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Chapter 1
Introduction

Leo Hendrik Baekeland, born in 1863, was always at the head of his class. He grad-
uated at sixteen and received his doctor’s degree maxima cum laude when he was
still only twenty-one. By 1891, he had opened an office in the US as an independent
consultant and invented a type of photographic paper that could be developed under
artificial light. In 1899, Leo Baekeland was still struggling with his Velox photosen-
sitive manufacturing business. One day he received an invitation letter from George
Eastman-Kodak, who had established the Eastman Kodak Company in Rochester,
New York. George suggested that if Baekeland was willing to sell his Velox manu-
facturing company, he was welcome to visit him for a talk. During the long carriage
ride up to Rochester, Baekeland planned to ask for $50,000, but kept wondering if he
would be able to get even $25,000 for his manufacturing process. George Eastman
invited Leo Baekeland into his office, and fortunately for Baekeland, Eastman spoke
first and right away offered him one million dollars. Baekeland immediately took the
offer. He could now afford to do his research in a well-equipped laboratory and went
on to invent the first plastic, Bakelite.

1.1 Negotiation

Negotiation is a core activity in human society to form alliances, to reach trade agree-
ments, and to resolve conflicts. One cannot overstate the importance of negotiation
and the centrality it has taken in our everyday lives. People negotiate everywhere, in
business as well as their personal lives [1], mostly without realizing they do so [2].
Negotiation not only occurs in obvious instances, such as job negotiation, politics,
acquiring a house, or haggling at the marketplace. We also use it in various every-
day situations, such as setting a calendar date with a friend, asking for a refund, or
agreeing on a deadline.

The field of negotiation is an important topic of research in economics [3, 4],
artificial intelligence [5—10], game theory [3, 5, 6, 9, 11-13], and social psychol-
ogy [14]. The last two decades have seen a growing interest in the automation of
negotiation and e-negotiation systems [6, 8, 15-17], for example in the setting of
e-commerce [18-21]. This interest is fueled by the promise of automated agents
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2 1 Introduction

being able to negotiate on behalf of human negotiators, and to find better outcomes
than human negotiators [18, 21-25].

Negotiation agents can alleviate some of the efforts required of people during
negotiations and make negotiation problems more manageable and comprehensible
for negotiators [26]. The potential benefits of automation include the reduced time
and negotiation costs resulting from automation [21, 27-29], the potential increase
in negotiation usage since the user can avoid social confrontation [21, 30], the ability
to improve the negotiation skills of the user [24, 31, 32], and the possibility of finding
more interesting deals by exploration of the outcome space [21, 31]. There are also
many unexpected uses of automated negotiation; for example controlling the load in
an electrical grid [33], locating available parking spaces [34], playing Civilization
IV [35], routing telephone calls [2], or Mars rovers coordinating autonomously who
is better equipped for a given task [36]. Thus, success in developing an automated
agent with negotiation capabilities has great advantages and implications.

1.2 An Automated Negotiator

Automated negotiation research deals with two main topics [6, 37], which both have
received their fair share of attention in the field.

From a system design or mechanism design point of view, devising an effective
negotiation protocol is the most important concern (e.g. [2, 38—40]). Negotiation
protocols are the set of rules that govern the way the negotiation takes place. This
covers the number of participants and the valid actions of the participants in every
particular negotiation state (e.g., which messages can be sent by whom, to whom,
and at what stage). It also specifies the structure of the possible agreements, and what
operations are allowed to change the contents of proposed offers.

In other cases, such as in this thesis, the agent’s decision making model is the
dominant concern (e.g. [8, 41, 42]). The main focus here is on the reasoning modules
and strategies that the negotiating agents employ to make their decision in order to
achieve their objectives. When the protocol is such that it leaves room for strategic
reasoning, the success of a self-interested agent is determined by the effectiveness
of its decision making model.

In order to be successful, a negotiating agent needs to be able to perform a vari-
ety of tasks. First of all, the agent needs to be able to interact with the others in
a given negotiation setting that defines the different parameters of the negotiation
(see Fig. 1.1). During negotiation, the agent exchanges proposals with the other par-
ticipants in order to reach an acceptable agreement, which is a contract that all
negotiating parties agree upon. The range of contracts being negotiated over (i.e., the
set of all possible negotiation outcomes) is called the negotiation domain. Of course,
the proposals must be submitted according to certain rules and be valid according
to constraints set by the negotiation protocol. Every agent has preferences over the
negotiation domain, which define the particular negotiation scenario.
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Negotiation Setting

e.g., protocol, domain, preferences, time.

send and

receive actions
Negotiating Agent > Opponent(s)

. J

Fig. 1.1 The setting for an automated negotiator

The agent designer can select a number of performance measures to assess the
success of a negotiating agent. The most popular way is to assign a certain utility to
the outcomes that are reached by the agent. Other measures that the agent designer
might choose are the duration of the negotiation (i.e., how fast the agent is able to
reach agreements), or fairness of the outcome (i.e., whether the agreement satisfies
all negotiation parties).

1.2.1 Generic Negotiation Strategies

With the constant introduction of new negotiation domains, negotiating agents may
encounter different types of opponents with different characteristics. Therefore, an
important research topic in automated negotiation is the design of agents that can
perform well in a variety of circumstances. Such generic automated negotiation
agents should be capable of negotiating proficiently within arbitrary negotiation
scenarios, with opponents that are diverse in their behavior.

A number of automated negotiation strategies have been proposed that are
designed to operate in specific and relatively simple scenarios and are often based
on simplifying assumptions (e.g., [32, 39, 43-46]). A typical example of such an
assumption is that the opponent strategies and preferences are known or partially
known. This is generally unrealistic, as negotiators tend to avoid revealing their pri-
vate information [47], because the shared information may be used to the revealer’s
disadvantage [48].

Examples of more general agent negotiators are increasingly available in the lit-
erature. Every year, automated negotiation agents are improving in various ways and
have proven to be successful in many regards (for an exposition, see Chap.2 and
Appendix B). They all have their unique strengths and weaknesses and are based
on a variety of techniques, such as game-trees [49], generic trade-off algorithms
[43, 45], concession curves [50, 51], statistical analysis [52, 53], wavelet decompo-
sition [54-56], and Gaussian process regression [57-59].

Each technique is used for various aspects of the negotiation process, such as
preference learning, strategy prediction, making concessions, or choosing when to
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accept. However, when testing the performance of the resulting agents, varying per-
formance measures for the negotiation outcome are used, but their inner components
are not inspected. This makes it very difficult to meaningfully compare the agents,
let alone their underlying techniques. As a result, we lack a reliable way to pin-
point the most effective constituents of a negotiating agent. This makes it virtually
impossible to determine the reasons for an agent’s success or to provide incremental
improvement over existing agent designs.

To put it succinctly:

Problem We lack a fundamental approach to build comparably effective, gen-
eral automated negotiators in an incremental fashion that enables us to under-
stand how their underlying techniques influence their performance.

1.3 Bidding, Learning, and Accepting

There is a wide variety of currently existing sophisticated agent strategies and archi-
tectures, but we show in this thesis that there is some common structure to their
overall design. For example, every agent decides whether the opponent’s offer is
acceptable, and if not, what offer should be proposed instead. In addition, when the
agent decides on the counter-offer, it considers its own utility, but it usually also takes
the opponent’s utility into account. We elaborate on this topic in Chap. 3, but for now
it suffices to say that we distinguish three distinct components of a negotiating agent
strategy, each of which we analyze separately in this thesis:

e Bidding strategy. Given the current negotiation state, what are the appropriate
bids to be made?

e Opponent model. How can we learn what the opponent wants, and how do we
take this into account?

e Acceptance strategy. Should we accept the opponent’s bid, reject it, or walk away
from the negotiation altogether?

There are two major advantages of distinguishing between the different compo-
nents of a negotiating agent’s strategy: first, given performance measures for the
individual components, it allows the study of the behavior and performance of the
components in isolation. For example, it becomes possible to compare the accu-
racy of the opponent modeling components of a set of agents, and to pinpoint the
best opponent model among them. Second, we can assemble, from already existing
components, new negotiating agents in a plug and play fashion (see Fig.1.2), e.g.:
replacing the opponent model of an agent and then examining whether this makes
a difference in performance. Such a procedure enables us to combine the individual
components to systematically explore the space of possible negotiation strategies.
Finding a good negotiating strategy then boils down to deciding what to bid, how to
learn, and when to accept.
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Fig. 1.2 The strategy space of automated negotiators can be explored by combining a bidding

strategy with an opponent model and an acceptance strategy

Due to possible dependencies between the components, the agent should be able

to combine them in a meaningful way; e.g., purposely selecting ‘exploratory offers’

to learn more about the opponent’s preferences, or considering the opponent’s future
behavior when deciding whether to accept the opponent’s bid. This means that in
order to be successful, a negotiating agent should not only have the three compo-
nents work effectively in an individual manner, but the agent also needs a powerful
architecture with which to assemble the components into a negotiation strategy.

1.4 Research Questions

The advantages of a component-based approach for an automated negotiator as out-
lined above have motivated our concrete research aim as follows:

Thesis Aim

The central aim of this thesis is to research effective ways for a general auto-
mated negotiating strategy fo learn, to bid, and to accept and to develop a
compositional approach for evaluating and combining these components.
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Note that our thesis aim consists of two separate aspects: creating a component-
based approach, and using it to analyze and devise the components. That is, our
aim involves both a design and an analysis point of view that together contribute to
a more methodological approach for automated negotiation research. We will treat
both aspects separately and formulate a set of research questions for each of them.

1.4.1 Designing a Component-Based Automated Negotiation
Framework

To develop a compositional approach to evaluate and combine the components, we
need to design a negotiation environment that supports negotiation analysis and
that implements benchmarks for general automated negotiating strategies and their
components. In particular, we need to establish an agent decision making architecture
capable component-based negotiation behavior. For this, we need to understand how
the bidding, learning and accepting components of a negotiating agent relate to each
other and how to combine them in an effective way. Also, given the availability of
state of the art negotiation strategies, an important consideration is that existing agent
designs can be incorporated into our approach.

Thus, in order to achieve the design aspect of our aim, we address the following
questions:

Research Questions I
Designing a component-based automated negotiation framework.

How do we create a negotiation framework that:

1. supports new agent designs and provides insight into the effectiveness of
negotiation strategies;

2. facilitates evaluating and combining various negotiation strategy
components;

3. enables us to decompose existing, state of the art agent designs into distinct
components.

1.4.2 Analyzing the Negotiating Strategy Components

To analyze the components individually, it is necessary to formulate benchmarks
and predictors for the performance of the individual components. The performance
measures for the bidding strategy, opponent model, and acceptance strategy are likely
to be different for each case. With performance measures for every component, we
can specify solutions separately in a plug and play fashion. We will consider specific
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situations (and specific classes of opponents in particular) for which we can find
effective solutions, and in some cases, even optimal ones.

Of course, after analyzing the components individually, we need to consider
what happens if we assemble them again, and whether combining effective compo-
nents also improves the overall performance. There could be strong interdependency
between the components, and some components can prove to be more important to
consider than others.

We formulate three additional questions regarding the analysis aspect of our
research aim:

Research Questions II
Analyzing the negotiating strategy components: what to bid, how to learn,
and when to accept.

1. What measures can we use to compare and predict the performance of the
individual components?

2. Can we pinpoint classes of opponents against which we can find effec-
tive components? Can we formulate optimal solutions for any of the
components?

3. How does the performance of the components influence the negotiator’s
performance as a whole, and which components are most important?

1.5 Thesis Scope

Before we describe our research method to answer our research questions, we briefly
frame the scope of our work. We will elaborate extensively on our model of negoti-
ation (and on related possibilities) in Chap. 2.

This thesis focuses on bilateral negotiations (i.e., negotiations between two
agents), in which the agents exchange offers in turns. While the negotiation domain
is known by both agents, the preferences of each player is private information. The
agents seek to reach an agreement while aiming to satisfy their own preferences.

The heart of this thesis consists of the analysis of decision making procedures for a
negotiating agent in such a setting. More specifically, if we adhere to the classification
used by Lomuscio et al. [21], the focus of this thesis is as follows:

Thesis Scope

This thesis focuses on one-fo-one negotiations with alternating offers on
multiple-issue domains, using self-interested agents with bounded rationality
and incomplete information.
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1.6 Dissertation Outline

We give a detailed overview of this thesis in the paragraphs below (see also Fig. 1.3).
A summary is available at the end of this section.

Quick Read Guide
For the reader in a hurry, we suggest the following quick read guide for this
thesis:

1. Skip the Background chapter entirely, but read the summaries of Appendix
A about GENIUS (p. 215) and Appendix B about ANAC (p. 223).

2. Read the full chapter about the BOA framework (Chap. 3, p. 53).

3. Choose one chapter for each component of the BOA framework. We rec-
ommend Chap.5 on optimal acceptance policies (p. 91), Chap.7 on per-
formance and accuracy of learning methods (p. 129), and Chap. 8 on the
classification of bidding strategies (p. 147).

4. Read Sect. 10.4 (p. 186) on how the BOA components fit together.

5. End with our concluding chapter (p. 195).

Validation 11

Putting the Pieces Together 10

BOA framework 3
ANAC B

Genius A

Fig. 1.3 A graphical representation of the outline of this thesis. GENIUS (Appendix A) lays the
groundwork for ANAC (Appendix B), and the BOA framework (Chap.3) builds on top of both
of them. In turn, all three support the pillars to component analysis of Bidding (Chaps. 8 and 9),
Opponent modeling (Chaps. 6 and 7), and Accepting (Chaps.4 and 5). We put the pieces together
in Chap. 10, culminating in the validation of the BOA framework (Chap. 11)
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1.6.1 The Fundamentals

We start Chap. 2 by briefly discussing the background and related work in automated
negotiation. We give definitions of the basic terminology used in negotiation literature
and we discuss prime examples of existing automated negotiation architectures and
strategies. We focus specifically on existing bidding strategies, opponent models
and acceptance strategies, and on combining a set of components to explore the
negotiation strategy space.

We conclude the background chapter by describing several methodologies for
evaluating and comparing negotiation strategies and components. Among our dis-
cussed evaluation methods are performance and accuracy measures, agent competi-
tions, and analytical software to assess the outcome of the negotiation. We conclude
with a discussion of several evaluation methodologies of negotiation strategies, with
an emphasis on performance and accuracy measures.

1.6.2 The BOA Architecture

Chapter 3 describes the BOA architecture, in which we can develop and integrate
the different components of a negotiating agent into one negotiating strategy. We
use the BOA architecture to explore the space of possible strategies by studying and
recombining different state of the art strategy components.

The BOA architecture is integrated seamlessly into a generic negotiation envi-
ronment called GENIUS (Appendix A), which is a flexible software environment that
facilitates the design, evaluation and analysis of negotiation strategies. GENIUS pro-
vides full support for a diversity of different negotiation protocols, scenarios, and
agents, which we amend with analytical tools and various existing agents, negotiation
scenarios, and protocols from literature. The implementation of the BOA architec-
ture offers the user the ability to create and combine newly developed components
using a graphical user interface.

To explore the negotiation strategy space of the negotiation research community,
we require a variety of different state of the art negotiating agents, and we need to for-
mulate objective evaluation criteria for them. Appendix B describes the organization
and insights gained from four instances of a yearly international negotiation com-
petition (ANAC) held between 2010 and 2013 in conjunction with the International
Conference on Autonomous Agents and Multiagent Systems (AAMAS). ANAC acts
as an evaluation tool for negotiation strategies, and encourages the design of nego-
tiation strategies and scenarios. Moreover, through ANAC we learn new, improved
approaches to effective agent designs, which are accessible as benchmarks for the
negotiation research community. We organize the competition, but we also partici-
pateinit, through which we foster our ties with the automated negotiation community.
The agents, domains, and scores of ANAC are used in most chapters of this thesis
and are discussed in detail in Appendix C-F.
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