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ABSTRACT
AutomatedNegotiation is attractingmore attention from researchers
recently as it is becoming more relevant to industrial and business
applications with increased reliance on automated systems. Most
research in this area assumes either a single negotiation thread
with a well-defined utility function for each agent involved or a set
of concurrent negotiations with an ordering of outcomes in each
local negotiation. In this paper, we consider an agent engaged in a
set of concurrent negotiations with a utility function defined only
for the complete set of agreements in all of them and no locally de-
fined ordering of outcomes in any negotiation independent from
what happens in the others. We argue that this problem setting
is interesting both from the academic and the industrial points of
view. The paper then presents an algorithm that allows such agent
to maximize its expected global utility by orchestrating its behav-
ior in all negotiation threads. The performance of the proposed
method is analyzed theoretically and empirically using simulation.
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1 INTRODUCTION
Most research in automated negotiation focuses on single-threaded
negotiation in which two or more agents are engaged in a common
negotiation process [2, 4]. In many practical scenarios, the agent
needs to negotiate simultaneously with multiple other agents with
its utility function defined only for complete sets of agreements in
all of these negotiation threads (concurrent negotiation hereafter).

Concurrent negotiation is attracting more interest recently with
variants of the problem being studied by different groups. Nguyen
and Jennings [8] proposed a heuristic model which assumes that
partners are either a conceder or a non-conceder agent utilizing a
time-based strategy. Alrayes et al. [1] recently proposed a method
that uses a new protocol allowing for reservation of goods in a
buyer-seller negotiationwith a penalty.The ability to reserve goods
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allows agents to make tentative commitments that they can de-
commit from later with a penalty. Other methods allowing decom-
mitment have been investigated (e.g. [9]). Li et al. [3] proposed a
method based on approximating negotiation with outside options
by an auction and utilized insights from auction theory to propose
three heuristics for concurrent negotiation with a single price-like
issue. This method relies on the ability to model the effect of any
negotiation thread on the others as a change in reservation value
(the value expected on failure) which makes it difficult to extend
to more general settings.

A more important problem in most cases is the — sometimes
implicit — assumption that an ordering can be defined for out-
comes in one negotiation thread without referencing other threads.
This is appropriate only in some limited scenarios including re-
source allocation with additive utility [10]. This paper has four
main contributions. Firstly, a rigorous formulation of the concur-
rent local negotiations with global utility function problem is ar-
ticulated. Secondly, an offline algorithm for solving this problem
efficiently with guaranteed convergence near a local maximum
of the global utility function with arbitrary confidence is given.
Thirdly, an online heuristic adaptation of the offline algorithm for
realistic time-dependent acceptance models is provided. Finally, an
empirical evaluation of the proposed method against state-of-the-
art methods is reported showing the viability of the proposed ap-
proach.
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Figure 1: Concurrent Negotiations.

Fig. 1 shows an instantiation of the problem discussed in this pa-
per with a single center𝐶 engaged in four closed bilateral negotia-
tions (negotiation threads) with four edge agents. Each edge agent
has its own utility function which is used to evaluate outcomes it
receives (and plan to offer) to the center. The center agent has a
single global utility function that is defined only for a complete set
of agreements/ disagreements in the four negotiation threads.
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The set of 𝐸 simultaneous negotiation threads (a concurrent ne-
gotiation hereafter) 𝛶 is defined — from the point of view of the
agent 𝐶 engaged in them — as a tuple (𝐸,𝑢,𝛶 𝑒∀𝑒 ∈ [1, 𝐸]) with 𝐸
negotiations and a single utility function 𝑢 defined for the set of
negotiations𝛶 𝑒 each of which is defined by an outcome-space Ω𝑒 ,
a round limit 𝑇 𝑒 and an acceptance model 𝑎𝑒 represeting all the
information the agent have about the corresponding edge agent.

The problem that this paper tries to solve is the following: Given
a concurrent negotiation𝛶 , find themultithreaded-policy 𝜋 thatmax-
imizes the expected utility for agent𝐶 . Formally, find 𝜋∗ such that:

𝜋∗ = argmax
𝜋

EU(𝜋) ≡ argmax
𝜋

∫
Ω
𝑝 (𝜔 |𝜋) 𝑢 (𝜔)𝑑𝜔, (1)

where 𝜔 is a complete set of outcomes (one for each thread) of
dimensionality 𝐸, and 𝑝 (𝜔 |𝜋) is the probability of reaching agre-
ment 𝜔 given the policy 𝜋 1. The outcome 𝜔 can always be de-
composed into 𝜔𝑒 representing the outocme of thread 𝑒 , and 𝜔−𝑒

representing the outcomes on all the others.

2 PROPOSED APPROACH
The main idea of the proposed method is to utilize the following
theorm to disentangle the computations required for each negoti-
ation thread.

TheoRem 2.1. Theproblem of finding the optimal policy𝜋𝑒∗ given
the policies of all other threads 𝜋−𝑒 is equivalent to solving the fol-
lowing problem:

𝜋𝑒∗ |𝜋−𝑒 = argmax
𝜋𝑒

∫
Ω𝑒
𝑝𝑒

(
𝜔𝑒 |𝜋𝑒

)
U𝑒 (𝜔𝑒 |𝜋

)
𝑑𝜔𝑒 , (2)

whereU𝑒 (𝜔𝑒 |𝜋) ≡
∫
Ω−𝑒 𝑝

−𝑒 (𝜔−𝑒 |𝜋−𝑒 ) 𝑢 (𝜔𝑒 , 𝜔−𝑒 )𝑑𝜔−𝑒 ,
and 𝑝−𝑒 (𝜔−𝑒 |𝜋−𝑒 ) is the joint probability of 𝜔−𝑒 ∈ Ω−𝑒 .

The main insight of Theorem 2.1 is that finding the optimal pol-
icy assuming optimal behavior in all other threads given the poli-
cies on all other threads is equivalent to finding the optimal policy
in a single thread negotiation in which the agent has only proba-
bilistic information about the utility function that is summarized
by the expectation U𝑒 .

To solve Equation 2, we need to calculate 𝑝𝑒 and U𝑒 . 𝑝𝑒 can
easily be found [5]. This leaves the calculation of U𝑒 as the core
problem.

Exact evaluation of U𝑒 is 𝑂
(
𝐾𝑇

𝐸
)
. To find an efficient approx-

imation, we rewriteU𝑒 as

U𝑒 (𝜔𝑒 |𝜋
)
≡
∫
Ω−𝑒

𝑝−𝑒
(
𝜔−𝑒 |𝜋−𝑒

)
𝑢 (𝜔)𝑑𝜔−𝑒 = E𝑝−𝑒 [𝑢 (𝜔)] (3)

This means thatU𝑒 is an expectation over some probability dis-
tribution 𝑝−𝑒 and can be approximated by sampling.

So far we showed that solving for one thread given the solution
for all other threads can be done using sampling. This process is
then repeated iteratively until convergence which constitutes the
proposed algorithm called Iterative Thread Policy Enhancement
(ITPE). Convergence is guaranteed by the following theorem:

1𝜔 is a tuple of outcomes on all edges.The special outcome𝜙 represents disagreement.
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Figure 2: Utilities against state-of-the-art suppliers.

TheoRem 2.2. Given a confidence level 𝑐 where 0 < 𝑐 < 1, us-
ing − ln(1−𝑐)

2𝜖2
samples for approximating U𝑒 can guarantee — with

confidence 𝑐 — the convergence of ITPE to a multithreaded-policy 𝜋
where EU

(
𝜋+

)
− EU (𝜋) < 2𝜖 and 𝜋+ is an 2𝜖-Nash-Equilibrium

for the induced negotiators’ game (i.e. EU cannot be improved more
than 2𝜖 by changing a single policy).

The subproblem of finding the optimal policy is solved using
theQuick Greedy Concession Algorithm (QGCA)which has a time
complexity of𝑂 (𝐾𝑇 ) for staticmodels. Extensions tomore general
acceptance models are known [6] and can be employed here.

To adapt ITPE to non-stationary acceptance models, the follow-
ing simple online approach can be used. Given a change 𝛿 in the
acceptance probability of outcome 𝜔𝑒

𝑐 for thread 𝑒 , it is trivial to
show that U𝑒 and 𝑝𝑥 for 𝑥 ≠ 𝑒 do not change (because they do
not depend on 𝑎𝑒 (𝜔𝑒

𝑐 )). The main idea of the Predictive Policy En-
hancement Algorithm (PPE) is to avoid re-sampling when changes
in the acceptance model are detected by reusing existing samples
weighing them according to the change in the acceptance model.

3 EVALUATION
Wecompared the performance of ITPE to two state-of-the-art groups
of concurrent negotiation agents [7, 11] negotiating with state-of-
the-art edge agents in a series of experiments. Fig. 2 shows the re-
sults of one of them. PPE outperformed all other algorithms, while
ITPE behaved roughly at the same level as the method proposed
by Williams et al. [11] while being able to handle more general
scenarios and having theoretical guarntees in special cases.

Despite these encouraging results, the proposed systemhas some
limitations that we provide pointers to possible directions of future
research to handle these limitations. The most obvious limitation
of the proposed system is that it does not scale well to negotiations
with numerous outcomes or with a continuous outcome-space.

CONCLUSION
This paper introduced the optimal policy discovery problem in the
context of concurrent negotiations with a global utility function.
It provided the first approximate offline solution to the problem
when acceptance models of different partners are known and sta-
tionary. An online greedy version is then introduced for non-stationary
acceptancemodels. Evaluation experiments show that the proposed
method can outperform state-of-the art methods and is robust to
errors in acceptance models. The proposed method suffers from
scalability issues as it is linear in the size of the outcome-space
which itself is exponential in the number of negotiation issues.
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