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Abstract

This study seeks to provide scalable and distributed al-
gorithms to solve the resource allocation problem within
an agent community. We propose an approach that can
be applied to any kind of contact network, any range for
the utility values, for the most important social welfare
notions, avoiding the centralized approach drawbacks. In
that purpose, we study various agent behaviors. We show
that there exists in each case a simple behavior leading the
negotiation process to a socially optimal resource allocation
as an emergent phenomenon, or to a socially close solution if
the need arises. We give, for each social welfare notion, the
agent behavior to implement in order to solve the problem.

1. Introduction

The allocation problem has been initially studied as
an optimization problem. The purpose of such centralized
approaches is first to determine the outcome maximizing
an objective function, and then to allocates the resources
consequently. These approaches suit well with the solution
of many auction problems. Indeed, entities report their pref-
erences to an auctioneer who then notifies the final resource
allocation. Mathematical analyses, models and algorithms
are provided to solve various kind of auctions such as
in [1]. However, strong assumptions are made leading to
several important drawbacks. First, such solving processes
require the preferences of all entities. No privacy notion
is then possible while nowadays people accept less and
less to reveal private information, especially with Internet
applications. Centralized approaches also assume that any
entity can communicate with all others. Such an assumption
is not plausible for many concrete applications. For instance,
in a social network, someone only knows a small subset of
the whole population. Finally, centralized approaches lack of
adaptability. A small variation of initial data leads to a new
solving process. It may be critical in dynamic applications
like peer-to-peer networks, where peers enter and leave
continuously.

Alternative approaches have then been offered, focusing
on agents [2]. The resource allocation problem is solved
using local negotiations among agents where the initial

allocation evolves little by little thanks to deals. [3] de-
scribes the classes of deals and establishes theorems on the
existence or not of deal sequences leading to an optimal
resource allocation. Restricted communication possibilities
are not considered. Classes of utility and payment function
have been studied in order to design convergent negoti-
ation processes [4]. Some authors also study the impact
of negotiation processes on the resources, using different
notions of social welfare [5]. They establish convergence
results depending on the classes of transactions that are
allowed. Negotiation protocols have also been designed [6],
where no common knowledge is available for the agents.
However, the communication possibilities of the agents are
always assumed complete, which restrict a lot the field of
applicability once more. Compensatory payments are usually
allowed during negotiations. However, even if the use of
money is constrained (no money creation during a deal),
there is often no limit on agent budgets, which is not a
plausible assumption. Questions related to compensatory
payments are beyond the scope of our study and thus are
not considered in the sequel.

In this work, our objective is not only to determine a
socially optimal resource allocation, but also to emphasize
the way to achieve it. We introduce the notion of contact
network that can correspond to any kind of connected graph,
ranging from complete networks, over structured ones, to
free-scale ones [7]. We seek to define the simplest and
most efficient agent behavior, according to Occam’s razor
principle, in order to favor scalability and dynamicity. In
our work, only bilateral transactions without compensatory
payments are considered, but the main social welfare notions
are considered. For each case, we compare our results with
a centralized approach.

Section 2 presents the distributed framework and the
features of negotiation processes. Section 3 details the
experimental protocol. Finally, Sections 4, 5 and 6 present
approaches and results respectively for the utilitarian wel-
fare, the egalitarian welfare and the Nash product.



2. Distributed negotiations

2.1. Definitions and notations

Let P = {a1, . . . , an} be a population of agents andR =
{r1, . . . , rm} a set of resources. A resource allocation is a
partition of all resources inR among agents ofP. Each
agenta has a set of neighborsNa, and owns a bundle of
ma resources denoted byRa. The preferences of the agents
are described by means of an additive and normalized utility
function [8]: ua : Rma → R. The set of deal kinds that are
allowed during negotiation processes is denoted byT .
2.2. Social welfare

The social welfare theory is used to evaluate the multi-
agent system, considering the welfare of each agent [9]. In
this study, the three main notions of the social welfare theory
are considered.
Definition 1 (Social welfare notion).

• The utilitarian welfare considers the welfare of the
whole society:swu(A) =

∑

a∈P

ua(Ra);

• The egalitarian welfare focuses on the fairness among
agents:swe(A) = min

a∈P
ua(Ra);

• The Nash product is a compromise between utilitarian
and egalitarian welfares:swN (A) =

∏

a∈P

ua(Ra).

Of course the final resource distribution depends on the
used notion. The utilitarian welfare may lead to allocations
in which agents have no resource. The egalitarian welfare
has not this drawback, but an agent may obtain most of
resources if it has “low preferences”. The resulting allocation
may be very unbalanced. The Nash product maximizes the
global utility and decreases inequalities. It leads to more
balanced allocations by avoiding the draining phenomenon,
and ensure that no agent is neglected.

2.3. Interactions between agent

The problematic is the definition of an agent behavior that
ensures the end of negotiation process, with a decision mak-
ing based on local information only. However, negotiations
can be managed in many different ways. If the participant
a′ rejects the offer of the agenta, then: (i) the initiator ends
the negotiation, (ii) it involves another neighbor, or (iii) it
offers another resource.

Various behaviors have been designed, implemented and
evaluated, but only the best behavior (described in Figure
1) is presented in the sequel. This agent behavior is flexible
and volatile.

2.4. Transaction kinds

As we said before, only bilateral transactions are consid-
ered, i.e., transactions involving simultaneously two agents.

1: Sorts its resource bundleRa

2: for all r ∈ Ra do
3: for all a′ ∈ Na do
4: for all δ ∈ T do
5: if TEST then
6: PERFORMδ

7: Ends the negotiation
8: end if
9: end for

10: end for
11: end for

Figure 1. Flexible and volatile behavior of an agent
initiator a

Definition 2 (Bilateral transaction). A bilateral transaction
betweena anda′ is a coupleδa

′

a
〈u, v〉 = (ρa, ρ′

a
) wherea

anda′ provide respectively a setρa of u resources andρ′
a

of v resources.

Any kind of bilateral deal can be modeled thanks to the
cardinality parameters. For instance, a gift froma to a′

is written: δa
′

a
〈1, 0〉 = ({r}, ∅). Of course, the number of

possible deals grows exponentially withu andv. Thus, we
restrict it. Our experiments show that increasing the size of
u andv does not improve significantly the obtained solution.

In the experiments of Section 3, four negotiation policies
are compared: the gift〈1, 0〉, the swap〈1, 1〉, the swap+gift
whereu, v ≤ 1 and finally the cluster-swap withu ≤ ma

andv ≤ ma′ .

2.5. The sociability criterion

In order to ensure that a negotiation process is finite, an
acceptability criterion for a deal must be used. In this study,
the individually rational criterion [3] has been evaluated, but
we have shown that it always lead negotiations to socially
weaker allocations. The lone acceptability criterion usedand
presented in the sequel is the social criterion. A transaction
is social when the associated social value is increased by
this transaction:
Definition 3 (Social transaction). A deal,δ, which changes
the initial allocationA into a new oneA′, is social when:
sw(A′) > sw(A).

The important point, is that in practice, it is not essential
to determine the welfare value that can only be done by
means of a central entity. The evolution of the welfare value
is sufficient, and this can be determined on a local basis.

3. Experimental setup

The evaluation of negotiation processes is not an obvious
issue. In this study, the optimal solution is determined using
a centralized approach, and then used as a reference in order



Table 1. Utilitarian efficiency for different kinds of
contact network with n = 100 and m = 500.

Contact network kind Gift Swap S+G CS

Full 100 97.6 100 100

Erdős-Ŕenyi 98.8 95.9 99.1 98.9

Grid 71.7 68.5 76.3 66.1

Small world WS 96.1 92.7 97.2 96.1

Small world PA 88.8 87.8 91.0 89.2

to evaluate the efficiency of negotiation processes. Such an
approach does not consider the deal sequence that is required
to achieve an optimal allocation, and implicitly assumes that
the contact network is complete.

During the experiments, various contact networks have
been generated, from complete networks, over grids, to
Erdös-Ŕenyi graphs. Two kinds of small worlds are also
considered: the ones generated using the preferential attach-
ment, and others generated by circle rewiring [7].

The initial resource allocation is randomly generated, as
well as the preferences of the agents. The speech turn is
uniformly distributed. For the experiments of this paper,
we have fixed the population size to 100, and the number
of available resources to 500. We have then generated 20
graphs of each kind, 10 agent preferences sets for each
graph, and 100 different initial allocations for each set of
agent preferences.

4. Utilitarian Welfare

When the utilitarian welfare is considered, an optimal
allocation can be generated quite easily by allocating each
resource to the agent that estimates it the most.

4.1. Utilitarian agent’s approach

When the utilitarian welfare is considered, the accept-
ability condition of a deal can be expressed as follows. In
Figure 1, a gift transactionδa

′

a
is acceptable if{TEST}=

ua′(r) > ua(r), while a swap must satisfy{TEST}=
ua(r′) + ua′(r) > ua(r) + ua′(r′).

Table 1 describes the utilitarian efficiency obtained ac-
cording to the different kinds of contact network.

Negotiation processes based on a gift are always sufficient
(100%) for a complete graph. Even if some other policies
obtain similar results, their use lead to useless additional
costs.

Distributed negotiations can handle restricted contact net-
works, but it is not possible to guarantee that an optimal
allocation can be achieved, because it depends strongly on
the network topology.

Experiments shows that less the mean connectivity is, less
efficient are negotiations. On Erdős-Ŕenyi graphs, negotia-
tions achieve 99% of the optimum when only gifts are used

Table 2. Egalitarian efficiency for different kinds of
contact network with n = 100 and m = 500.

Contact network kind Gift Swap S+G CS

Full 66.6 15.8 99.9 99.9

Erdős-Ŕenyi 66.1 14.1 86.2 89.9

Grid 61.0 12.9 80.9 81.0

Small world WS 65.3 18.7 84.4 86.1

Small world PA 49.1 13.9 55.6 54.4

while on grids, the use of gifts and swaps is required to
achieve 76% for the best case.

Utilitarian solution: When the mean connectivity is high,
social gifts are sufficient to achieve efficient allocations. In
figure 1,T = {gift}. However, when the mean connectivity
decreases a lot, the combination with swaps are required
to achieve efficient allocations,T = {gift, swap}. Both of
them are very scalable and can be applied to large instances.

5. Egalitarian Welfare

The determination of an egalitarian optimum can be
formulated using an equationnal model, which can be solved
using any mathematical programming optimizer. However,
such a method is not scalable for large instances. It cannot
exhibit an acceptable transaction sequence, and assume that
the contact network is complete.

5.1. Egalitarian agent’s approach

When the egalitarian welfare is considered, an agent
cannot accept a transactionδa

′

a
if it becomes poorer than

the poorest agent before the transaction: in Figure 1,
{TEST}=min[ua(R′

a
), ua′(R′

a′)] > min[ua(Ra), ua′(Ra′)],
whereR′

a
,R′

a′ are the resource bundles after the dealδa
′

a
.

Table 2 describes the social efficiency that is obtained
according to the different kinds of contact network.

Even on complete graphs, it is not possible to guarantee
the achievement of an optimal allocation. Policy based either
on gifts or on swaps are not efficient at all. Both are essential
to achieve socially efficient allocations. The connectivity
has a more important impact on egalitarian negotiations.
A weak shortest path between agents helps the resource
traffic, but some agents with a small neighborhood can
penalize the whole system. The standard deviation increases
in opposition of the mean connectivity: the initial allocation
is then important.

Egalitarian solution: Hence, the social swap+gift policy
is the best alternative and leads to socially more interesting
alternatives in a scalable way. Then, in Figure, 1T =
{gift, swap}. While maximizing the utilitarian welfare can
be done on networks with a weak connectivity, maximizing
the egalitarian welfare requires a larger mean connectivity
to be efficient.



Table 3. Nash efficiency for different kinds of contact
network with n = 100 and m = 500.

Contact network kind Gift Swap S+G CS

Full 80.2 169.2 394.1 277.2

Erdős-Ŕenyi 49.6 79.9 270.0 206.5

Grid 50.9 6.4 353.2 106.7

Small world WS 178.8 22.8 1149.1 673.6

Small world PA 77.4 2.11 1119.2 337.5

6. Nash Product Welfare

When the Nash product is considered, an optimal allo-
cation cannot be determined using a classic way since the
problem is not linear. Optimization methods exists to over-
come such a problem, but only a time-consuming estimation
can only be obtained. However, we choose to develop a
heuristic in that purpose. It focuses on the resource value,
by first allocating each resource to an agent that estimates it
the most. Then, the algorithm checks if every agent has at
least one resource, and if the need arises, it looks for picking
up the resource maximizing the social value to an agent that
has at least two resources.
6.1. Nash agent’s approach

When the Nash product is considered, a transactionδa
′

a
is

acceptable if, in Figure 1,{TEST} = ua(R′
a
)× ua′(R′

a′) >

ua(Ra) × ua′(R′
a′).

Table 3 describes the social efficiency that is obtained
according to the different kinds of contact network. A social
efficiency greater than 100% is possible since the value used
as reference is provided by a heuristic. In such case, the
distributed negotiation process lead to greater results than
the heuristic.

The social swap+gift strategy leads to greatest results,
associated with the lowest standard deviation, on all the
kinds of considered contact networks. This strategy always
leads to better results than the heuristic. The social gift
policy and the social swap one are not efficient, since they
lead to allocations that are far. The social swap strategy
is especially sensitive to the mean connectivity: on grids
or on preferential attachment small worlds, processes lead
to allocations representing around 5% of the value given
by the heuristic. The strategy based on social cluster swap
transactions leads to better results than the heuristic but
remains too expensive to be considered as interesting.

Some value may appear really large (e.g. 1119% of the
value given by the heuristic). However, since the objective
function is a product, a simple exchange of two resources
can increase the objective value by a factor more than
100. The standard deviation is also sensitive to the mean
connectivity, like in the case of the egalitarian welfare but,
in the case of the swap+gift strategy, it never exceeds 5%.

Nash product solution: Thus, the social swap+gift policy
is enough flexible to lead to socially efficient allocations,in
a scalable time, independently of the contact network kind
that is considered. Then, in Figure 1,T = {gift, swap}.

7. Conclusion

This paper offers a scalable method to solve efficiently the
resource allocation problem in a decentralized way. Based
on local negotiations among agents, this approach considers
the relationships among them thanks to the contact network
notion which can be built on any connected graph. This
method is an adaptive process where the addition of new
agents is possible during the negotiation process. It is also an
anytime approach: the quality of the solution increases grad-
ually and the negotiation process can be interrupted anytime.
At the opposite of centralized approaches, our distributed
algorithms can exhibit a transaction sequence leading to
the provided allocation, with respect to the contact network
topology. Such a facet of the problem cannot be handle by
centralized approaches in a scalable way. Although we can
only guarantee an optimal solution on a complete contact
network when the utilitarian welfare is considered, we are
able to provide efficient and practical algorithms leading
to allocations in all other cases, for many kinds of contact
network.
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