t ha t agents cannot back
t rack, nor can they bo th s imul taneous ly "s tand s t i l l " in 
the negot ia t ion more than once (since i t causes them 
to reach a conf l ic t ) . Thus the negot ia t ion process is 
s t rongly monoton ic and ensures convergence to a deal. 

Deal types explored in our previous work included 
pure deals, all-or-nothing deals, mixed deals, joint plans, 
mixed joint plans, semi-cooperative deals, and multi-plan 

416 Distributed Al 



deals. Each of these types of agreement proved suitable 
for solv ing different k inds of interact ions. For example, 
semi-cooperat ive deals proved capable of resolving t rue 
confl icts between agents, whereas mixed deals d id not . 
S imi lar ly , mu l t i - p l an deals are capable of captur ing goal 
re laxat ion as par t of an agreement. 

I t was also shown tha t certain other propert ies were 
t rue of some deal types bu t not of others. In par t icu lar , 
different agent strategies were appropr ia te ( " ra t i ona l " ) 
for different deal types and domains. Agents were shown 
to have no incent ive to l ie when certain deal types were 
used in certain domains, bu t d id have an incent ive to lie 
w i t h other deal t y p e / d o m a i n combinat ions. 

The examina t ion of th is re lat ionship between the ne
got ia t ion mechanism and the doma in made use of two 
pro to typ ica l examples: the Postmen Doma in ( in t ro
duced in [Z lo tk in and Rosenschein, 1989]), and the Slot
ted Blocks W o r l d (presented in [Z lo tk in and Rosen
schein, 1991a]). I t was clear tha t these two domains 
exempli f ied general classes of mul t i -agent interact ions 
(e.g., the Postmen D o m a i n was inherent ly cooperat ive, 
the Slot ted Blocks Wor l d no t ) . I t was, however, not 
clear what a t t r ibu tes of the domains made certain ne
got ia t ion mechanisms appropr ia te for them. Nor was i t 
clear how other domains m igh t compare w i t h these pro
totypes. When presented w i t h a new domain (such as 
agents query ing a common database), which previous re
sults were appl icable, and which weren't? The research 
lacked a general theory exp la in ing the relat ionship be
tween domains and negot iat ion mechanisms. 

In th is paper, we present the beginnings of such a 
general theory. The analysis makes i t possible bo th 
to understand previous results in the Postmen Doma in 
more generally, and to characterize new domains accu
rately ( i .e., what negot ia t ion mechanisms are appropr i 
ate). The analysis thus serves as a cr i t ica l step in using 
the theory of negot ia t ion in real-world appl icat ions. 

1.1 C r i t e r i a f o r E v a l u a t i n g M e c h a n i s m s 

How can we, in general, evaluate a l ternat ive interact ion 
mechanisms? We are concerned w i t h several cr i ter ia in 
our design of negot ia t ion mechanisms and strategies: 
S y m m e t r i c D i s t r i b u t i o n : no agent is to have a spe
cial role in the negot ia t ion mechanism; 
E f f i c i e n c y : the so lut ion arr ived at th rough negot iat ion 
should be efficient (e.g., satisfy the cr i ter ion of Pareto 
O p t i m a l i t y ) ; 
S t a b i l i t y : the strategy should be stable (e.g., s t r ic t 
Nash equ i l i b r i um, where no single agent can benefit by 
changing strategy, though a group m i g h t ) ; 
S i m p l i c i t y : there should be low communica t ion cost to 
the mechanism, as well as relat ively low computa t iona l 
complexi ty . 

Our overal l goal is to f ind d is t r ibu ted consensus mech
anisms such tha t an au tomated agent can use a simple 
and stable strategy tha t w i l l lead to an efficient outcome. 
In th is paper, we show tha t such mechanisms exist for 
certain domains. 

According to the definition above, the cost function c 
takes no parameters other than the task set. In general, 
c might be defined as having other, global, parameters 
(like the init ial state of the world). However, the cost of 
a set of tasks is independent of others' tasks that need 
to be achieved. An agent in a TOD is certain to be able 
to achieve his goal at that cost. 

3 A t t r i bu tes and Examples 
Here we give several examples of TOD's, which cover a 
variety of agent interaction situations. Subsequently, we 
will further classify each of these TOD examples with 
respect to certain properties. 

Pos tmen D o m a i n : 
Description: Agents have to deliver sets of letters to 
mailboxes, which are arranged on a weighted graph 
G — G(V, E). There is no l imi t to the number of let
ters that can fit in a mailbox. After delivering all letters, 
agents must return to the starting point (the post office). 
Agents can exchange letters at no cost while they are at 
the post office, prior to delivery. 
Task Set: The set of all addresses in the graph, namely 
V. If address x is in an agent's task set, it means that 
he has at least one letter to deliver to x. 
Cost Function: The cost of a subset of addresses 
i.e., c(X), is the length of the minimal path that starts 
at the post office, visits all members of X, and ends at 
the post office. 

Database Quer ies: 
Description: Agents have access to a common database, 
and each has to carry out a set of queries. The result 
of each query is a set of records. For example, agent 
A\ may want the records satisfying the condition "Al l 
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female employees of company X earning over $40,000 
a year," and agent A2 may want the records satisfying 
the condition "Al l female employees of company X with 
more than 10 years of seniority." Agents can exchange 
results of queries and sub-queries at no cost. 
Task Set: A l l possible queries, expressed in the primi
tives of relational database theory, including operators 
like Join, Projection, Union, Intersection, and Differ
ence. 
Cost Function: The cost of a set of queries is the minimal 
number of database operations needed to generate all 
the records. It is possible to use the result of one query 
as input to other queries, i.e., the operations are not 
destructive. 

T h e Fax D o m a i n : 
Description: Agents are sending faxes to locations on 
a telephone network (a weighted graph). In order to 
send a fax, an agent must establish a connection with 
the receiving node; once the connection is established, 
multiple faxes can be sent. The agents can, at no cost, 
exchange messages to be faxed. 
Task Set: The set of all possible receiving nodes in the 
network. If node x is in an agent's task set, it means 
that he has at least one fax to send to x. 
Cost Function: There is a cost associated with estab
lishing a single connection to any node x. The cost of a 
set of tasks is the sum of the costs of establishing con
nections to all the nodes in the set. Thus, the cost of 
a dial-up connection to a given node is independent of 
other nodes in the task set. 

Having introduced the TOD's above, we now turn 
our attention to attributes that these domains exhibit. 
These attributes strongly affect their relationships to ne
gotiation mechanisms. We will focus on the attributes of 
subadditivity, concavity, and modularity (these terms are 
borrowed from game theory). The motivation for these 
definitions are presented in more detail below. 

In other words, by combining sets of tasks we may re
duce (and can never increase) the total cost, as compared 
with the cost of achieving the sets alone. Al l the TOD 
examples above are subadditive. In this paper, we are 
mainly concerned with two agent subadditive domains. 

In other words, the cost that arbitrary set of tasks Z 
adds to set of tasks Y cannot be greater than the cost Z 
would add to a subset of Y. 

T h e o r e m 1 All concave TOD's are also subadditive. 

Proof . The proof of this theorem and all other theorems 
can be found in [Zlotkin and Rosenschein, 1992]. o 

The general Postmen Domain is not concave. The 
other TOD examples (the Fax Domain and the Database 
Query Domain) are concave. 
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Rosenschein, 1989]. Therefore, the above protocol is an 
example of an optimal negotiation mechanism. 

Theo rem 6 An optimal negotiation procedure over 
mixed deals in subadditive two agent TOD's divides the 
available utility equally between the two agents. 

5 Incentive Compat ib le Mechanisms 

Sometimes agents do not have full information about 
one another's goals. This raises the question of whether 
agents can benefit from concealing goals, or manufactur
ing artificial goals. This lying can either occur explic
itly, by declaring false goals, or implicitly, by behaving 
as if these false goals were true, depending on the spe
cific negotiation mechanism. Our work in previous pa-
pers [Zlotkin and Rosenschein, 1989; Zlotkin and Rosen
schein, 1991a; Zlotkin and Rosenschein, 1991b] partly 
focused on combinations of negotiation mechanisms and 
domains where agents have no incentive to lie. A negoti
ation mechanism is called incentive compatible when the 
strategy of telling the truth (or behaving according to 
your true goals) is in equilibrium (i.e., when one agent 
uses the strategy, the best thing the other agent can do is 
use the same strategy). In the Postmen Domain [Zlotkin 
and Rosenschein, 1989], we identified three types of lies: 
1. Hiding tasks (e.g., a letter is hidden); 
2. Phantom tasks (e.g., the agent claims to have a letter, 
which is non-existent and cannot be produced by the ly
ing agent); 
3. Decoy tasks (e.g., the agent claims to have a letter, 
which is non-existent but can be manufactured on de
mand if necessary). 
Since certain deals might require the exchange of letters, 
a phantom lie can be uncovered, while a decoy lie (and of 
course a hidden lie) cannot. Thus, a phantom lie under 
certian negotiation mechanisms is "not safe." Different 
domains differ as to how easy or hard it is to generate 
decoy tasks. 

In this section, we provide a characterization of the re
lationship between kinds of lies, domain attributes, and 
deal types. There are three kinds of lies in TOD's, and 
we have considered three domain attributes (subadditiv-
ity, concavity, modularity) and three classes of optimal 
negotiation mechanisms, based on pure, all-or-nothing, 
and mixed deals. The resulting three-by-three-by-three 
matrix is represented in Figure 1. Its notation is de
scribed below. 

Consider the entry under Subadditive, All-or-Nothing 
deal, Decoy lie (we'll refer to this as entry [a, j, z]). The 
entry L at that position means that for every optimal 
negotiation mechanism that is based on all-or-nothing 
deals, there exists a subadditive domain and an en
counter such that at least one agent has the incentive 
to lie with a decoy lie (L means lying may be bene
ficial). The entry T at position [b, k, z] means that 
for every concave domain and every encounter within 
this domain, under any optimal negotiation mechanism 
based on mixed deals, agents do not have an incentive to 
lie with decoy lies (T means telling the truth is always 
beneficial). 

The entries in the table marked T / P (such as [a, j, y]) 
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A pareto o p t i m a l deal cannot be improved upon for 
one agent w i t hou t lower ing the other agent's u t i l i t y f rom 
the deal. 

D e f i n i t i o n 12 The set of a l l deals thai are ind iv idua l 
rat ional and pareto o p t i m a l is called the negot iat ion set 
(NS) [Harsany i , 1977]. 

Since agents are by def in i t ion indif ferent between two 
deals tha t give them the same u t i l i t y , we are interested 
in negot iat ion mechanisms tha t produce pareto o p t i m a l 
deals ( i .e., i f agent A\ gets the same u t i l i t y f rom deals 
x and y, bu t A-i prefers y, we don ' t want them to settle 
on x ) . At th is po in t , we are only considering negot iat ion 
mechanisms tha t result in a deal f rom the NS. These 
are, in some sense, mechanisms w i t h efficient outcomes. 

T h e o r e m 4 For any encounter in a T O D , NS over pure 
deals is not empty. 

T h e o r e m 5 For any encounter w i th in any subadditive 
T O D , NS over mixed deals is not empty. 

D e f i n i t i o n 13 An op t ima l negotiat ion mechanism over 
a set of deals ts a mechanism that has a negotiat ion strat
egy that is in equi l ibr ium wi th i t se l f—i f a l l agents use 
this negotiat ion strategy, they w i l l agree on a deal in NS 
that maximizes the product of the agents' u t i l i t y [Nash, 
1950]. If there is more than one such deal that maximizes 
the product, the mechanism chooses one arb i t rar i l y , wi th 
equal probabi l i ty. 

An o p t i m a l negot ia t ion mechanism by def in i t ion sat
isfies the s tab i l i t y and efficiency cr i ter ia ment ioned in 
Section 1.1. 

The pro toco l defined above in Section 1 has an equi l ib
r i u m strategy for each deal type tha t yields agreement on 
a deal in NS tha t maximizes the produc t of the agents' 
u t i l i t y . Those strategies are based on Zeuthen risk cr i te
r ia [Zeuthen, 1930], and were presented in [Z lo tk in and 



6 Conc lus ions 

We have presented a general doma in theory to use in an
alyzing negot iat ion protocols. In order to use negot iat ion 
protocols for au tomated agents in real-wor ld domains, i t 
is necessary to have a clear understanding of when dif
ferent protocols are appropr ia te. In this paper, we have 
characterized Task Oriented Domains ( T O D ' s ) , which 
cover an impo r tan t set of mul t i -agent interact ions. 

We have presented several examples of T O D ' s , and 
examined three a t t r ibu tes tha t these domains can ex
h ib i t , namely subadd i t i v i t y , concavity, and modu la r i t y . 
We have then enumerated the relat ionship between deal 
types, domain a t t r ibu tes , and types of deception, focus
ing on whether an agent in a T O D w i t h a given a t t r i bu te 
and deal type is mot iva ted to always tel l the t r u t h . In 
par t icu lar , we have shown tha t in concave T O D ' s , there 
is no benefit to an agent's l y ing when a l l -or -noth ing deals 
are in use. In a general subaddi t ive doma in , however, 
when agents are able to generate decoy tasks, even al l -
or -noth ing deals are not sufficient to create s tab i l i t y (dis
courage lies). In add i t i on , we demonstrated tha t in sub
addi t ive domains, there often exist beneficial decoy lies 
tha t do not require fu l l i n fo rma t ion regarding the other 
agent's goals. 
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