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ABSTRACT
Negotiating multiple deals is an essential day-to-day activity for
many businesses. Procurement, for instance, typically represents
one of the largest expense items for businesses worldwide. Today,
95% of European businesses are still negotiating their goods and
services entirely unaided by computers, which has been shown
to lead to significantly less efficient outcomes, increased costs,
and highly labor-intensive processes. Enabling the automation of
general-purpose multi-deal negotiations would therefore have an
enormous impact on the competitiveness and profitability of busi-
nesses world-wide. However, currently available algorithms are not
yet capable of performing multiple complex and interdependent
negotiations at the same time. This so far underexplored research
challenge calls for solutions and methods beyond the state-of-the-
art research in auctions, game theory, or bilateral negotiation. It
requires new asynchronous negotiation strategies that can reach
multiple interdependent deals, as well as novel mathematical coor-
dination mechanisms that are able to steer pro-actively toward a
desirable aggregate outcome.

The challenges of multi-deal negotiation call for 1) a mathemati-
cal model and protocol for multi-deal negotiation algorithms that
can strike multiple partial deals with multiple partners; 2) coordina-
tion techniques for making optimal trade-offs regarding expected
agreement utility; and 3) multi-deal negotiation strategies that can
provide online probability estimates of the expected outcome. Al-
together, such a research endeavor would deliver the fundamental
underpinnings for general-purpose multi-deal negotiation algo-
rithms, thereby paving the way for future systems for domains
ranging from procurement and energy to ethics and transportation.
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1 INTRODUCTION
Negotiation of multiple deals is an essential day-to-day activity
for many businesses. Magazine publishers, for example, require
different amounts of ink on an ongoing basis and must negotiate
continually with their suppliers. These negotiations usually involve
multiple, concurrent deals that are each struck bilaterally: i.e. they
tend to happen through private channels with each supplier, where
complex multi-issue agreements are struck not just about amounts
of ink, but also about the price, delivery time, and so on. Importantly,
all these negotiations influence and overlap each other: what cannot
be obtained in one negotiation needs to be secured in another one.
A magazine publisher must therefore maneuver carefully to get a
good outcome in each negotiation, but also needs to ensure that
each deal is in line with the overall requirements. As a result, these
interactions create a complex coordination problem involving the
dynamic alignment of multiple negotiations.
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- 2L yellow ink: 
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Italy
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Figure 1: An example of the challenges of multi-deal nego-
tiation for a magazine publisher: securing multiple partial
deals, while aligning them with the overall requirements.

The complicated and time-consuming nature of negotiating
goods or services (i.e. procurement) means that few firms truly
know and understand how much they spend, on which products,
and with which suppliers [3]. This presents a big problem to busi-
nesses as procurement usually represents one of the largest expense
items in a firm’s cost structure [3]. Automated negotiation research
has shown early indications that electronic negotiations can lead
to cost savings and strategic advantages [72] and can even outper-
form physical negotiations with up to 70% better outcomes [46, 66].
Improving the computationally intensive task of procurement is
therefore one of the great promises of computerized negotiation,
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Table 1: Related research in negotiation, organized by the
number of issues under negotiation (single/multi) and the
deals that can be struck (single/multi).

Single-issue Multi-issue

Single
deal

Mediated
protocol

Auction / game
theory
[1, 19, 32]

Combinatorial
auction
[35–37, 51]

Bilateral
negotia-
tion

Bargaining
[26, 27, 43]

Bilateral
multi-issue
negotiation
[23, 25, 31, 33,
34, 47, 75]

Multiple
negotia-
tions

Best price
negotiation [45]

Single
multi-issue
negotiation
[42, 48, 58, 63,
70, 71]

Multi-
deal

Multiple
negotia-
tions

Best aggregate
price negotiation
[16, 18, 67]

(underexplored)

with enormous potential impact on a firm’s competitiveness and
profitability [62].

However, state-of-the-art negotiation algorithms are not yet
capable of performing several complex and interconnected negotia-
tions at the same time. The reason for this gap [66] is that rather
than enabling multiple negotiations, most of the negotiation re-
search is focused on a single bilateral negotiation or, when multiple
negotiations are concerned, negotiators typically need to obtain
only one deal (e.g. finding the cheapest seller).

The aim of this paper is to suggest lines of attack in tackling
the open challenge of developing negotiation algorithms that can
strike multiple partial deals with multiple partners. This requires
a new type of functionality for negotiation algorithms: devising
and readjusting an overall procurement plan while coordinating
multiple bilateral negotiations. As such, this endeavor falls within
a wider vision of what is called the ‘forth industrial revolution’:
i.e., cyber-physical systems with autonomous machine-to-machine
communication [66], of which digital purchasing is a key element.

2 KNOWLEDGE GAP
In recent years, research on automated negotiation has progressed
in formalizing and automating negotiations [28, 30, 38, 39, 49],
predominantly in a bilateral (one-to-one) setting (see Table 1).

Some have been extended to multiple opponents in certain set-
tings; for example, when negotiating about a single issue (e.g. ob-
taining the cheapest price) or procuring a single deal, such as one
art painting or one property.

Auctions are an alternative way to come to an agreement be-
tween multiple parties; however, these approaches, such as combi-
natorial auctions, require amediated mechanismwith an auctioneer,
which usually does not provide scope for a familiar mode of inter-
action to procurement specialists; i.e. one based on a private and
personal exchange of bilateral information [2]. Negotiation is also

studied by game theory, but due to assumptions about full infor-
mation and perfect rationality, the setting almost always reduces
to a solution where no actual negotiation occurs [18]. In short: it
is currently largely unknown how to negotiate multiple complex
deals at the same time. In 2020, it was stated outright in [66] that
lack of research in this field makes for a substantial gap in academic
literature.

In fact, according to Byde et al., there were no attempts in the
literature to address this type of negotiations until 2003 [18]. It was
still identified as a key research problem in 2011 by Mansour and
Kowalczyk, who observed that “most published work focus on the
situation where agents negotiate over a single continuous issue (e.g.
price) for the purpose of securing one agreement” [48]. Seven years
later, in 2018, it still held true that “very little work has been done
while considering interdependencies and trade-offs among multiple
negotiations” [60], and in 2020, none of the research had tackled
this “important open problem” in a satisfactory manner [14].

3 KEY RESEARCH CHALLENGES
The research challenges of multi-deal negotiation call for solution
concepts that will make negotiation algorithms capable of aligning,
combining, and engaging in multiple general-purpose negotiations
at the same time. This paper focuses on three key challenges of
modeling, negotiating, and coordinating multiple deals, which cur-
rently hinder major advancements in developing a general-purpose
multi-deal procurement system.

As our take on tackling these research challenges, we first present
our overall perspective of viewing multi-deal negotiation as an
agent coordination problem, in which the buyer can engage in con-
current negotiations with many sellers through a bilateral exchange
of offers (see Figure 2). In this view, we can delegate the negotiation
task to multi-deal bilateral negotiating agents (new or existing),
while the coordination between them can be done by an intelligent
coordination algorithm.

3.1 Modeling challenge: developing multi-deal
protocols and aggregation methods

In real-life procurement, buyers often wish to negotiate in multi-
ple private bilateral interactions with sellers, where offers can be
proposed and retracted at any time, allowing room for strategic ma-
neuvering – for instance by offering a limited offer bundle discount.
All these interactions happen concurrently, which is impossible
to model with the most-used negotiation protocols as they are se-
quential [65]. At the same time, the interdependence between the
bilateral interactions requires proper synchronization: for example,
a buyer should be able to engage in multiple concurrent negotia-
tions over a particular item without risking ending up with more
than required. We know from literature that this type of research is
labeled as one of the most important challenges for automated ne-
gotiation [42], in which frameworks and analysis tools for bilateral
negotiations cannot be directly applied [69].

In order to negotiate effectively with multiple parties at the same
time, an overarching multi-deal negotiation framework is required
that allows reasoning about concurrent exchanges of bundled offers
with multiple opponents and a way to evaluate deals with respect
to the overall, aggregated goal of the buyer. Consequently, a first
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Figure 2: The overall vision for a multi-deal negotiation framework.

way forward is to define a general model for handling multi-issue
bundle offers and combining them.

Currently, the most used model for making offers in single-
deal negotiations is the alternating multi-issue offers protocol [65],
where a negotiation is a back-and-forth offering of values in 𝑉1 ×
· · · ×𝑉𝑚 of negotiable issues 1, . . . , 𝑚. However, this protocol and
many of its extensions cannot be used in the fully concurrent setting
of procurement [4], because offers cannot be renewed, retracted or
combined, making it impossible to adapt to changes in each ongoing
interaction. We argue that in order to address these problems, we
need to study new bundle-based protocols that enable concurrent
agreements by allowing multiple successive overriding offers that
can be aggregated and employ mechanisms like double-accept to
acknowledge agreement, in line with common procurement inter-
action patterns that occur in practice. To formalize this notion, a
good place to start could be the single-deal negotiation architecture
by Rahwan [63], but this time in a multi-deal setting, in which con-
current negotiator threads are responsible for acquiring part of the
overall bundle independently, aided by a coordination mechanism
for passing status and coordination messages between them [7].

More formally, what is required is a protocol based on the ex-
change of bundles 𝑏, which are sets of 𝑛 offers. A possible approach
is to define an agent’s utility function 𝑢 (𝑏) on entire bundles, or
even on all possible subsets of offers. This approach is sometimes
used in (combinatorial) auction settings, but incompatible with
existing negotiating agents that determine their utility on single,
multi-issue offers. For multiple offers that are defined on the same
set of issues, an alternative option is a general-purpose reduc-
tion operation on bundles, using a general aggregation function
𝑎 : (𝑉1 × · · · × 𝑉𝑚)2 → 𝑉1 × · · · × 𝑉𝑚 . For instance, when
procuring ink as in our magazine publisher example, each type of
ink specifies issues such as quantity, unit price, and delivery time
(see Figure 1); the aggregation 𝑎𝑖 of two offers for ink of type 𝑖 would
be subsequent addition, weighted averaging, and maximization:

𝑎𝑖 ((𝑞, 𝑝, 𝑑), (𝑞′, 𝑝 ′, 𝑑 ′)) =
(
𝑞 + 𝑞′,

𝑞𝑝 + 𝑞′𝑝 ′
𝑞 + 𝑞′ ,max

(
𝑑, 𝑑 ′

) )
.

Given appropriate choices for the domain and preferences of the
agents, the analysis of new multi-deal protocols can be guided
by studying multilateral protocols in previous, non-concurrent
work [4] and metrics from concurrency theory (e.g. liveness, ef-
ficiency, concurrency, compatibility with former protocols). Such
protocols should be able to display fully asynchronous behavior by
allowing to signal interest by retracting and overwriting previous
actions, while avoiding the need for special de-commitment actions
used in many existing approaches [24, 59, 68]. Ideally, such an ap-
proach results in a new type of bundle-based consecutive protocol
that is a generalization of both the well-known multi-issue alter-
nating offers protocol and single deal one-to-many negotiations.

3.2 Negotiation challenge: developing bilateral
strategies and outcome estimates

A second important challenge is to devise negotiation strategies
that are responsible for obtaining only part of the overall require-
ments. Since some negotiations might not go to plan (e.g. it turns
out Italy is unable to deliver red ink), each negotiator must be able
to adjust their strategy dynamically to secure a deal in line with
the overall plan (e.g. attempting to obtain more red ink cheaply
elsewhere). Furthermore, the negotiating agent must provide con-
tinuous updates about its state to aid the coordination process, for
example about what kind of agreement can be expected. A consider-
able hurdle is that these estimates need to be performed on-the-fly
(i.e., while the negotiation, and all others, are ongoing) and under
opponent uncertainty, with many unanswered questions about how
this can be achieved [12, 13, 40].

Therefore, a negotiation strategy that is based on a bundle-based
model needs to determine its offers carefully in light of the buyer’s
overall goal and provide continuous updates about the state of
the negotiation, since it will strike only part of multiple bilateral
agreements. This is an open challenge, but possible avenues in-
clude negotiation strategies that can provide acceptance probability
estimates 𝑝𝑥 [21, 34] about the outcomes 𝑥 in the current nego-
tiation state. These can be combined with insights from search



theory [9] which indicate that given a sequence of offered bundles
(𝑥1, . . . , 𝑥𝑘 ) ∈ Ω𝑘 , it is possible to tractably specify and optimize
the expected utility in a bilateral negotiation:

𝐸𝑈 (𝑥1, . . . , 𝑥𝑘 ) =
𝑘∑︁
𝑖=1

𝑝𝑥𝑖𝑢 (𝑥𝑖 )
𝑖−1∏
𝑗=1

(1 − 𝑝𝑥 𝑗
) .

Techniques from simultaneous search theory can help optimize
EU using a greedy search strategy over the outcome space Ω, which
can be done in polynomial time [20, 55]. Not only can this notion
give rise to negotiation strategies that can maximize expected ne-
gotiation payoff as part of an overall procurement plan, but these
algorithms can be leveraged at no extra complexity cost to include
the accompanying outcome probabilities 𝑝𝑥∗

1
, . . . , 𝑝𝑥∗

𝑛
of the optimal

offer sequence

(𝑥∗1 , . . . , 𝑥
∗
𝑘
) = argmax

𝑥1, ..., 𝑥𝑘
𝐸𝑈 (𝑥1, . . . , 𝑥𝑘 ) ,

which can be computed during the search for suitable offers and
can subsequently be incorporated in the coordination mechanism.

3.3 Coordination challenge: formulating
aggregate multi-deal coordination strategies

A final major challenge is the decision problem of how to coordinate
each negotiation, given their highly uncertain status. A consider-
able complication is that the same items may be obtained from
multiple sellers who offer them under varying conditions (e.g. for
a different price, or only as part of a bundle). As a consequence,
the number of ways to split the overall requirements among the
negotiators (i.e. the combinatorial problem of what to procure from
whom) is enormous, with no clear way of searching through this
space effectively. Formulating a procurement plan that maximizes
the overall (expected) utility of the aggregated outcome is therefore
a challenge of aligning bilateral negotiations and splitting them
optimally towards a common goal, which was still considered chal-
lenging as recent as 2018 [60], while having received very little
attention in the literature so far [17].

When aligning the bilateral negotiations as in Figure 2, it is
important to ensure that themost optimal partial results are reached
in each bilateral negotiation to maximize overall utility. Even when
the bilateral interactions themselves are assumed given, new and
scalable multi-deal coordination techniques are required that can
make optimal utility trade-offs between multiple suppliers.

The most general form of the coordination problem is to reach
agreements 𝑥1, . . . , 𝑥𝑛 with each seller, which involves optimizing
the overall general bundle utility 𝑢 ({𝑥1, . . . , 𝑥𝑛}) – or an appropri-
ate aggregation thereof, as discussed above – over the large space
of all breakdowns of the buyer’s wish list. One possible approach is
to exploit the additive utility structure that 𝑢 might display in both
offers and issues, which leads to the complex but tractable problem
of maximizing an arbitrarily complex linear combination of value
functions over the space of all possible bundle combinations; i.e.:

max
𝑥1, ..., 𝑥𝑛

∑︁
𝑖

𝜆𝑖

∑︁
𝑗

𝜇 𝑗𝑣 𝑗 (𝑥𝑖1, 𝑗 , . . . , 𝑥
𝑖
𝑛,𝑗 ).

Some promising results on how to achieve an efficient solution
(i.e. linear in terms of sellers and quantities) for the key attributes

in procurement (i.e. price and quantity), could come from insights
from the field of convex optimization [7, 18]. The key idea here
is that instead of looking at the intractable combinatorial space
of all possible deals, we can exploit the additive structure of the
utility function with careful assignment of each item per negotiator.
More precisely, let x = (𝑥1, . . . , 𝑥𝑛) be the coordinator’s division
of this item; i.e. 𝑥𝑖 is the quantity to be obtained from seller 𝑖 , who
sells the item at price 𝑝𝑖 (𝑥𝑖 ). Each seller 𝑖 has at most 𝑞𝑖 of the
item to sell, and hence the solution must lie in the hyperrectangle
𝑅 =

∏
𝑖 [0, 𝑞𝑖 ]. We can tighten this even further by sorting sellers

by price and letting 𝛿x = (𝑞1, . . . , 𝑞𝑑 , 𝜌, 0, . . . , 0) such that∑
𝑖 𝑞𝑖 + 𝜌 = |x|1 and 𝜌 ≤ 𝑞𝑑+1. Employing this formulation, it is

easy to show that 𝑢 admits its maximum on 𝛿𝑅 = {𝛿x | x ∈ 𝑅},
which diminishes the search space dramatically: since there is a
natural bijection between x ∈𝛿𝑅 and |x|1, there are only 𝑛 +∑

𝑖 𝑞𝑖
cases to check, which is even small enough to search exhaustively.
There is still work to be done, however, to refine this approach for
general multi-issue utility functions, let alone non-linear functions
with complex interdependencies [29, 50, 64].

4 RELEVANCE AND POTENTIAL
Although much is still unknown about concurrent, multi-deal nego-
tiation, it is clear that the wider impact of such technology would
be far-reaching. It impacts any practical scenario where, rather than
engaging in a mediated mechanism such as an auction, a buyer
may wish to negotiate privately and bilaterally with multiple in-
dividual sellers. In 2020, Microsoft and Ernst & Young noted the
many potentially valuable use-cases of AI in procurement for at
least 95% of European procurement companies [54]. Purchasing
managers expect automated negotiations to become commonplace
in the near future [15], impacting current procurement processes
substantially [66].

The results are thus important for many critical social, tech-
nical and economical application areas around procurement and
even beyond, such as trading, data, smart energy networks, privacy,
transportation systems, logistics, and even ethics [5, 53, 56, 61]. In
order to make further progress, ideas around multi-deal negoti-
ation could spark a new competition league in the international
Automated Negotiating Agent Competition (ANAC) [6] where par-
ticipants need to design an autonomous negotiator that can broker
multiple deals.

Fortunately, in recent years great strides have been made in the
research area of negotiation, in part as a result of recent theoretical
advances and bilateral automated negotiation competitions, yield-
ing a better understanding of effective bilateral bidding strategies,
learning methods, and acceptance strategies [8, 10, 11, 22, 41, 44,
52, 57, 73, 74]. This means essential ingredients are now available
to tackle these challenges, and to take the leap into the territory of
multi-deal negotiations.
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