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Abstract

We study the problem of autonomous agents ne-
gotiating the allocation of multiple indivisible re-
sources. It is difficult to reach optimal outcomes
in bilateral or multi-lateral negotiations over mul-
tiple resources when the agents’ preferences for
the resources are not common knowledge. Self-
interested agents often end up negotiating ineffi-
cient agreements in such situations. We present a
protocol for negotiation over multiple indivisible
resources which can be used by rational agents to
reach efficient outcomes. Our proposed protocol
enables the negotiating agents to identify efficient
solutions using systematic distributed search that
visits only a subspace of the whole solution space.

Introduction

no envy-free agreement exists when resources are indeisib
We, therefore, argue that the goal of the negotiation psoces
should be to produce Pareto optimal agreements that maxi-
mizesegalitarian social welfarethe minimum utility of the
negotiating agents.

When agents’ preferences are common knowledge, nego-
tiating agents can reach an efficient point of agreement us-
ing distributed protocols likene-step monotonic concession
protocolor monotonic concession protodétosenschein and
Zlotkin, 1994 where each agent searches the entire space of
possible agreements. Most negotiations in real life, h@nev
take place under incomplete information where agents do not
have complete knowledge about the preferences of the other
agent. Negotiation protocols for such negotiation scesari
are proposed by Brams and Tayl&rams and Taylor, 2040
But their protocols do not guarantee optimality for allécat
of indivisible resources. These protocols produce clospto
timal agreements only for negotiations involving uncaated
resourcesi.e., situations where the utility of possessing two

Negotiation is the most preferred approach for resolving co
flicts in human and agent societies. Automated negotiatio
is being increasingly used in different multiagent domain

resources is the sum of the utilities of possessing each indi
Yidual resource. But real-life negotiations typically ahve
Scorrelated resources. These protocols can produce vefy ine

including robotics, network bandwidth allocation, spape a
plications, etc. where agents need to reach agreements

the allocation of one or more shared resouf¢isevaleyrest
al., 2006; Endris®t al, 2004. In multi-issue negotiatioh

agents with divergent preferences can cooperate to rea
agreements beneficial for both agents. But when the prefer:
ences are not common knowledge, self-interested agents

ten fail to explore win-win possibilities using existingapo-

cols and end up with inefficient agreements. Hence, there is
need for negotiation protocols which can lead rational &gen
to mutually preferred agreements. By efficient or optimal so

lution, we refer to a solution which Bareto optimalBrams

and Taylor, 1996 An outcome is Pareto-optimal or Pareto-
efficient if there exists no other outcome which is at least a
good as this outcome for both agents and strictly bettertfor a
least one agent. Another desirable property of an agreemeﬂ
is its fairness. An agreement can be considered to be fair if i
is envy-free An agreement isnvy-freaff each agent’s utility

for its own share is at least as much as its utility for the shar

allocated to the other agelBrams and Taylor, 1996 Often

1We identify negotiation over multiple resources as a speeise
of multi-issue negotiation.

on

S

ficient agreements for such negotiations.
Our objective is to design a protocol for negotiation over
multiple indivisible resources, both correlated or uneerr

leged, which can lead participating agents to efficient out-

mes, without any prior information about opponent’s pref
rences. This situation is common in E-commerce domains,

vhere the number and diversity of agents is so large that an
agent may not have any knowledge of the preferences of any
Barticular agent it has to negotiate with. We present a three
phase protocol that guarantees Pareto optimal agreements b
tween rational agents and ensures that the agreement deache
will be at least as fair as the agreements reached by the pro-
tocols proposed by Brams and Taylor

Our work has some similarity with the work on contract
Fgotiation by SandholrfSandholm, 1998and Endrisset
al [Endrisset al, 2003; 2006 in the context of task alloca-
tion, where agents negotiate to reallocate tasks. But these
approaches are geared towards identifying, under complete

information, necessary deals or exchanges required among

2\We discuss the protocol for two agents and prescribe itsiexte
sion for multiple agents in Section 8.



agents to reach efficient allocation from an arbitrary ahiti  whose allocation are being negotiated, ahe- {Uy, Uz} is

allocation. We, on the contrary, want to find mechanisms thathe set of utility functions, wher#; is the utility function of

lead agents, without any prior information about opporgent’ agenti. Each resource is considered as a negotiation issue.

preferences, to efficient outcomes revealing as littlerm>  The negotiating agents must agree on the allocation of the re

tion as possible. sources. We assume a monotonic scenario, where an agent’s
Another advantage of our proposed protocol is that eaclhutility increases if it possesses one more resource. Theref

agent is required to search only a subset of the whole set @fach agent wants to obtain each of the resources and for dif-

possible allocations. Even under complete informationl-fin ferent bundles of resources, it has different utilitiese Tal-

ing out necessary exchanges required to reach Pareto dptimaations for all possible bundles of resources is known as the

solution requiresD(2™) computations, where is the num-  agent’s complete preference, which is not known to the other

ber of issuegChevaleyreet al, 2004. Fortunately, in most agent.

negotiations, the number of issues is not very high (less tha We now define some terms formally:

20). Although the worst case complexity of our algorithm is gytcome: An outcomeO is an allocation of the resources to

O(2"), it requires significantly less search compared to ex-  gifferent agents. Formally) : R — R2 where
haustive search in most negotiation instances. {0.1}

Rféﬁ is a2 x H matrix, whose(i, j) cell content,
zg € {0, 1}, presents agerits allocation of thej*" re-
source.z) = 1 if j*" resource is allocated to ageint
otherwiser{ = 0. We can writeR? > as(R¢, RS,

{0,1}
whereR¢ = (z9,...,

2 Related research

We consider the problem of designing a negotiation protocol
for two or more agents so that they can reach a mutually ac-
ceptable allocation of multiple indivisible resources asks 29,)" is the column vector repre-
without any external intervention. When agents’ prefeeesnc Senting the allocation of resources to agfeuhder out-
are common knowledge, each agent can search the entire come0O.
e ol possile Pt o sareem bty | Foragent, iy f an outcome) is defned s
; piep a probier 9 TO . RO - R+, whereR is the set of non-negative
the point of agreement. However, using distributed proto- real nuMbers
cols like one-step monotonic concession protogedotiating ST ] o
agents can reach an efficient point of agreerfiRnsenschein  Pareto optimality: - An outcomeO is Pareto optimal if there
and Zlotkin, 1994 According to this protocol, both agents exists no other outcont@’ such that all agent's utility in
simultaneously make an offer. The offer that maximizes the ~ O’ is at least as good as their utility it and at least
product of the agents utilities will be chosen as the point of ~ ©one agent's utility is more i’. If outcomeO is Pareto
agreement. It can be shown that rational agents will reach ~ optimal, there cannot exist any outcoré¢ such that,
Pareto optimal solution using this protocol. Here, eacmage U > UP forbothi = 1,2 andU?" > UP for at least
will choose the offer that has maximal product of utiliti&m, onei.
each agent needs to know the other agent's complete prefafigividually rational agent:  An
ences and search for all possible allocations. This prdétoco  agent; will accept an agreemer® instead ofO only if
fails when agents do no have complete knowledge of other o > o
agent’s preferences. Similar is the case witbnotonic con- cro= e )
cession protocol Most of the negotiations in real life, how- Egalitarian social welfare: For an outcomeO, egalitar-
ever, take place under incomplete information where agents ~ i1an social welfare,ESW(0), is defined as the mini-
do not have complete knowledge about the preferences ofthe ~Mum utility among theOagents under that outcoie,
other agent. In this paper, we focus on negotiations under ESW(0) = miniea{U;"}.
incomplete information settings. We now present an example of a bilateral negotiation sce-
In similar research on multiagent resource allocationnario involving 4 indivisible resourcesi, B, C, andD. The
(MARA), researchers have investigated the efficiency of al-utilities of the two agents for different allocations areea
locations of multiple tasks or resources among multiplein Table 1. Both agents want to maximize their individual
agentg[Endrisset al., 2003; 2006. Existing research have utilities.
focused on identifying necessary exchanges, under coenplet
information, to reach Pareto optimal solution from an aliti 4 EXisting negotiation protocols

allocation. In our research, agents do not have any informay, this section, we present existing negotiation protoéats
tion about the other agent’s preferences and our objedive i

: 4 . '~ ‘allocation of indivisible resources among agents whenisgen
to design a protocol using which agents can reach an Opt'mao not have any knowledge of the preferences of the other
agreement.

agents:
Strict alteration: In this protocol, agents take alternate turns

and in each turn an agent selects one resource from the
set of resources not yet allocated. After an agent se-

individually  rational

3 Negotiation framework
We formally describe a representative negotiation scenari

for allocation of multiple indivisible resources as a 3{ap
(A,R,U), where A = {1,2} is the set of agentsR =
{ri,re,...,ra}, H > 2,is the set o indivisible resources

lects a resource, the resource will be removed from the
set[Brams and Taylor, 2040 The advantage of this pro-
tocol is its simplicity and the time required to reach an



Allocation U, | U
({}{ABCDhH | 0 | 20
({A},{BCD}) | 6 | 12
({B}.{ACD}) | 8 | 14
({C}{ABD}H | 5 | 16
({D}{ABCH | 7 | 18
({AB}.{CD) | 9 | 8
({ACL{BD}) | 10| 9
({AD}{BCH | 11| 8
({BC},{AD}) | 10| 8
({BD},{AC}) | 11| 13
({CD},{AB}H | 12| 15
({ABC},{D}H | 12| 6
({ABD},{CH | 14| 7
({ACD},{B}) | 16| 7
({BCD}{A}) | 14| 8
({ABCD},{H |20 O

Table 1: Utilities of two agents for different allocationfere
(x,y) represents allocation of item sets x and y to agent 1 and
2 respectively.

Balanced alteration: This protocol is used to improve fair-

agreement. The agreements reached, however, are often
very inefficient.

aresource has an advantage over the agent who chooses
second. Hence, the second agent will have the oppor-
tunity to choose third, and so dBrams and Taylor,
200d. Therefore, one agent gets to choose in turns
1,4,5,8,..., and the other agent in tur2s3,6,7, . ...

resource in the order chosen. For a bilateral negotia-
tion, the negotiation tree is a binary tfe€lhe left and
right branches at thi" level imply that thé*" resource

will be allocated to agent 1 and 2 respectively. Each leaf
node at levelH represents one possible allocation of the
resources and the path to reach that leaf node from the
root specifies the allocation of all the resources. Such a
negotiation tree is shown in Figure 1 for the negotiation
scenario presented in Table 1. A negotiation tree is cre-
ated by the negotiating agents in a distributed manner. It
starts with a root withid = 0*. The tree is then created in

a top-down process, where at any level agent 1 can only
create the right child of a node in the previous level of
the tree. Similarly, agent 2 can only create the left child
nodes. Each agent, however, may choose not to create
any node, which it can, at any level. If an agent does not
create a node, that node will be markedbéesck node

and no further sub-tree will be created from tiéack
node. Therefore, a black node prunes that node and its
descendants. The distributed formation of a negotiation
tree can be implemented using message-passing. At any
level, each agent knows the nodes created at the previous
level and the nodes that either of the agents can create at
this level. Hence both agents can send a message to the
other agent stating the nodes it has created at this level
before proceeding to the next level.

Rest possible agreement (BPA):At each node of the nego-

tiation tree, each agent has a best possible agreement
which is the allocation where the resources until the cur-
rent level are allocated according to the path from the
tree root to this node and the remaining resources are
allocated to this agent.

This protocol has similar advantages and disadvantages Now we present our three-phase protocol, PONOMIR.
as the strict alternate protocol. The first phase of PONOMIR consists of a primary allocation

Exchange auctions: This protocol is an exchange-based ex-Procedure using any one africt alteration or balanced

5

In this section we present our proposed protocol: Protocol

tension of the Contract-Net protockGolfarelli et al, alteration protocol. We have usestrict alterationprotocol

1997. This protocol assumes an initial allocation of the IN thiS paper. The second phase consists of distributed

resources to the agents. The protocol allows the agenf€rmation of the negotiation tree by the negotiating agents

to exchange resources to improve the allocation. Arfter the second phase, the agents will be left with few

agent announces one or more resources for exchang?é‘)bable agreements. In the third phase, agents reach the

and other agents bid one or more resources that they afiial Pareto optimal solution by exchanging offers.

ready to exchange. But this protocol does not guarantee.

Pareto optimality unless repeated infinitely. First phase of PONOMIR:

Step 1: A random device chooses one of the two agents and
marks this agent aS. Denote the set of resources yet to

Our proposed negotiation protocol
be negotiated by. Initially, G = R.

to reach Optimal agreement in Negotiation Over Multiple In-Step 2: Now, S will choose one of the remaining resources,

divisible Resources (PONOMIR). We first define some con-
cepts required to describe our protocol.

Negotiation tree: We assume that the issues or resources

C € G. Cis allocated toS.

Step 3: Mark the other agent &8 and updaté&: to G — {C'}.
If |G| > 1 return to Step 2, otherwise stop.

are ordered in some wag,g, lexicographically. In this  agier the first phase, there is an initial allocatioh, of

paper, we conceptualize the allocations of the resourcegq resources as suggested by stréct alteration protocal
as a tree, known asegotiation tree For a negotiation
over H resources, the maximum possible depth of the  3jf , agents are negotiating, the tree will bery.
negotiation tree ig7, the root being at level). The root *The node id of any other nodes in the tree will bex
node represents a null allocation to the agents and theqi(parent) + 1 if it is a left node and2 x id(parent) + 2 if it

each successive level represents allocation of the nex a right node.



For this allocationL, agents have corresponding utilities Step 2: .S’ can remove any other allocatiohfrom the set)
UF,i = 1,2. If no mutual improvement is possible in andF if US, < UZ,. UpdateF to F U {q}.

the subsequent phases, agents will have to agree on thi
allocatior?. This phase ensures that the agreement reache
will be at least as good &s.

ep 3: If @ is not empty, then swap the agerfisand S’
and go to Step 2. Otherwise, the getontains the set
of final agreements. If only one element remaingin
it will be selected as the final agreement. Otherwise,
any one of them will be chosen randomly as the final
agreement.

Second phase of PONOMIR: This phase involves the
distributed generation of the negotiation tree by the riagot
ing agents.

Step 1: Let [ denotes the level of the negotiation tree. Setg Properties of PONOMIR

I = 0. The root node is created withi(root) = 0. L - . )
The objective of an efficient protocol is to lead rationalrtge

Step 2: Agents 1 and 2, respectively, can create the right angp efficient agreements. As we have discussed earlier, our
left child nodes of each node in the levélof the tree  goal is to obtain Pareto optimal agreements and to increase
and send a message to the other agent. fairness as much as possible. As a measure of fairness, we

Step 3 Increase by one. Ifl < H and no node is created at Useegalitarian social welfare _
levell, the negotiation terminates and the final allocation Our proposed negotiation protocol, PONOMIR, is not
will be L. If | < H and there is at least one node in Strategy-proof and does not guarantee Pareto optimal agree
this level of the tree, go to Step 2. If= H, stop the ~Ments if agents are arbitrarily risk seeking. However, is th
second phase, collect all the allocations corresponding§@pPer we consider a completely uncertain negotiation sce-
to the nodes at levell and proceed to the third phase. Nario where participating agents do not have any knowledge

We refer to this set of leaf nodes (or allocationsjas about the preferences of the other agents and agents do not
want to reveal their utilities for different allocations. h&

After this phase, the agents will be left with a small number;ational behavior of the agents, under such complete uncer-
of probable agreements i. The final agreement will be  tainty depends on their risk attitudes. Bossert introduaed
chosen in the third phase. Note that, at each level agenfrgyed for uncertainty aversion for decision making under
1 can create only right child nodes and agent 2 can creatg,ch complete uncertain scenafiBsssert, 199% In this ne-
only left child nodes. A right child implies that the resoerc gotiation scenario, we assume that the rational agentswil
representing that level is allocated to agent 2. Since Wegoperative-individually rational An agent iscooperative-
assume a monotonic scenario, the utility of the BPA of agenf,gjyidually rationalif it satisfies two properties: i) it does

2 will not decrease for allocating a resource to agent 2, bugot take any risky action that can lead to an agreement which
the utility of the BPA of agent 1 may decrease. So, it iSproduces less utility than what it is already assured of, and
sufficient if agent 1 only checks whether if it is interested;j) it there exists two agreements which produces sametyutili

in expanding this right subtree. ~Similarly agent 2 only g it hyt different utility to the opponent, then it will agre
needs to check the left child. If the utility of the BPA for accept any of the agreement proposed by the opponent.
an agent at any node is less than its _ut|I|ty under the initiaboNOMIR guarantees Pareto optimal agreements if the par-
alloc_atlon,L, it is sure that any allocation under the_ _SUbtreeticipating agents areooperative-individually rational The
starting at that tree node will always produce utility |955agreements reached also guarantees at least asagaiifar-
than its utility under initial allocationZ. An individually  jan social welfareas the agreements reached by the existing
rational agent has no incentive to create that node. If &otocols. Since the agents are individually rational hbuft
node is not created at any level by the corresponding agenfyem will discard all agreements that produce utilitiess les

no further subtree will be generated from it. This implies han the utility from the initial allocationl., obtained in the
that all the allocations under that subtree are discardéd. kgt phase and hence tegalitarian social welfarevill never

agents are individually rational, for each allocation@®  gecrease.
the utilities of both agents are at least as much as their N )
corresponding utilities inL. This is because all allocations Proposition1: The agreement reached by cooperative-

which produce less utility to any of the agents will be dis- individually rational agents using the PONOMIR pro-
carded by that agent in the distributed tree generatiorgssc tocol is Pareto optimal.
To prove this proposition, we first prove the following lem-

Third phase of PONOMIR: In this phase, agents will

select the final agreement from allocations in the(@et.et ) . . ]

us define a seF, as the set of final agreements. Initially, it Lémma 1: An allocationO W'”LnOt be discarded in the sec-

contains only the initial allocatioh, i.e., ' = {L}. ond phase, only i’ > U}, Vi = 1,2, where,L is the
initial allocation after first phase.

mas:

Step 1: One agent is chosen randomly to start. Mark this ) i
agent asS and the other agent &. Now, S needs to Proof: There are two parts of this proof. In the first part we
propose an allocatiopfrom Q. will prove that any allocatior’, for which there is at
least one ageritsuch that/?" < UL, will be discarded
SWe assume that both agents prefer to agree on this allocation  in the second phase. In the second part we will show
over disagreement. that the remaining allocations will not be discarded. For



an allocation likeO’, such that/®" < U, there will (). Root

be at least one level in the distributed tree construction

process when agenwill realize that its utility from the 2

BPA at that node is less thdi”. Therefore, the agent |qye)1.

has no incentive to create that node and hence the allo (129
@Resource A)

tion will be discarded. The proof of the next part of the

lemma is clear from the properties of the agents. Since

they arecooperative-individually rationalthey do not

want to discard any possibility which can lead to an algg -

location which produces utility at least as much as th@esource B)

utility produced by the initial allocation.

Lemma 2: While proposing an allocation in the third phase,_eye 3:
an agent always propose the allocation that produce&esource C)
highest utility among the set of remaining allocati@ps

Proof: In a complete uncertain environment, the IikeIihoo&sgggﬁkce D)
of the opponent accepting any allocation is not known
a priori. Hence, an allocation of higher utility to an  Figure 1: Negotiation tree formed for example in Table 1.
agent should be proposed before an allocation with a
lower utility. Therefore, acooperative-individually ra-

tionalagent proposes the allocation with the highest util-pnase, agents take alternate turns to choose one resoetce. L
ity from the set of remaining allocatiord3. us assume that an agent, at first, chooses the resource which
Lemma 3: After an agent proposes an allocation in the third produces highest utility to it among the resources yet to be
phase, the other agent will remove all allocations whichallocated. Then onwards, it will choose the resource, from
produce less utility to it from the se€and F. the set of resources not yet allocated, which produce high-

Proof: An individually rational agent will remove all alloca- €St Utility together with other resources already allodate
tions that produce less utility to it compared to the offerit- Agents with this strategy produce an initial allocatidn

proposed by the other agent as it is guaranteed to get thhere L = ({B, D},{A,C}), i.e, resources3 and D are
allocation proposed by the other agent. But if it doesdllocated to agent 1 and resourcésandC' are allocated to

not remove any one of those it may end up with oneddent 2. The corresponding utilities to the agentslarand

of them which will not be individually rational. It will 13 réspectively.

also remove the allocations which produce equal utility Figure 1 shows the formation of the negotiation tree in the
to it. According to the previous lemma a rational oppo-second phase. For example, consider the formation at level 1
nent proposes the offer which produces highest utility toWhile verifying the left child of the root node, which imptie
the opponent. This implies that an allocation which isthat the resourcel is allocated to agent 1 (as shown in the
not offered by the opponent produces less than or equalorresponding edge of the graph), agent 2 observes that if re
utility to the opponent. Therefore even if it produces sourceA is allocated to agent 1, the best possible agreement
equal utility to this agent, it is either equivalent or Paret for agent 2 will be {A},{B, C, D}) where all other resources
dominated by the allocation proposed by the opponentwill be allocated to it and the corresponding utility is 1@s$

So, the agent should remove this from the set. thanUZ, its utility from the initial allocation,L. So, it de-
Also, the agent will not remove other allocations with ¢ides not to create the left child and therefore it is marked
higher utility as this may eliminate possible agreement$S ablack node and no subtree will be generated from it.
which have better utility for it. Hence, all allocations under this subtree are discarded fro
the set of possible agreements. Note that in the Figure 1,
only one utility is given at each node which is the utility of
the BPA of the agent who is deciding whether to create that
node. The corresponding utility for the other agent is blank
‘as it is not known to the deciding agent. At the end of the sec-
ond phase only two allocations are chosen for the third phase
. 01 = B,D R A,C and02: C,D N A,B . Ob-

7 Experiments serve t(h{at bot}r} é{lgentg)need to find(t%e util}ity{for ogl>y 6 nodes
In this section, we present experimental results to show thistead of2* = 16 nodes. In the third phase one agent
effectiveness of PONOMIR to reduce search requirement fois chosen to propose one allocation. The chosen agent pro-
the negotiating agents. Before that we present an illustrat poses the second allocatiady, as that produces highest util-

o
(\13) B X.15) 6)

Proof of Proposition 1: From Lemmas 1, 2, and 3, it is
evident that any allocation in the final sét is not
Pareto dominated by any of the other possible alloca
tions. Therefore, each of the allocations is Pareto opti
mal.

of our proposed protocol. ity to it and the other agent will remow@; from the final
. . set of chosen agreements, So, the final agreement will be
7.1 Anillustration ({C, D}, {A, B}), which is Pareto optimal and with ayal-

In this subsection, we demonstrate the execution oftarian social welfarel2, which is the highest possibdgali-
PONOMIR on the example presented in Table 1. In the firstarian social welfardan the entire space of allocations.



7.2 Experimental results We have also experimentally shown the effectiveness of

We tested PONOMIR on a large number of scenarios varying€ PONOMIR protocol for reducing the search costs of the
agents’ preferences and number of issues. We show the avdtarticipating agents. PONOMIR, however, cannot guaran-
age reduction in the search effort required by each agent. W€ a timely agreement if the number of resources is very
consider monotonic utility scenarios, which implies that f high, e.g, 100. Fortunately most real-life negotiations do
any agent the utility of a bundle of resources is more than not involve very high number of resources and PONOMIR
any of then possible subsets @f. — 1) resources. We vary Produces agreements quickly for 20 resources or less. We
the number of resources For eachn, we generate 0,000  are currently working on improving the time complexity of
random examples of agent preferences and execute the rfUr protocol to address the problem of negotiations ovey ver
gotiations using the PONOMIR protocol. We observed thatarge number of resources. o -

they always reach Pareto optimal agreements and significant A Mmajor advantage of PONOMIR is its extensibility to
percentage of these produce maximum possible egalitarigiultilateral negotiation. We have presented PONOMIR for
social welfare. For the agreements where the fairness afilateral negotiation, but this can be extended to muitait

not maximum, they are close to this maximum value. But,negotiation with minor modifications. _

this result depends on the strategies used by the agents in th We have experimentally observed that the fairness of the
first phase of PONOMIR. It is, however, guaranteed that the@greements reached using this protocol are high. But we can
agreement reached will be Pareto optimal. We have also ca@nly guarantee that the fairness will not be reduced after th
culated the average percentage of allocations that eactt agdirst phase. We are working to develop a novel first phase
searched during each negotiation process compared te all £f our protocol to ensure increased guaranteed fairneseof t
locations that an agent needs to search to find a Pareto dptimegotiation outcome. _

outcome using protocols likene-step monotonic concession Acknowledgments: This work has been supported in part by
protocolunder complete information. Table 2 shows signif- @ NSF award 11S-0209208 and an NASA EPSCoR RIG.
icant reduction in average search by each individual agents
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