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ABSTRACT

As agent technology matures, it becomes easier to envision electronic marketplaces teem-

ing with autonomous agents. Since agents are explicitly programmed to optimally com-

pete in these marketplaces (within bounds of computational tractability), and markets

themselves are designed with specific objectives in mind, tools are necessary for sys-

tematic analyses of strategic interactions among autonomous agents. While traditional

game-theoretic approaches to the analysis of multi-agent systems can provide much in-

sight, they are often inadequate, as they rely heavily on analytic tractability of the problem

at hand; however, even mildly realistic models of electronic marketplaces contain enough

complexity to render a fully analytic approach hopeless.

To address questions not amenable to traditional theoretical approaches, I develop

methods that allow systematic computational analysis of game-theoretic models in which

the players’ payoff functions are represented using simulations (i.e., simulation-based

games). I develop a globally convergent algorithm for Nash equilibrium approximation

in infinite simulation-based games, which I instantiate in the context of infinite games of

incomplete information. Additionally, I use statistical learning techniques to improve the

quality of Nash equilibrium approximation based on data collected from a game simula-

tor. I also derive probabilistic confidence bounds and present convergence results about

solutions of finite games modeled using simulations. The former allow an analyst to make

statistically-founded statements about results based on game-theoretic simulations, while

the latter provide formal justification for approximating game-theoretic solutions using

simulation experiments. To address the broader mechanism design problem, I introduce

an iterative algorithm for search in the design space, which requires a game solver as

a subroutine. As a result, I enable computational mechanism design using simulation-

based models of games by availing the designer of a set of solution tools geared specifi-

cally towards games modeled using simulations.

xvi



I apply the developed computational techniques to analyze strategic procurement and

answer design questions in a supply-chain simulation, as well as to analyze dynamic

bidding strategies in sponsored search auctions. Indeed, the techniques I develop have

broad potential applicability beyond electronic marketplaces: they are geared towards

any system that features competing strategic players who respond to incentives in a way

that can be reasonably predicted via a game-theoretic analysis.
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CHAPTER 1

Introduction

I focus in this thesis on the problem of mechanism design. Broadly speaking, mech-

anism design is the problem of manipulating a system to achieve some desired end. In

a sense, such a general definition seems almost meaningless: for example, we may now

class an act of screwing in a light bulb under this rubric. The essence of mechanism

design, however, is not in achieving the objective per se, but in the ability to predict

the consequences of design actions on outcomes—and, thus, on the designer’s objective.

When designing and building a physical system (say, a car), predictability is governed

by physical laws, albeit usually too complex to apply with complete precision, but in any

case largely predictable. But a designer of economic systems—the problem which is the

focus of my thesis—must predict the behavior of economic agents, who are, more often

than not, people. No matter how complex physical laws may be that govern physical

systems, they seem a far cry from the complexity of human behavior.

Faced with such an unenviable problem, the Economists gave birth to a new being,

a homo economicus—an economic man. A homo economicus is millennia ahead of a

homo sapiens. He is perfectly rational in all endeavors, completely unemotional, has

perfect hindsight, and has an uncanny ability to instantaneously replicate himself and

thereby parallelize computation. With this new creation, a new world of possibilities

opens up, as economic systems can now be reduced to mathematics. The problem of

predicting the behavior of economic agents becomes, thus, the problem of predicting the

activity of utility-maximizing players.
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The assumption that economic agents are rational has naturally drawn considerable

criticism over the years, both of philosophical and empirical nature. As computational

agent technology matures, however, it becomes easier to envision electronic marketplaces

teeming with autonomous computational agents. The environment thereby produced

would be closer than ever to an idealized Economic system, since computational agents

are explicitly programmed for rationality (within bounds of computational tractability and

problem complexity considerations). Naturally, since agents are designed to (nearly) op-

timally compete in these marketplaces, and markets themselves are designed with some

objectives in mind, tools are necessary for systematic analysis of strategic interactions

among autonomous agents. For example, when autonomous agents (or a mix of agents

and people) compete as a part of a supply chain, we may be interested in determining the

effect of these strategic interactions on the availability and price of inputs and outputs,

individual agent profitability, and overall efficiency. As a result, economic analysis is

becoming increasingly prevalent in Computer Science.

In analyzing economic systems, especially those composed primarily of autonomous

computational agents, the complexities must typically be distilled into a stylized model,

with the hope that the resulting model captures the key components of the system and is

nevertheless amenable to analytics. Increasingly, the boundaries of analytic tractability

are being pushed, particularly as the systems, as well as the participating agents, are be-

ing more precisely engineered, and as the computational barriers that had once rendered

complex mechanisms impractical are now coming down en masse.1 The advantage of the

increasingly precise models of Economic micro-systems, such as complex (e.g., combi-

natorial) auctions, is the ability to model these quite closely in a stylized way. However,

the complexity of most practical mechanism design problems typically renders them an-

alytically intractable, even though they may often be precisely modeled.

The impediments to analytic approaches come in many forms. One common difficulty

is that the design objectives, while often amenable to a relatively precise specification,

are just as often unique to the particular problem at hand. As such, each problem instance

1Consider, for example, combinatorial auctions, which had in the past been shunned because of the
complexity of the winner determination problem, but have now become ubiquitous (in academic literature,
as well as practice) [Cramton et al., 2006].
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is unique, and it may well be difficult (and misleading) to relate it to past theoretical

literature.

Another difficulty that is frequently faced is that standard stylized models of mecha-

nism design problems treat them in complete isolation from their context. Context, how-

ever, is often of critical importance, both to designing a mechanism and to its ultimate

participants. For example, the FCC auction of radio spectrum licenses involves partic-

ipants (bidders) who may be competitors outside of the realm of the auction. As such,

the interests of bidders in specific licenses may be governed not only by their prospective

uses of these, but also by future competitive considerations. This poses a difficulty both

because it suggests that each setting may need to be treated as unique, and because the

models which accurately describe the resulting design setting must become complex and

lose analytic tractability.

A final difficulty I would like to highlight is more technical than conceptual. As it

turns out, much of the theoretical treatment of mechanism design relies on the revelation

principle, which states that the outcome of any conceivable mechanism can be replicated

by a mechanism which is incentive compatible, that is, under which participants have no

reason but to report their preferences to the designer truthfully. An implicit assumption

under this sweeping principle is that there do not exist arbitrary restrictions of the set

of mechanisms which the designer can consider. What this may mean in practice is

that the designer has freedom to propose any mechanism he chooses, without regard

to whatever mechanisms are already in place. At times, complete design overhaul is

feasible and may even be necessary; often, however, the powers that be are far more

receptive to mechanism (or policy) proposals which require relatively minimal change,

perhaps only in the values of several parameters. Such restriction of mechanism design

to parameter tweaking does, however, in general invalidate the revelation principle and

calls for alternative methods.

In my thesis, I address analytically intractable mechanism design problems. To

do this, I develop a set of methods that allow systematic computational analysis of

simulation-based representations of strategic interactions among multiple self-interested

agents. On one level, I am eager to answer questions about outcomes of game-theoretic
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interactions given a particular setting—for example, given a specification of a supply

chain. On another level, I introduce a framework for designing mechanisms that induce

incentives among participating agents that are aligned with a particular specified objec-

tive. My techniques actually have broad potential applicability beyond economic systems

or electronic marketplaces: they are geared towards any system which features compet-

ing strategic entities (businesses, people, autonomous agents) that respond to incentives

in a way that can be reasonably predicted via a game-theoretic analysis.

I begin below by providing a high-level model of the mechanism design problem

which provides structure for most of this work.

1.1 A High-Level Model

I model the mechanism design process as a two-stage, one-shot game in which the

designer first chooses the mechanism, that is, the rules of the strategic setting, and the

players (i.e, those that get to ultimately use the mechanism) are fully aware of the rules

once they are in place. I depict this setup in Figure 1.1. The implication of this model is

Designer

Game
Rules

Participants

Stage 1

Stage 2

Figure 1.1: An informal diagram of the two-stage mechanism design model.

that the mechanism design problem can in principle be solved by backwards induction:
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first, compute predictions of agent behavior for every possible mechanism choice, and

second, select the mechanism that yields the best value of the designer’s objective, given

the predictions of play. In practice it will generally be infeasible to use backwards induc-

tion in the manner I just described for several reasons. First, I will deal with settings in

which the design space is large or infinite. Second, even when the set of possible mech-

anisms is small, evaluating each requires solving a game to obtain predictions of play

(e.g., Nash equilibria), a task well-recognized to be very challenging in general.

The spirit of backwards induction can still be salvaged, however, in the form of an

iterative algorithm which repeatedly generates candidate mechanisms and evaluates each

by solving the induced game (Figure 1.2). After a sequence of such iterative operations,

we can select a mechanism which yields the best evaluation from all that have been tried.

choosing the 
mechanism

mechanism

predicting 
player strategies

predictions

Part I

Part II

Figure 1.2: An iterative approach to mechanism design.

By treating the mechanism design process as an iterative evaluation algorithm, I ef-

fectively break the problem down into two subproblems:

1. solving the game induced by a particular mechanism choice (i.e., predicting out-

comes of strategic interactions between mechanism participants), and

2. approximating or estimating an optimal mechanism when a game solver (i.e., a tool

which yields predictions for any game in a class of interest) is available.
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The subproblems above roughly correspond to the two parts of the backwards induction

process. In this work, I provide a series of methods which address both of these problems.

Specifically, in Part I, I discuss the second problem, whereas Part II provides methods to

tackle the first.

1.2 Contributions

My contributions in this thesis are in the form of methods for simulation-based game-

theoretic analysis and mechanism design, asymptotic convergence results, and empirical

evaluations, as well as applications to particular strategic scenarios and mechanism de-

sign problems of interest.

One of my central contributions is a framework for performing general mechanism

design on constrained (parametrized) design spaces. This framework is rooted in the

two-stage mechanism design model I described above and involves an iterative mech-

anism exploration and evaluation process. I instantiate the framework in the setting of

mechanism design for infinite games of incomplete information and present a heuristic

randomized search algorithm (borrowed from the black-box stochastic optimization do-

main). I also derive some relevant probabilistic confidence bounds and provide a series

of examples that demonstrate the efficacy of the approach.

On the front of approximating solutions to games in which payoff functions of the

players are represented using simulations, my contributions fall into several categories.

First, I offer a theoretical treatment of (small) finite games derived from noisy simula-

tions. In this context, I provide theoretical convergence guarantees, as well as probabilis-

tic confidence bounds for several game-theoretic solution concepts. I also show how to

extend the confidence bounds to infinite games in some limited settings. Additionally,

aside from relatively direct methods for estimating Nash equilibria in small finite games,

I present an alternative method which incorporates information about the noise in the pay-

off estimates. Furthermore, I present algorithms for estimating Nash equilibria in infinite

games, particularly in infinite games of incomplete information. One algorithm I present

is provably convergent (in probability) to a Nash equilibrium (if one exists in the corre-
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sponding restricted strategy space). Other algorithms are not necessarily convergent. I

also provide an extensive empirical analysis of the relative efficacy of the alternative al-

gorithms in this context. My final algorithmic contribution is in using regression learning

techniques for estimating payoff functions or game-theoretic regret functions based on

simulation data. While I provide no theoretical guarantees about learning effectiveness

in this domain, I do demonstrate empirically that the approach can be extremely effec-

tive, and, additionally, provide some empirical guidance in selecting the learning target

depending on the particulars of the problem at hand.

Besides my broad methodological contributions, I explore several problems of mech-

anism design and game-theoretic analysis that are complex enough to lend themselves

only to simulation-based methods. One such problem involves a supply-chain simulation,

in which I provide evidence of a simulation design flaw through a systematic simulation

analysis and suggest that this flaw cannot be fixed by an appropriate parameter setting. In

another setting, that of dynamic bidding in sponsored search auctions,2 I use simulations

to study the relative stability properties (in the game-theoretic sense) of various dynamic

bidding strategies in a restricted class.

1.3 Overview of Thesis

In this thesis, I address the two problems fundamental to the simulation-based mech-

anism design setting that I outlined above. The first of these, the problem of designing

nearly optimal mechanisms under the assumption that we can solve games induced by

them, is addressed in Part I. Chapter 4 describes the general methods for mechanism de-

sign using simulation-based games and applies some of these in the context of a supply-

chain simulation. In Chapter 5 I describe a general framework for mechanism design

on constrained design spaces for infinite games of incomplete information. I then apply

the framework to several applications, one of which is analytically quite complex and

unlikely to be solved optimally. Most of the applications provide ways to analytically

2Sponsored search auctions are the auctions run by the web search engines for placement of advertise-
ments as a sidebar on pages generated by search keywords.

7



verify the solutions that the automated framework provides.

The problem of determining solutions to a game induced by a particular mechanism

choice is the subject of Part II. In Chapter 7 I describe a series of methods for solving and

analyzing finite games specified using simulations. In that chapter, I derive probabilistic

bounds in order to assess how close the solution estimates based on simulation-based

games are to actual solutions. To my knowledge, this is the first analytic derivation of

such bounds for the setting of games with noisy payoffs. Additionally, I describe an

application of the methods to analysis of a supply-chain simulation. Chapter 8 suggests

using statistical learning techniques to improve Nash equilibrium estimates based on data

collected from game simulations. Chapter 9 describes a series of methods for guiding

simulations of infinite games and forming (a) estimates of best responses and (b) esti-

mates of Nash equilibrium solutions. The effectiveness of all the methods is analyzed

empirically in the context of single-item auctions and in a small combinatorial auction.

In Chapter 10 I provide a detailed description of the application of finite-game methods

to analysis of dynamic bidding in sponsored search auctions.

In Chapter 11 I attempt to go beyond Nash and approximate Nash equilibria by intro-

ducing the idea of belief distributions of play. There, I investigate several ways in which

distributions of play can be heuristically formed and provide some probabilistic bounds

for the associated solution concepts.

My final set of contributions is in providing some limited information about conver-

gence, both for simulation-based games and for simulation-based mechanism design. The

former analysis is provided in Chapter 7. The convergence of mechanism design based

on simulations is addressed in Chapter 12, both when predictions of play are formed us-

ing (approximate) Nash equilibria and when they use certain kinds of belief distributions

of play.
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CHAPTER 2

Game-Theoretic Preliminaries

IN WHICH I describe fundamental concepts from game theory and introduce

some notation.

This chapter is devoted entirely to introducing some basic game theoretic concepts

and notation. It is by no means an exhaustive treatment of game theory or, particularly,

of game-theoretic solutions: I focus exclusively on common solution concepts that are of

most direct relevance to the current work. For an in-depth treatment of game theory, I

refer an interested reader to any one of the plethora of texts, for example, the well-known

books by Fudenberg and Tirole [1991] and Osborne and Rubinstein [1994].

2.1 Games in Normal Form

2.1.1 Notation

A generic normal-form (strategic form) game is formally expressed as

[I, {Ri}, {ui(r)}],

where I refers to the set of players and m = |I| is the number of players. Ri is the set

of strategies available to player i ∈ I . Commonly, a distinction between pure strategies

and mixed strategies is made, where pure strategies are some underlying deterministic
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choices by the players, while mixed strategies are probability distributions over the pure

strategy space. Often, pure strategies are also called actions, and I will at times denote

these sets of actions by Ai to indicate explicitly that atomic one-shot choices are meant.

Much of this work is at the level of abstraction at which the distinction between pure

and mixed strategies is not of much fundamental importance. More important is that

the strategies can be restricted in arbitrary ways—for example, to pure strategies. Ri is

thus used to denote any set of agent strategies, with or without particular restrictions.

Whenever relevant, the specifics of this strategy set will either be clarified or will be clear

from context. I denote the set of joint strategies of all players by R = R1 × · · · ×Rm.

The utility function, ui(r) : R→ R defines the payoff of player iwhen players jointly

play r = (r1, . . . , rm), where each player’s strategy ri is selected from his strategy set,

Ri. If the utility function is specified over pure strategies, it can be extended to mixed

strategies by taking the expectation with respect to the corresponding distributions (and

assuming a von Neumann-Morgenstern utility). That is, if r denotes a mixed strategy

profile, ui(r) is:

ui(r) =

∫
A

ui(a)dr1(a1) · · · drm(am).

When the set of pure strategies is finite, I let ri(ai) denote the probability of playing ai

under ri, with ui(r) defined by

ui(r) =
∑
a∈A

[r1(a1) · · · rm(am)]ui(a).

It is often convenient to refer to the strategy of player i separately from that of the

remaining players. To accommodate this, I use r−i to denote the joint strategy of all

players other than i.

Note that the normal form is a completely general representation of games, even

though it appears to be defined in a one-shot fashion.1 Specifically, if the game is ac-

tually dynamic and contains uncertainty, we can convert it to normal form by defining

strategies to be functions of histories (including the history of nature’s moves to incorpo-

1However, we may lose representational structure and, as a result, some important solution concepts
defined on alternative game representations will no longer be captured in normal form.
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rate uncertainty).

In this study I devote much attention to games that exhibit symmetry with respect to

payoffs.

Definition 2.1 A game [I, {Ri}, {ui(r)}] is symmetric if ∀i, j ∈ I,

• Ri = Rj , and

• ui(ri, r−i) = uj(rj, r−j) whenever ri = rj and r−i = r−j .

Symmetric games have relatively compact descriptions and may present associated com-

putational advantages [Cheng et al., 2004]. Given a symmetric game, we may focus on

the subclass of symmetric equilibria, which are arguably most natural [Kreps, 1990], and

avoid the need to coordinate on roles.2 In fairly general settings, symmetric games do

possess symmetric equilibria [Nash, 1951; Cheng et al., 2004].

2.1.2 Basic Normal-Form Solution Concepts

In one-shot normal-form games, players make decisions about their strategies simul-

taneously and accrue payoffs, upon which the game ends. Faced with a one-shot game, an

agent would ideally play its best strategy given those played by the other agents. A con-

figuration where all agents play strategies that are best responses to the others constitutes

a Nash equilibrium.

Definition 2.2 A strategy profile r = (r1, . . . , rm) constitutes a Nash equilibrium of

game [I, {Ri}, {ui(r)}] if for every i ∈ I , r′i ∈ Ri,

ui(ri, r−i) ≥ ui(r
′
i, r−i).

While as a notion of stable strategic outcomes Nash equilibrium is quite compelling,

it has been criticized on a number of grounds. One of the criticisms is that it requires

a high level of rationality from players: each player must be able to actually compute a

2Contention may arise when there are disparities among payoffs in asymmetric equilibrium. Even for
symmetric equilibria, coordination issues may still be present with respect to equilibrium selection.
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best response. A weaker solution concept, one used also to approximate Nash equilibria,

is an ε-Nash equilibrium.

Definition 2.3 A strategy profile r = (r1, . . . , rm) constitutes an ε-Nash equilibrium of

game [I, {Ri}, {ui(r)}] if for every i ∈ I , r′i ∈ Ri,

ui(ri, r−i) + ε ≥ ui(r
′
i, r−i).

Observe that ε-Nash equilibrium generalizes Nash equilibrium: a Nash equilibrium

is just an ε-Nash equilibrium with ε = 0. Notationally, it is helpful to relate these con-

cepts using game theoretic regret, which can be then used also as a measure of strategic

stability. Thus, I define the regret of a profile r to be:

ε(r) = max
i∈I

max
r′i∈Ri

[ui(r
′
i, r−i)− ui(r)].

In words, the regret of a profile is the most any player can gain by unilaterally deviating.

Another commonly used concept is dominant strategies and the dominant strategy

equilibrium solution concept that arises as a result. It turns out that the definition of dom-

inant strategies in game theory and mechanism design is slightly different. I first present

the game-theoretic definitions of weakly dominant and strictly dominant strategies, and

then provide the definition used in mechanism design.

Definition 2.4 A strategy ri ∈ Ri is called strictly dominant if for every r−i ∈ R−i,

ui(ri, r−i) > ui(r
′
i, r−i) ∀ r′i ∈ Ri, r

′
i 6= ri.

A strategy ri ∈ Ri is called weakly dominant if for every r−i ∈ R−i

ui(ri, r−i) ≥ ui(r
′
i, r−i) ∀ r′i ∈ Ri

and there is r∗−i ∈ R−i such that

ui(ri, r
∗
−i) > ui(r

′
i, r
∗
−i) ∀ r′i ∈ Ri, r

′
i 6= ri.
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Note that weakly dominant strategies as defined above are actually strictly better than any

alternative for at least one joint strategic choice by other players. This may be somewhat

counterintuitive given the term “weak”, as one would perhaps expect it to imply that such

strategies need never be strictly better than any such profile. The latter idea is behind

the term dominant as it is commonly used in the mechanism design literature and also

referred to as very weakly dominant.

Definition 2.5 A strategy ri ∈ Ri is called very weakly dominant (or simply dominant

in the mechanism design context) if for every r−i ∈ R−i

ui(ri, r−i) ≥ ui(r
′
i, r−i) ∀ r′i ∈ Ri.

Since this work has mechanism design as its primary focus, I will henceforth use the term

dominant strategy in the last sense defined.

Given the notion of dominant strategies, the corresponding equilibrium is composed

of dominant strategies used by all players.

Definition 2.6 A profile r ∈ R is a dominant strategy equilibrium if every player i plays

a dominant strategy, that is, for every i ∈ I and for every r−i ∈ R−i

ui(ri, r−i) ≥ ui(r
′
i, r−i) ∀ r′i ∈ Ri.

Note that a dominant strategy equilibrium is trivially a Nash equilibrium. While theo-

retically a very appealing solution concept, its main flaw is that unlike Nash equilibria,

dominant strategy equilibria rarely exist in games.

2.2 Games of Incomplete Information and Auctions

I denote one-shot games of incomplete information (alternatively, Bayesian games)

by [I, {Ai}, {Ti}, F (·), {ui(r, t)}]. Ai is the set of actions available to player i ∈ I , and

A = A1,×, Am is the joint action space. Ti is the set of types (private information) of

player i, with T = T1 × · · · × Tm representing the joint type space. A one-shot game of
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incomplete information is said to be infinite if either A or T are infinite. Since I presume

that a player knows his type prior to taking an action, but does not know types of others, I

allow him to condition his action on his own type. Thus, I define a strategy of a player i to

be a function si : Ti → R, and use s(t) to denote the vector (s1(t1), . . . , sm(tm)). Let Si

be the set of all strategies si and define S = S1×· · ·×Sm. F (·) is the distribution over the

joint type space. I denote the payoff (utility) function of each player i by ui : A×T → R,

where ui(ai, a−i, ti, t−i) indicates the payoff to player i with type ti for playing action

ai ∈ Ai when the remaining players with joint types t−i play a−i. Given a strategy profile

s ∈ S, the expected payoff of player i is ũi(s) = Et[ui(s(t), t)].

Note that the one-shot game of incomplete information can be represented in normal

form by [I, {Si}, {ũi(·)}], and the corresponding solution concepts then apply directly.3

Particularly, the Nash equilibrium of the resulting normal form game is well-defined and

is commonly referred to as the Bayes-Nash equilibrium of the underlying game of incom-

plete information. Similarly, we can define ε(s) with respect to strategy profiles s ∈ S

based on the deviations of each player within Si.

A practically important class of one-shot games is auctions. In the case of one-shot

auctions, the bidder actions are their bids bi. The set of all actions is the set of all possible

bids. For example, in single-item auctions, the set of all bids is just R if we allow for

players to bid negative amounts (negative bids may imply agreements to be paid to obtain

the item, which may be the case if the item is undesirable). The remaining aspects of the

game are defined by the auction rules, which determine how the item is allocated (i.e.,

how the winner of the auction is determined), as well as payment (e.g., how much the

winner has to pay for the item he won), and the joint distribution of player types.

3This definition can be further generalized to allow for mixed strategies, that is, probability distributions
over strategies in S. However, I focus primarily on approximating pure strategy equilibria below, and,
indeed, in much of my discussion the distinction is blurred.
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2.3 Games in Extensive Form

2.3.1 A Formal Description

In this section I present the extensive form, which is a common model of dynamic

games, that is, games in which players take actions over time. For example, a game

in which one player moves in period one, while a second player moves in period two,

after observing the action of the first, can be naturally represented in extensive form.

Indeed, as I mentioned above, it is possible to represent such games in normal form

also: the actions of all players would be policies, that is, actions conditional on observed

history. In the example I just presented, the set of actions of the first player are identical

in the normal and extensive form representation, since he has observed nothing prior to

making his move. The second player, however, has observed the action of the first—let

us call it a1. His strategy, s2, may then be different depending on which specific action

a1 he has observed. Thus, s2(a1) will be a function of the first player’s action. More

generally, the extensive form provides a natural representation of the games which have

such dynamic character by explicitly capturing the dynamic structure of the game, that

is, by representing explicitly the order in which moves are made and what information is

available at every point in the game to the decision-makers.

In this work, whenever I deal with extensive form games, I restrict attention to those

that possess perfect information, that is, in which all actions made by players in any

particular round are revealed in the round that follows. Formally, an extensive form game

of perfect information is defined as a tuple

[I,H, P (·), {ui(·)}],

where

1. I is a set of players

2. H a set of histories (of play) such that

(a) The empty history ∅ is in H
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(b) If (ak)K
k=1 ∈ H and L < K, then (ak)L

k=1 ∈ H (if a sequence of actions is

viable, it must be that its subsequence is also viable)

(c) If any infinite sequence (ak) satisfies (ak)L
k=1 ∈ H for every L > 0, then

(ak) ∈ H

3. P a function that assigns to each non-terminal history a subset of players.4 For-

mally, suppose that Z is a terminal history (that is, no action can follow z ∈ Z).

Then ∀h ∈ H \ Z, P (h) ⊂ I

4. ui(·) is a payoff function for each player defined over the terminal nodes z ∈ Z

The tuple [I,H, P (·)] is called the game form, since it specifies all the aspects of the

game but the payoffs. For any non-terminal history h, a set of joint actions available to

all players in P (h) is denoted A(h) (or A(h) = ×i∈P (h)Ai(h)). A (pure) strategy of a

player i in the extensive form game is a function which assigns a (legal) action to every

non-terminal history, that is si(h) ⊂ Ai(h), h ∈ H \ Z (if j /∈ P (h), Aj(h) = ∅). A

mixed strategy is a probability distribution over pure strategies.

A Nash equilibrium of the extensive form game is a profile of strategies s in which

each player’s strategy si(h) is a best response to the profile s−i(h). While a very strong

concept already, it suffers from certain theoretical flaws when the extensive form struc-

ture of the game is known. Specifically, there may be Nash equilibria which involve

non-credible threats by some players. Informally, a non-credible threat by a player is a

commitment to some decision at a future time which will not be optimal for the player

once that decision point is actually reached.

To describe the flaw and propose a solution more formally, I start with defining a

subgame of the extensive form game, which intuitively is a game which begins after

a sequence of actions has already taken place. Let the notation (a, b) ∈ H denote a

sequence of actions a followed by a sequence of actions b.

4Technically, this is not quite a game of perfect information as it is typically defined, since I am allowing
subsets of players to act concurrently and, thus, some of the players will not be able to observe the actions
of others. However, all the actions become observable in the very next stage of the game. The reason for
allowing sets of players rather than single players to play in some histories h is that it lends itself more
naturally to repeated games without having to introduce an entire host of additional notation which would
pertain to general games with imperfect information.
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Definition 2.7 A subgame of the extensive form game [I,H, P (·), {ui(·)}] that follows

the history h ∈ H is defined by

ΓE(h) = [I,H|h, P |h, {ui(·)}],

where H|h is the set of sequences h′ for which we have (h, h′) ∈ H and P |h is defined by

P |h(h′) = P (h, h′).

Given a subgame ΓE(h), a strategy si(h
′) will naturally induce a strategy on a subgame,

si(h
′)|h. Now, the formal issue with the concept of Nash equilibrium as defined above

is that even while it may be that a strategy profile s constitutes a Nash equilibrium of

the extensive form game, the profile it induces in some subgame h may not itself be a

Nash equilibrium in that subgame. The solution to this is to define a subgame perfect

equilibrium, which guarantees that every subgame (and, consequently, the entire game)

is in a Nash equilibrium under the strategy profile s.

Definition 2.8 A subgame perfect equilibrium of a game [I,H, P (·), {ui(·)}] is a strat-

egy profile s such that for every player i ∈ I and for every history h ∈ H \ Z for which

i ∈ P (h), s|h is a Nash equilibrium of ΓE(h).

While the Nash equilibrium is, perhaps, the most common solution concept for normal-

form games, a subgame perfect equilibrium is most useful in extensive form games with

perfect information.

2.3.2 Infinitely Repeated Games with Complete and Perfect Infor-

mation

The infinitely repeated game model divides time into an infinite number of discrete

stages and presumes that at each stage players interact strategically in a one-shot fashion

(that is, no one agent can observe actions of others until the next stage). Naturally, all

players care not just about the payoffs they receive in one stage, but all the payoffs in

the subsequent stages of the dynamic interaction. We assume that their total utility from

playing the repeated game is a discounted sum of stage game utilities.
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Formally, a repeated game can be described by the tuple [I, {Ri}, ui(r), γi], where

I, Ri and ui(r) are as before, and γi is the amount by which each player discounts utility

at each stage. That is, if we let h = {r1, r2, . . . , ri, . . .}, rj ∈ R be an infinite sequence of

choices (a terminal history) by players indexed by the chronological sequence of stages,

then

Ui(h) =
∞∑

t=1

γt−1
i ui(rt).

A non-terminal history in this model would be some finite sequence of joint player

choices, hk = {r1, r2, . . . , rk}, with k indicating the number of stages played.

Define a stage-k subgame of a repeated game as a restricted repeated game which

begins at stage k rather than at stage 1. It would be characterized by the definition of

ΓE(hk) above. The solution concept that I will use for infinitely repeated games is the

subgame perfect Nash equilibrium, which obtains when the players have no incentive

to deviate from their sequence of strategic choices in any stage k given the history of

equilibrium play until that stage, hk.
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Part I

Will the Optimal Mechanism Please

Stand Up?

CHAPTER 3

Mechanism Design: Classical and Computational

Approaches

IN WHICH I discuss mechanism design concepts and literature.

In this chapter I describe classical social choice theory and mechanism design, and

then present some more recent computational mechanism design approaches.

3.1 Social Choice Theory

Social choice theory concerns itself with two closely related questions: how indi-

vidual preferences can be aggregated to form a coherent social preference relation, and

how individual preferences can be translated into social choices. A canonical example

of preference aggregation is voting. For example, suppose that we have two presidential
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candidates. A straightforward preference aggregation technique would have all voters

submit their votes for the candidate they prefer, and the majority of votes determines the

president. As we will see below, this majority voting scheme “works” in general when

there are two candidates, but cannot be effectively implemented (I will be precise about

what this means below) when the number of candidates is above two.

Suppose that I is the set of agents (with m = |I|) and O the set of outcomes. Each

agent i ∈ I is assumed to have a rational preference relation, �i over O. Define R

to be the set of all possible preferences over O.1 I denote a profile (that is, an ordered

collection) of all agent preferences by � and let �−i denote the profile of preferences of

all agents other than i. Let A ⊂ Rm be some restriction on the set of possible preference

profiles the agents may have and define the social welfare functional (SWF), that is, the

function which aggregates individual preferences into a social preference over O, to be

F : A → R. Let Fp indicate that F yields a strict social preference.

I now define some desirable properties of a SWF. The first of these is that whenever

all agents strictly prefer o to o′, so should F .

Definition 3.1 F is Paretian if ∀o, o′ ∈ O, �∈ A,

o �i o
′∀i =⇒ oFp(�)o′.

The second of these is the property that the social preference should not depend on irrel-

evant outcomes.

Definition 3.2 F satisfies independence of irrelevant outcomes (IIO) if ∀o, o′ ∈ O and

∀ �,�′∈ A such that whenever

o �i o
′ ⇐⇒ o �′i o′ and o′ �i o⇐⇒ o′ �′i o

we have oF (�)o′ ⇐⇒ oF (�′)o′ and o′F (�)o⇐⇒ o′F (�′)o.

The next definition is actually a highly undesirable property of social welfare functionals:

1To simplify the discussion, I assume that all preferences with respect to distinct outcomes in O are
strict.
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it affirms that social preferences are consistently in line with preferences of one of the

agents.

Definition 3.3 F is dictatorial if ∃h ∈ I such that ∀o, o′ ∈ O and ∀ �∈ A, o �h o
′ =⇒

oFp(�)o′.

One of the most famous results in social choice theory is Arrow’s Impossibility The-

orem, which asserts that there are fundamental limitations in constructing Paretian and

IIO social welfare functionals for all possible preferences over three or more outcomes.

Theorem 3.4 (Arrow’s Impossibility Theorem) Let |O| > 2 andA = Rm. Then every

SWF that is Paretian and IIA is dictatorial.

This result in effect suggests that as long as we consider the Paretian and IIA conditions

important, then we must either restrict the class of preferences that the SWF can support,

or loosen the notion of rationality in F .2 It is some consolation that the impossibility only

obtains when there are at least three outcomes in O. With two outcomes, preferences can

be aggregated effectively by weighted majority voting schemes.

If we suppose that a social preference F overO is defined, it is clear how social choice

may then be made: a policy-maker should select the most preferred outcome with respect

to F . The question that may arise, however, is whether we can short circuit the process

entirely if we need only to make an effective social choice for every preference profile.

This, indeed, is the second question of social choice theory. To begin, let me define the

social choice function (SCF) to be f : A → O. In words, SCF selects an outcome for

every preference profile in the restricted preference space A. As above, I now present

several desirable properties of social choice functions. The first is that it choose a Pareto

optimal outcome for every preference profile.

Definition 3.5 f is weakly Paretian if ∃o, o′ ∈ O such that o �i o
′∀i =⇒ f(�) 6= o′.

The next desirable property is a form of monotonicity of f : we want to ensure that an

outcome o cannot drop from being chosen by f unless it becomes undesirable by at least

one agent.
2For example, one widely considered restriction (at this level of abstraction, in any case) has been to

single-peaked preferences. For a more detailed discussion, see Mas-Colell et al. [1995].
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Definition 3.6 f is monotonic if ∀ �,�′∈ A, if f(�) = o and o �i o
′ =⇒ o �′i o′, then

f(�′) = o.

The final definition describes the undesirable dictatorial property similarly to the above.

Definition 3.7 f is dictatorial if ∃h ∈ I such that ∀ �∈ A, f(�) ∈ {o ∈ O|o �h o
′∀o′ ∈

O}.

That is, there is a dictator agent h such that f never makes a choice which is suboptimal

for h. The next theorem presents the impossibility result regarding weakly Paretian and

monotonic social choice functions akin to Arrow’s Impossibility Theorem.

Theorem 3.8 Let |X| > 2 and A = Rm. Then every weakly Paretian and monotonic

SCF is dictatorial.

This theorem is a corollary of Arrow’s Impossibility Theorem. It affirms that we cannot

sidestep the basic impossibility of aggregating preferences in a “reasonable” way, even if

we ultimately only care about the choices.

While social choice theory does not address the question of incentives, it provides a

bound on how much can be achieved in mechanism design: naturally, if the impossibili-

ties obtain when the designer can determine agent preferences, they certainly will when

he must elicit these. To formalize the connection, I first define what it means for agents

to have an incentive to misrepresent their preferences.

Definition 3.9 f satisfies no-incentive-to-misrepresent (NIM) if ∀h ∈ I, �h∈ R, �∈

Rm,

f(�h,�−h) �h f(�′h,�−h).

The following theorem states that it is essentially impossible to simultaneously ensure

NIM and Pareto optimality.

Theorem 3.10 Let |X| > 2, A = Rm. Then, any f which is weakly Paretian and

satisfies NIM is dictatorial.

Notice that the NIM condition may be somewhat reminiscent of the notion of dominant

strategy equilibrium. This is no coincidence: in the next section I will build towards a

similar impossibility result, known as the Gibbard-Satterthwaite theorem.
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3.2 Mechanism Design Under Incomplete Information

3.2.1 Setup

Until now the discussion has been in terms of abstract preferences over the set of

outcomes O. The mechanism design theory, however, generally focuses on settings in

which agent utility functions are available. Thus, besides, the preferences �i for all

players i ∈ I , the players are also characterized by utility functions ui(·). In the case of

incomplete information, the player utility functions are private information. Formally, let

Ti be the set of possible types of player i and T be the set of type profiles of all players.

The utility function for i is ui : O × Ti → R; thus, ui(o, ti) assigns a real numbered

utility value designating player i’s utility for outcome o ∈ O when i’s type is ti ∈ Ti.

Furthermore, let Fi(ti) be the (commonly known) distribution of i’s types. Finally, let

A be the set of all preference profiles generated by T . In this setting, the social choice

function is redefined to be f : T → O, assigning an outcome for every profile of player

types. One desirable property of a SCF is that it is ex post efficient, defined as follows.

Definition 3.11 f is ex post efficient (EPE) if ∀t ∈ T, o ∈ O, either

∀i ∈ I, ui(f(t), ti) ≥ ui(o, ti)

or

∃i ∈ Is.t.ui(f(t), ti) > ui(o, ti).

That is, for any type profile t ∈ T , f selects a Pareto optimal outcome with respect to the

player utilities.

In formalizing the problem of mechanism design and implementation, one needs to

define precisely what is meant by a mechanism.

Definition 3.12 A mechanism [R = {R1, . . . , Rm},M ] is a collection of strategy sets Ri

and an outcome function M : R→ O.
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Observe that a fixed mechanism defines a game of incomplete information between play-

ers in I . To see this, let ũi(r, ti) = ui(M(r), ti) and define the Bayesian game to be

Γ[R,M ] = [I, R, {Ti}, {Fi(·)}, {ũi(·)}].

A special important class of mechanisms, direct mechanisms, limits the players to strate-

gies which are in effect declarations of their types.

Definition 3.13 A direct mechanism has Ri = Ti for all agents i ∈ I .

Much of classical mechanism design has as its focus the goal of achieving desirable

social choice functions as an equilibrium of the induced Bayesian game. Most commonly,

two equilibrium solution concepts are considered: dominant strategy equilibrium and

Bayes-Nash equilibrium. I first address the results, both positive and negative, when

implementation in dominant strategies is desired, and later when Bayes-Nash equilibrium

implementation would suffice.

3.2.2 Implementation in Dominant Strategies

To begin, recall the definition of a dominant strategy equilibrium from Chapter 2,

slightly modified to fit the notation of this section and specific to one-shot games of

incomplete information:

Definition 3.14 A profile s(t) ∈ S is a dominant strategy equilibrium if every player i

plays a dominant strategy, that is, for every i ∈ I, ti ∈ Ti and for every a−i ∈ A−i

ui(M(si(ti), a−i), ti) ≥ ui(M(a′i, a−i), ti) ∀ a′i ∈ Ai,

where S = S1 × · · · × Sm, with Si the set of all functions s : Ti → Ai.

The notion of implementation in dominant strategies then requires that the mechanism

achieves a social choice function in some dominant strategy equilibrium.3

3But not necessarily in all dominant strategy equilibria. The notion of implementation that I focus on
here is weak implementation. Under strong implementation, which I discuss below, all equilibria have to
implement the desired social choice function.
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Definition 3.15 The mechanism [A,M ] implements f in dominant strategies if there ex-

ists a dominant strategy equilibrium s∗(t) = {s1(t1), . . . , sm(tm)} such that M(s∗(t)) =

f(t) for all t ∈ T .

While at the level of abstraction that I have taken thus far, the mechanism design

problem seems generally quite difficult, a well-known “trick” substantially simplifies it.

This “trick”, known as the revelation principle, suggests that the designer need only con-

sider the space of direct mechanisms which are dominant strategy incentive compatible

or strategyproof, that is, in which the agents reveal their types truthfully.

Definition 3.16 A mechanism [T,M ] is dominant strategy incentive compatible (DSIC)

or strategyproof if s(t) = t is a dominant strategy equilibrium.

Theorem 3.17 (The Revelation Principle in Dominant Strategies) Suppose that there

exists a mechanism [A,M ] which implements f in dominant strategies. Then f can be

implemented by a direct strategyproof mechanism.

Proof. Let [A,M ] implement f in dominant strategies and let s∗(t) be the corresponding

dominant strategy equilibrium. This means that M(s∗(t)) = f(t) and, consequently,

for all players i ∈ I , ui(M(s∗(t)), ti) = ui(f(t), ti). The mechanism [T, f ], thus, also

implements f in dominant strategies. �

The proof of this theorem seems trivial, and, in a sense, it is. The depth of the re-

sult stems from the fact that f may have any desirable properties, and as long as these

properties are attainable at all, they can be replicated by a direct truthful mechanism—the

designer simply reproduces the outcomes which the players would have chosen by their

strategic responses.

The revelation principle has become an almost universal theoretical tool for mecha-

nism design. It can be used to derive positive results, since any mechanism [T,M ] which

is strategyproof and implements f cannot be improved upon by considering a more gen-

eral problem. The converse is that if f cannot be implemented by a strategyproof mech-

anism, it cannot be implemented by any mechanism.
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The first result, one of the most famous general results in classical mechanism de-

sign, is a strong negative statement about the frontier of possibilities in dominant strategy

implementation. It is known as the Gibbard-Satterthwaite Theorem.

Theorem 3.18 (Gibbard-Satterthwaite Theorem) Suppose that |O| > 2 and finite,

suppose that A = Rm, and let f(T ) = O. Then f is implementable in dominant strate-

gies if and only if it is dictatorial.

This result has the flavor of several impossibility theorems above, and it is indeed, a con-

sequence of these. It implies that in order to have any useful positive results in dominant

strategy implementation, we must of necessity restrict the set of preferences that agents

may have. The most famous such restriction is to assume that utility functions of all

agents are quasilinear in the numeraire commodity (money). This restriction gives rise

to a family of Vickrey-Clarke-Groves or VCG mechanisms, which I describe in the next

section.

Vickrey-Clarke-Groves Mechanisms

Vickrey-Clarke-Groves or VCG mechanisms are, perhaps, the most famous class of

mechanisms for both practical and theoretical reasons. Theoretically, this is a principled

restriction on the set of agent preferences that yields powerful positive results. Practically,

the restriction on agent utilities applies in the common models of two important domains:

the design of auctions and the decision to fund a public project.

The idea behind VCG is remarkably ingenious in its simplicity: pay each player the

amount of his effect on social utility; in doing so, you align the incentives of all players

with social welfare. Formally, let O denote the finite set of non-payment outcomes. For

example, this could be the set of possible allocations of the goods or the set of project

choices. Let pi denote the transfer (payment) to player i. The utility of player i is then

ui((o, pi), ti) = vi(o, ti) + pi,

where (o, pi) is what used to be entirely abstracted into the notion of “outcome”, and

vi(o, ti) is the player’s utility with respect to non-monetary outcomes. I refer to vi(o, ti)
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as player i’s value function. Since the utility function is quasilinear in payment pi, it

clearly is a strong restriction on the class of preferences, and, consequently, the Gibbard-

Satterthwaite impossibility result need not apply here. The power of this restriction comes

from the ability to affect each player’s utility by imposing transfers which may depend

on their reported types.

In the domain of quasilinear preferences, the social choice function f takes the form

f(t) = (o(t), p(t)), with p(t) = {p1(t), . . . , pm(t)}. Ex post efficiency with respect to

the choice o(t), in turn, can be redefined as follows.

Definition 3.19 The outcome choice function (o∗) is ex post efficient if for every t ∈ T

o∗(t) ∈ arg max
o

∑
i∈I

vi(o, ti).

In words, an ex post efficient o(t) maximizes the sum of the players’ values for all profiles

of types. I now define the general VCG mechanism.

Definition 3.20 The VCG mechanism is defined by the outcome function o∗(t) in Defini-

tion 3.19 and the following payment rule:

pi(t) =
∑
j 6=i

vj(o
∗(t), tj) + hi(t−i).

The following theorem is a central positive result in classical mechanism design.

Theorem 3.21 VCG implements an ex post efficient outcome function and is DSIC.

Proof. The fact that it implements an EPE social choice function is clear from the defini-

tion of VCG, so it is only left to show that the implementation is, indeed, strategyproof.

To see this, consider the utility function of player i when he reports t′i as his type:

ui(o
∗(t′i, t−i), p

∗
i (t
′
i, t−i), ti) = vi(o

∗(t′i, t−i), ti) +
∑
j 6=i

vj(o
∗(t′i, t−i), tj) + hi(t−i) =

=
∑
j∈I

vj(o
∗(t′i, t−i), tj) + hi(t−i).
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Let t−i be any report by agents other than i. First, note that hi(t−i) does not depend on

the agent’s report t′i. Furthermore, the social utility
∑

j∈I vj(o
∗(t′i, t−i), tj) is maximized

by definition with respect to the profile of types (ti, t−i) when i reports his type truthfully.

As such, the agent’s utility is exactly aligned with social utility and he should report ti no

matter what the reports by other agents are. �

Perhaps the best-known VCG payment scheme, introduced by Clarke [1971], is

pi(t) =
∑
j 6=i

[
vj(o

∗(t), tj)− vj(o
∗
−j(t−j), tj)

]
,

which amounts to the effect that agent i has on social welfare. This is known also as

a pivotal mechanism, because the payment of agent i is non-zero only if the agent is

pivotal, that is, if his presence has an effect on the choice of outcome o∗(t).

While the results in the quasilinear domain seem very positive thus far, note that full

efficiency of f would require also that no money would go to waste. Formally, f would

need to satisfy the following budget balance condition:

∑
i∈I

pi(t) = 0 ∀t ∈ T.

When this requirement is added, the situation becomes somewhat bleak, as the following

impossibility theorem, due to Green and Laffont [1979], suggests.

Theorem 3.22 Let F be the set of all possible value functions, that is, F = {v : O →

R}. Suppose that for each agent i, {vi(o, ti)|ti ∈ Ti} = F .4 Then there is no strate-

gyproof social choice function f = (o(t), p(t)) such that o(t) is ex post efficient and p(t)

is budget balanced.

3.2.3 Implementation in Bayes-Nash Equilibrium

The notion of dominant strategy implementation is rife with negative results in large

part due to the fact that dominant strategies are not easy to come by. Most games that are

4In words, the set of all possible value functions is generated by value functions over the type space Ti.
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studied, for example, do not have dominant strategy equilibria. On the other hand, Nash

equilibria are guaranteed to exist in every finite game, as well as in most of the interesting

classes of infinite games. Presumably, then, we can hope for more positive results if we

consider achieving social choice functions in a Bayes-Nash equilibrium.

As before, I begin by adapting the definition of a Bayes-Nash equilibrium to the

current notation.

Definition 3.23 A profile s(t) ∈ S is a Bayes-Nash equilibrium if for every i ∈ I ,

Etui(M(si(ti), s−i(t−i)), ti) ≥ Etui(M(a′i, s−i(t−i)), ti) ∀ a′i ∈ Ai, a.e. ti ∈ Ti,

where S = S1 × · · · × Sm, with Si the set of all functions s : Ti → Ai.

Just as in the case of dominant strategy implementation, we can appeal to the revela-

tion principle (this time, the Bayes-Nash equilibrium form of it) to substantially simplify

the design problem. In this case, the principle states that if there is some arbitrary mech-

anism [R,M ] which implements the social choice function in a Bayes-Nash equilibrium,

then it can also be implemented by a direct mechanism in which revealing the true type

is a Bayes-Nash equilibrium. The latter property is known as Bayes-Nash incentive com-

patibility.

Definition 3.24 A mechanism [T,M ] is Bayes-Nash incentive compatible (BNIC) if the

strategy profile s(t) = t is a Bayes-Nash equilibrium.

As I mentioned, since BNIC is a substantially weaker restriction than DSIC, it should

be easier to implement social choice functions given this solution concept. This is, in-

deed, the case, as manifested by the expected externality mechanism in the setting with

quasilinear preferences [d’Aspremont and Gérard-Varet, 1979].

Definition 3.25 The expected externality mechanism is defined by o∗(t) given by Defini-

tion 3.19 and the following payment rule p(t):

pi(t) =
∑
j 6=i

[
Et−i

vj(o
∗(ti, t−i), tj)−

1

m− 1
Et−j

[∑
k 6=j

vk(o
∗(tj, t−j), tk)

]]
.
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Theorem 3.26 Suppose that the types ti are independently distributed for all i. Then the

expected externality mechanism yields an ex post efficient o∗(t) and is budget balanced.

3.2.4 Participation Constraints

A now standard constraint in mechanism design problems has become to ensure that

the players have an incentive to participate in the resulting mechanism. This requirement

is quite natural: it is unlikely, for example, that any auction mechanism in which players

lose money on average would ever be adopted. If a government levies too high a tax on

its citizens, the first response may be to emigrate, while the next response would likely

be a revolt. The typical requirement has in mind that the players will only participate

in the mechanism if their utility from it is no less than that from the next best option.

The strongest such constraint, most commonly used when the designer is interested in

dominant strategy implementation, is ex post individual rationality.

Definition 3.27 The mechanism [R,M ] is ex post individually rational (EPIR) if for all

players i ∈ I and all type profiles t ∈ T ,

ui(M(t), ti) ≥ ci(ti),

where ci(ti) is the opportunity cost of player i with type ti.

A weaker form of the participation constraint, used generally in Bayes-Nash imple-

mentation problems, is ex interim individual rationality.

Definition 3.28 The mechanism [R,M ] is ex interim individually rational (EIIR) if for

all players i ∈ I and all types ti ∈ Ti,

Et−i
[ui(M(t), ti)] ≥ ci(ti),

where ci(ti) is the opportunity cost of player i with type ti.

As the next section demonstrates, the participation constraints darken the heretofore rosy

picture of Bayes-Nash implementation possibilities.
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3.2.5 Bilateral Trade

Suppose there are two players, s (seller) and b (buyer). The seller, naturally, has some

good for sale and values this good at ts, whereas the buyer has value tb for the same

good. We would like the following to take place: if ts < tb, the buyer should purchase

the good from the seller, paying a price pb to the seller. Otherwise, no exchange should

take place. Let’s assume that the preferences are quasilinear in price and O is the set of

all possible allocations of the good (that is, whether the buyer or the seller get the good).

This procedure defines an ex post efficient social choice function, since the good always

goes to the one with higher value, and it is clearly budget balanced. Now, suppose that

participation is not required, that is, the mechanism must be EIIR for both the buyer and

the seller. The question is, can an efficient social choice function be implemented as a

Bayes-Nash equilibrium? The answer depends on the distribution of buyer and seller

types.

Suppose that ts ∈ [ts, ts] and tb ∈ [tb, tb] and consider the case when ts < tb, that is,

the buyer of necessity values the good more than the seller. The following mechanism

is trivially BNIC, EIIR, and is ex post efficient: give the good to the buyer, who pays

pb = 1
2
(ts − tb) to the seller. Indeed, any price between the highest seller and lowest

buyer valuations would suffice. If the case is reversed and the seller always values the

good more than the buyer, no exchange should ever occur. The most interesting case is

when [ts, ts]∩[tb, tb] 6= ∅. In this case, it turns out, it is impossible to implement an ex post

efficient f as a Bayes-Nash equilibrium and at the same time satisfy the EIIR constraint.

Theorem 3.29 (Myerson-Satterthwaite Theorem) Suppose that both the buyer and the

seller are risk neutral, their values are drawn independently, and [ts, ts] ∩ [tb, tb] 6= ∅.

Then there is no BNIC and EIIR social choice function that implements an ex post effi-

cient allocation and is budget balanced.

3.2.6 Weak vs. Strong Implementation

Until now the discussion focused entirely on implementing social choice functions

in some equilibrium, the notion referred to as weak implementation. Thus, if there is a

31



multiplicity, the designer is allowed to assume that the participants will play the desirable

equilibrium. This is commonly justified by suggesting that the designer presents the

desirable equilibrium to the players, thereby ensuring common knowledge. The players

are then presumed to follow the desirable equilibrium, since it is a mutual best response.

The idea of multiplicity of equilibria may nevertheless still leave a designer uncom-

fortable in real situations, when the common knowledge assumption may be relatively

unsafe, even if the designer attempts to suggest an equilibrium to the players. Rather

than relying on players to play the desirable equilibrium, the designer may opt for strong

implementation, which ensures that the social choice function is implemented in every

equilibrium.

Definition 3.30 The mechanism [R,M ] strongly implements the social choice function f

if every equilibrium r∗(t) of the game induced by [R,M ] is such that M(r∗(t)) = f(t).5

3.3 Implementation vs. Optimality

The discussion on mechanism design has thus far focused on implementing partic-

ular desirable social choice functions (or, rather, social choice functions with desirable

properties). A market or mechanism designer seems in practice unlikely to take such a

limited view, particularly since he may often run into the impossibility results. Rather,

a more relevant question may be how to attain the best possible mechanism, given some

objective. While this question can be phrased in the terminology of the implementation

theory, the theory itself has relatively little to say about it in general. Implementation

theory is also not a very natural language to pose such problems.

An alternative and, arguably, more natural way to ask mechanism design questions

is by posing the problem as constrained optimization, as was done, for example, by My-

erson [1981]. Let [R,M ] be a mechanism as above and denote the designer’s objective

function by W (r(M(t), t),M(t), t), where r(M(t), t) is the profile of equilibrium strate-

5Perhaps a more practical notion of strong implementation may be that every equilibrium implements
the specific desirable properties of a social choice functions, but different equilibria may implement differ-
ent such functions f .
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gies of the game induced by [R,M ]. The general mechanism design problem would be

max
M :T→O

EtW (r(M(t), t),M(t), t).

It is easy to see that this formulation can incorporate social choice functions by using the

following objective function:

W (r(M(t), t),M(t), t) = I{r(M(t), t) = f(t)∀t ∈ T}.

Similarly, it is not difficult to account for both weak and strong implementation, with

weak implementation taking the maximum value of the objective with respect to the set

of all solutions and strong implementation taking the minimum.

3.4 Auction Design

Auction theory is one of the most practically important applications of mechanism

design. While auctions have been used from time immemorial, the formal game-theoretic

study of the subject was first undertaken by Vickrey [1961]. There are various ways one

may think of what generally constitutes an auction, some more and some less restrictive.

A relatively restrictive notion is defined by Krishna [2002]: an auction is a universal

mechanism for selling goods in that (a) it does not depend on the specifics of a particular

set of goods for sale, and (b) the identity of bidders plays no role. Myerson [1981], on

the other hand, takes a broader view of auctions and defines them as any mechanism for

selling a good (or a set of goods) in which the potential buyers submit bids for the good(s)

and the seller determines payments and allocation based on their bids. In what follows,

I take the broader perspective on what it means to be an auction, mainly for the unity

of exposition rather than any philosophical qualm about Vijay Krishna’s definition. The

review of the auction theory literature that I provide below is very cursory, omitting scores

of important domains and results. Krishna [2002] is a wonderful text which provides a

reasonably broad and readable overview of the subject; indeed, much of my discussion

below is taken from it.
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3.4.1 Single Item Auctions

I begin the discussion with the simplest and best understood class of auctions: single

item auctions. Specifically, there is a seller that offers one indivisible good for sale. For

convenience, assume that it is publicly known that the seller values the good at 0, whereas

the buyer valuations vi for the good are distributed on [0, V ] according to distributions

Fi(·). Let v be the vector of valuations of all buyers. I assume that each buyer’s utility

is zero if he does not obtain the good and ui(v, pi) = ūi(v) − pi if he does.6 For the

remainder of this section, I assume a pure private value model, that is, each bidder’s

utility depends only on his value.

I study two commonly considered design problems in auction design: maximizing

revenue and maximizing welfare. The former objective function is formally described by

W (·) =
∑
i∈I

pi(v)oi(v),

where oi(v) is the probability that player i obtains the good. The latter is

W (·) =
∑
i∈I

vioi(v).

Welfare Optimal Auctions

Auctions that maximize welfare are very much in the spirit of the general Economic

pursuit of global welfare. It is worthy of note, however, that as the auctions are only one

small part of the world, optimal welfare in auctions need not imply global welfare: it may

well be that an auction that allocates the item to the highest bidder will as a result yield a

monopoly in a related market. Nevertheless, the goal of allocating the item to the highest

bidder seems quite sensible in many instances.

The fact that allocating the item to the highest bidder is, indeed, welfare optimal based

on the objective defined above is not difficult to see. Suppose that values vi have no ties.

If there is any weight on V ′ < maxi vi (that is, positive probability of allocating the good

6This utility function assumes that the bidders are risk neutral. See Krishna [2002] for a discussion of
what happens when players are risk averse.

34



to V ′), moving a little bit of this weight towards the highest value clearly increases the

sum by linearity.

Once we recognize that a welfare optimal (alternatively, efficient) auction should al-

locate the item to the player with the highest valuation, it suffices to have the following

three conditions to obtain efficiency:

1. the bids bi(vi) are strictly increasing in vi

2. the bids are symmetric, that is, ∀i ∈ I, bi(vi) = b(vi), where b(·) is the symmetric

bid function

3. the auction allocates the item to the highest bidder

If the first two conditions hold, clearly the highest bidder has the highest valuation, and,

therefore, efficiency is obtained by allocating the item to the highest bidder.

If the bidders are ex ante symmetric, the conditions above seem quite reasonable, and,

indeed, efficiency is not difficult to achieve. Consider, for example, the case of bidders

with independent and identically distributed private values, and let’s look at two standard

one-shot sealed-bid auction mechanisms. In the first, known as the first-price sealed-bid

auction (FPSB), the winner of the auction pays his bid. In the second, known as the

second-price sealed-bid auction or Vickrey auction, the winner pays the second highest

bid. In both of these, the winner is the player with the highest bid.

In the first-price auction, the following symmetric bidding strategy is a Bayes-Nash

equilibrium [Krishna, 2002]:

b(vi) = E[Y1|Y1 < vi],

where Y1 is the first order statistic of the values of m − 1 players. As long as the dis-

tributions of valuations are strictly increasing in vi, it is not difficult to see that so is

the bidding strategy. In the special case when the values are uniformly distributed, the

corresponding equilibrium strategies are

b(vi) =
m− 1

m
vi,
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so the bids are linear in player values.

The matter is much simpler with the second-price auction: bidding the true value is

a dominant strategy [Vickrey, 1961]. To see this, fix the profile of all bids other than i

at b−i. Naturally, the bidder has nothing to gain by bidding b > vi, since by doing so he

increases his chances of winning the good precisely when he would also obtain a negative

surplus. On the other hand, he also stands to gain nothing by bidding lower, since he may

not obtain the good precisely when he would obtain a positive surplus from winning it.

Indeed, the Vickrey auction is strategyproof even when valuations are not symmetric for

precisely the same reason and is, thus, efficient in this case also. Bidding in the first-price

auction under asymmetric valuations, however, yields asymmetric equilibrium strategies

and, as a consequence, the auction may be inefficient [Krishna, 2002].

Revenue Considerations

It may well be argued that while efficiency is a worthy goal, it is secondary if the

auction designer is the seller himself, or is someone whose incentives align with those of

the sellers (e.g., if the designer receives commissions from auction sales). The primary

goal would be to maximize revenue. One of the first general treatments of the problem

is due to Myerson [1981]. His setting is that of independent private values, which may

be asymmetrically distributed. A key element of his optimal auctions is the ranking of

bidders by their virtual valuations rather than actual valuations (which he can always

obtain w.l.o.g. because of the revelation principle).

Definition 3.31 A virtual valuation of a bidder i is defined to be

φi(vi) = vi −
1− Fi(vi)

fi(vi)
,

that is, it is the bidder’s valuation less his reverse hazard rate.

If virtual valuations of all bidders are increasing, Myerson’s mechanism ranks the bid-

ders by their virtual, rather than actual, valuations.7 The following theorem completely

describes his mechanism, which he proves to yield optimal revenue to the auctioneer.
7Myerson also demonstrate how to solve the problem in the general case by “ironing”.
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Theorem 3.32 The mechanism [o(v), p(v)] such that

oi(v) > 0 iff φi(vi) = max
j∈I

φj(vj) and φi(vi) ≥ 0.

and

pi(v) = oi(v)vi −
∫ vi

0

oi(zi, v−i)dzi.

maximizes auctioneer revenue among all BNIC auctions (and, consequently, among all

auctions by the revelation principle).

Note that this mechanism is not efficient, since it ranks the bidders by their virtual, rather

than actual, valuations. Even with the assumption that virtual valuation are increasing

in actual valuations, they may be asymmetric and thereby cause the bidders with lower

values to win the auction. Indeed, even if we assume that the distributions of bidder

valuations are symmetric, there may be an inefficiency simply due to the fact that the

designer will choose to keep the good when virtual valuations are negative. Since the

designer values that good at 0, this is inefficient. To consider a simple example of the

“Myerson” optimal auction, suppose that the bidders’ valuations are symmetric and uni-

form on [0,1]. The optimal auction would allocate the item to the highest bidder, but only

when the highest bid is above a reserve price of 1
2
.

Besides his famous result, Myerson also presents a famous revenue equivalence prin-

ciple.

Theorem 3.33 (Revenue Equivalence [Myerson, 1981]) Any two incentive compatible

auctions with the same allocation rule yield (essentially) the same revenue.8

Similar results have been obtain in comparing first- and second-price auctions under sym-

metrically distributed valuations.

Theorem 3.34 With independently and identically distributed private values, the ex-

pected revenue in a first-price auction is the same as the expected revenue in a second-

price auction.

8Specifically, the payments are equivalent up to a constant.
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When valuations are asymmetric, however, the revenue comparison between the first- and

second-price auction formats is ambiguous [Krishna, 2002].

3.4.2 Multi-Unit Auctions

Unlike single-unit auctions, there are relatively few general results in auctions in

which multiple units of the same good are for sale. One exception is the extension of

the Vickrey auction to this setting. Indeed, note that the Vickrey auction is actually a

special case of the VCG mechanism I discussed above, and its extension to multi-unit

auctions will be a specialization of VCG to this setting.

To formalize the setting, suppose that there are K units of a good for sale. Each

player has a private vector of values, vi = (v1
i , . . . , v

K
i ), such that each vk

i indicates his

marginal value for the kth unit of the good. The player submits a vector of bids bi with an

analogous interpretation. In order to attain efficiency, the auctioneer needs to allocate the

good to the bidders with the K highest marginal valuations. If the values can be elicited

truthfully, then, efficient allocation can be achieved. A more general result is the subject

of the following theorem.

Theorem 3.35 An equilibrium of a multi-unit auction is efficient if and only if there exists

a bid function b(vk
i ) such that for every player i and unit k

bki (vi) = b(vk
i ).

Recall that the Clarke pricing scheme in the VCG auction would charge each player

the amount of the externality he introduces. This amount in the case of multi-unit auctions

is the sum of values (bids) of the ki losers, where ki is the number of units bidder i wins.

Formally, let b−i be the sorted vector of bids of all players other than i. The payment of

bidder i is then

pi =

ki∑
k=1

bK−ki+k
−i .

Two other sealed-bid multi-unit auction mechanisms are commonly considered: a

discriminatory auction, in which each player pays the amount of his bids, and a uniform-
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price auction, in which each player pays the (K + 1)st highest bid (that is, the highest

losing bid). All these allocate the units to the K highest bids. The uniform-price auc-

tion is known to exhibit the phenomenon of demand reduction, that is, bidders have an

incentive to submit bids below their valuations. However, the bid for the first item is

truthful, and the incentive for demand reduction increases with the number of items de-

manded. As a result, the equilibrium bids in this auction are not symmetric and, hence,

the auction is inefficient. Similarly, discriminatory auctions yield in general asymmetric

bids and are, thus, inefficient, although Ausubel and Cramton [2002] provide an example

of conditions under which the discriminatory auction results in an efficient allocation. It

is worth noting, however, that inefficiencies do not arise as a result of the availability of

multiple units for sale, but from multi-unit demand: when bidders each demand just one

unit, the efficiency results are the same as in the single-unit domain.

In terms of revenue, little can be said definitively in the case of multi-unit auctions:

the basic results are that revenue ranking is ambiguous between the three auction for-

mats [Krishna, 2002].

3.4.3 Combinatorial Auctions

Combinatorial auctions are a generalization of multi-unit auctions to the case when

non-identical goods are for sale. Suppose that there is a set G of goods for sale and for

simplicity (and without really any loss in generality) let’s assume that each good g ∈ G

is indivisible. Each buyer i has a valuation vi(X) for every subset X ⊆ G of goods. This

value function is assumed to have a basic monotonicity property that for every X ⊆ Y ,

vi(X) ≤ vi(Y ). I also assume that we are dealing with a private values setting. The

allocation rule o(b) now assigns a subset of items in G to all buyers based on the reported

bid functions bi(X). Specifically, let oi(b) be the subset of goods allocated to player i.

Naturally, in this setting the allocation has to have the property that no good is assigned

to two different buyers, that is

oi(b) ∩ oj(b) = ∅ ∀ i 6= j. (3.1)
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The literature has nearly nothing to say about revenue optimal combinatorial auctions,

with Ledyard [2007] being one notable exception, solving the problem when bidders are

single-minded (that is, each bidder only values one subset of goods). As for efficiency,

the key result in sealed-bid combinatorial auctions is a basic application of the VCG

mechanism. Let

W (·, I) =
∑
i∈I

vi(oi(v))

be the welfare objective function for a set of players I and define

o∗ = arg max
o
W (·, I),

and

o∗−i = arg max
o
W (·, I \ i).

Both o∗ and o∗−i are the solutions to these optimization programs subject to the constraint

in Equation 3.1. The VCG scheme would select o∗(v) which maximizes W (·, I) and the

following (Clarke) payment scheme:

pi(v) =
∑
j 6=i

[
vj(o

∗
−i(v−i))− vj(o

∗(v))
]
.

As I showed above, VCG is strategyproof and, hence, efficient.

There has recently been a considerable proliferation of results, both theoretical and

practical, in the area of combinatorial auction design and implementation. Much of the

work focuses on open auctions, that is, auctions in which bids are submitted through a

series of rounds rather than in a one-shot fashion. Cramton et al. [2006] is a recent text

which provides a great overview of the literature.
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3.5 Computational Approaches to Mechanism Design

3.5.1 Automated Mechanism Design (AMD)

The Problem

Perhaps most akin to my motivation and approach is the idea of automated mecha-

nism design developed in a series of papers by Conitzer and Sandholm ([Conitzer and

Sandholm, 2002, 2003, 2004a,b; Sandholm et al., 2007]). While most theoretical treat-

ment of mechanism design considers fairly standard designer objectives, such as welfare

or revenue, Conitzer and Sandholm propose constructing a general optimization program

that can take as input an arbitrary objective defined on a finite outcome space.

The basic problem setup for automated mechanism design on discrete domains con-

sists of the following elements (assuming throughout for notational convenience that the

players are ex-ante symmetric, that is, the type distributions and utility functions are sym-

metric; note that the extension to the general case is direct, albeit with more notational

baggage):

• Outcome space, O = {o1, . . . , oK}

• Type space, T = {t1, . . . , tL}

• Probability distribution over player types, P : T → [0, 1] with
∑

t∈T P (t) = 1

(assume that types are independently distributed)

• The designer’s objective function, W : Tm ×O → R

• Symmetric utility functions of players, u : T ×O → R

Let m be the number of players, t ∈ T k for k ≤ m (that is, the type profile of a subset

of players), and let It be the subset of players playing t. I overload the function P (·) by

defining P (t) =
∏

i∈It
P (ti).

A mechanism in this setting is a function which maps joint reports of player types to

outcomes, that is, M : Tm → O. We can also consider a randomized mechanism, which
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simply maps type reports to probability distributions over outcomes,M : Tm×O → [0, 1]

with
∑

o∈O M(t, o) = 1 for every t ∈ Tm.

By focusing on the space of player strategies consisting exclusively of their types, the

above setup takes advantage of the revelation principle. To invoke it effectively, however,

requires the corresponding constraint that players are actually incentivized to report their

true types. In the AMD setup, two possibilities can be considered: Bayes Nash incen-

tive compatibility (BNIC) and dominant strategy incentive compatibility (DSIC). Under

BNIC, each player maximizes his expected utility with respect to the joint type distribu-

tion of others by reporting his true type. Under DSIC, truthful reporting is a dominant

strategy equilibrium. The definition below captures both of these notions formally in the

notation of this section.

Definition 3.36 A mechanism M is Bayes-Nash incentive compatible if for every i ∈ I

and ti ∈ T

Et−i

[∑
o∈O

ui(ti, o)M(ti, t−i, o)

]
≥ Et−i

[∑
o∈O

ui(ti, o)M(t′i, t−i, o)

]
∀ t′i ∈ T.

A mechanism M is dominant strategy incentive compatible if for every i ∈ I and ti ∈ T

∑
o∈O

ui(ti, o)M(ti, t−i, o) ≥
∑
o∈O

ui(ti, o)M(t′i, t−i, o) ∀ t′i ∈ T, t−i ∈ Tm−1.

Another standard constraint in classical mechanism design is individual rationality

(IR), which captures the intuition that no player can be expected to participate in a mech-

anism that yields him a net loss relative to his opportunity cost (see Section 3.2.4 above).

Just like incentive compatibility, individual rationality comes in two varieties: ex interim

individual rationality (EIIR), in which players take expected utility with respect to the

distribution of other players’ types, and ex post individual rationality (EPIR), which pro-

vides guarantees no matter what the types of other players are realized.

Definition 3.37 A mechanism M is ex interim individually rational if for every i ∈ I and
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ti ∈ T

Et−i

[∑
o∈O

ui(ti, o)M(ti, t−i, o)

]
≥ 0.

A mechanismM is ex post individually rational if for every i ∈ I , ti ∈ T , and t−i ∈ Tm−1

∑
o∈O

ui(ti, o)M(ti, t−i, o) ≥ 0.

Given the two types of IC and IR constraints, two mechanism design optimization

programs can be defined. The first, which would utilize the BNIC and EIIR constraints,

I call Bayesian mechanism design (BMD), while the second (stronger) program, which

would utilize DSIC and EPIR constraints, I call dominant strategy mechanism design

(DSMD).

Let me first define a program for randomized BMD:

max
M∈RLm×K

∑
t∈T m

∑
o∈O

W (t, o)M(t, o)P (t)

s.t.

IR :
∑
t−i

∑
o∈O

u(ti, o)M(ti, t−i, o)P (t−i) ≥ 0, ∀i ∈ I, ti ∈ T,

IC :
∑
t−i

∑
o∈O

u(ti, o)[M(ti, t−i, o)−M(t′i, t−i, o)]P (t−i) ≥ 0

∀i ∈ I, ti ∈ T, t′i ∈ T,∑
o∈O

M(t, o) = 1 ∀t;M(t, o) ≥ 0 ∀t ∈ Tm, o ∈ O,

where the last constraints ensure that the resulting mechanism is a valid distribution

over the outcome space for every reported vector of types. The program for random-
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ized DSMD can be similarly defined:

max
M∈RLm×K

∑
t∈T m

∑
o∈O

W (t, o)M(t, o)P (t)

s.t.

IR :
∑
o∈O

u(ti, o)M(ti, t−i, o) ≥ 0 ∀i ∈ I, ti ∈ T, t−i ∈ Tm−1

IC :
∑
o∈O

u(ti, o)[M(ti, t−i, o)−M(t′i, t−i, o)] ≥ 0

∀i ∈ I, ti, t′i ∈ T, t−i ∈ Tm−1∑
o∈O

M(t, o) = 1 ∀t ∈ Tm,M(t, o) ≥ ∀t ∈ Tm, o ∈ O.

We can see by inspection that both of these are linear programs with a number of con-

straints which is polynomial in the problem size if the number of players is constant.

Thus, they can be solved in polynomial time. In principle, the case of deterministic

mechanism design is not very different: the program is as above, with the exception that

the mechanism design variables are restricted to be binary. This restriction, however, is

crucial, since it now yields an integer program. Indeed, the problem can be shown to be

NP-Hard.

We can note (following Conitzer and Sandholm [2004b]) that allowing for payments

does not actually affect the structure of the BMD and DSMD programs, nor their com-

plexity. The reason is that, while the true outcome space becomes infinite, if we impose

structure on the problem such that both the designer objective and player utilities are

linear in payments, the objectives and the affected constraints all remain linear.

Several early small applications of automated mechanism design are described in

Conitzer and Sandholm [2003], with demonstrated success in all of these. Furthermore,

a scalability study shows that the LP becomes very large and run time increases dramat-

ically with even relatively few types per player and when the number of players grows

above seven.
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Algorithms for the Single-Agent Setting

All the theoretical complexity of deterministic mechanism design outlined above still

obtains when there is but a single agent. Conversely, perhaps development of an effective

algorithm for the single-agent setting would also suggest effective approaches when there

is an arbitrary number of agents. To this end, Conitzer and Sandholm [2004a] develop

two algorithms for search in the space of outcome subsets, one based on branch-and-

bound and the other based on IDA*. They showed that these tend to outperform the

CPLEX implementation of the integer programs above.

3.5.2 Partial Revelation of Preferences

One of the greatest drawbacks of classical mechanism design and automated mecha-

nism design as described thus far is the complexity of the space of joint agent types. In

most realistic settings, one cannot expect an agent to determine, let alone reveal, his pref-

erences for every possible outcome. For example, in a combinatorial auction, it seems

unlikely that bidders will attempt to determine their value for every package that they can

possibly win if the items number hundreds or thousands. A common approach to tackle

the type space complexity issue is through the use of multi-stage mechanisms [Sand-

holm et al., 2007; Parkes, 2006]. A possible alternative suggested by Hyafil and Boutilier

[2007a] is to partition the type space and restrict the space of player strategies to elements

of this partition. In this setting, the authors show how to achieve approximate dominant

strategy implementation. They develop a series of algorithms for automated mechanism

design under this approximate solution concept [Hyafil and Boutilier, 2007b].

Formally, a direct partial revelation mechanism is defined as follows:

Definition 3.38 (Partial Revelation Mechanisms [Hyafil and Boutilier, 2007a]) A di-

rect partial revelation mechanism (PRM) is a mechanism in which the action set Ai of

players is a set of partial types Θi such that θi ∈ Θi is a set of types, that is, θi ⊆ Ti.

These mechanisms have a corresponding definition of (approximate) incentive compati-

bility.
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Definition 3.39 A PRM is incentive compatible (IC) if it induces equilibrium strategies

r∗ such that ti ∈ r∗i (ti).

The notion of individual rationality can be applied to the partial revelation framework

directly.

It is easy to note that ex-post efficiency is, in general, impossible to achieve when

only partial types are revealed: we may simply construct settings in which different so-

cially optimal choices are required for different joint type profiles in the same partial type

profiles. As a result, Hyafil and Boutilier [2007b] demonstrate that reasonable social wel-

fare properties cannot be achieved in the partial revelation setting, neither under dominant

strategy, nor under Bayes-Nash implementation. On the positive side, they introduce the

notion of regret-based PRMs, which select an allocation minimizing the maximum effi-

ciency loss with respect to other possible allocations and types in the reported partial type

vector. Upon extending the VCG (Clarke) payments to the partial revelation framework,

the authors demonstrate that a uniform bound on optimal regret translates into a nearly ef-

ficient mechanism, implemented in nearly dominant strategies and ensuring near-ex-post

individual rationality. The following is the formal statement of this result.

Theorem 3.40 Let the regret of the optimal regret-based partial revelation mechanism

with partial Clarke payments be uniformly (i.e., for all θ ∈ Θ) bounded by ε. Then

the mechanism is ε-efficient, ε-dominant incentive compatible, and ex-post ε-individually

rational.

Hyafil and Boutilier [2007b] apply the PRM framework to automated mechanism design,

placing an arbitrary design objective W (·) in place of efficiency, but retaining the idea of

regret-based design. They provide a series of algorithms, both for heuristically partition-

ing the space of player types and for automatically designing mechanisms in the partial

revelation setting.

3.5.3 Incremental Mechanism Design

Yet another approach to automated mechanism design was introduced by Conitzer

and Sandholm [2007]. The idea was to begin with a manipulable mechanism and in-
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crementally improve it to produce (at least asymptotically) a strategyproof mechanism.

The authors demonstrate the efficacy of the general approach and its instantiation in

particular settings, and provide results about worst-case complexity of finding a utility-

improving manipulation. Another, somewhat complementary, work proposes an algo-

rithm for passively verifying that a mechanism is strategyproof based on its input-output

behavior [Kang and Parkes, 2006].

3.5.4 Evolutionary Approaches

An alternative approach to automatically generating mechanisms, particularly as ap-

plied to an extremely complex setting of continuous double auctions, is to co-evolve the

mechanism together with player strategies [Cliff, 2002a,b; Phelps et al., 2002]. These

approaches use some notion of social utility and agent payoffs (not necessarily in the

classical sense) as fitness criteria. An alternative to co-evolution, explored in Phelps et

al. [2003], was to optimize a well-defined welfare function of the designer using genetic

programming. In this work, the authors used a common learning strategy for all agents

and defined an outcome of a game induced by a mechanism parameter as the outcome of

joint agent learning.

3.5.5 The Metalearning Approach

Recently, Pardoe et al. [2006] introduced a metalearning approach for adaptively de-

signing auction mechanisms based on empirical bidder behavior. The mechanisms de-

signed thereby are actually learning rules that adapt to observed bidder behavior, and the

metalearning technique is used to determine the learning parameters.

This approach is in many ways fundamentally different from all the other mechanism

design approaches discussed in this section in that it entirely ignores the issue of bidder

incentives. One possible caveat is that bidders, insofar as they may bid in multiple en-

counters with the seller, may well attempt to jeopardize the learning process, or at least

“teach” it to their own advantage. Perhaps a more realistic issue is that as long as bidders

are strategic, the learning environment is non-stationary, and convergence need not ever
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be attained (indeed, the learning rules may produce poor mechanisms on average in such

an environment, and metalearning may be of very limited value).
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CHAPTER 4

Simulation-Based Mechanism Design

IN WHICH I introduce the notion of simulation-based mechanism design and

provide a high-level description of a number of methods for tackling prob-

lems of this nature. I motivate simulation-based mechanism design with a

problem that arose in the context of a supply-chain simulation and demon-

strate throughout how my techniques can be used to address this problem.1

Simulation models have long been used in Operations Research where analytical ap-

proaches fall short [Law and Kelton, 2000]. Naturally, many simulation analysis tools

have been developed that allow estimation of relevant system variables. Additionally, the

field of simulation optimization introduced scores of techniques for estimating optimal

settings of control parameters [Olafsson and Kim, 2002]. Insofar as the problem of op-

timization using simulations is difficult in itself, one may imagine how much more so

it becomes when we pose questions about solutions to games (i.e., models of strategic

interactions) that are represented as simulations.

My approach in the next several chapters is to present a series of methods for incor-

porating game simulation analysis into a systematic mechanism design framework. As

such, I will typically take as given that simulation-based games can be “solved” (in the

sense that predictions of outcomes of strategic interactions can be effectively made) and

focus for the moment (almost) solely on the mechanism design aspects of the problem.

1Some of the material in this chapter is taken from Vorobeychik et al. [2006].
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The problem of forming the predictions of play (that is, estimating or approximating

solutions to games) based on simulations is addressed in Part II.

The remainder of this chapter provides an overview of the general ideas, some of

which are treated in detail in later chapters, while others are relegated to future work.

While some of the discussion that follows is relatively abstract, I will demonstrate the use

of several methods described in the context of simulation-based mechanism design for a

supply-chain scenario of the Trading Agent Competition (TAC/SCM) [Arunachalam and

Sadeh, 2005]. I, thus, begin this chapter by describing briefly the application of interest,

followed by the account of the strategic issue which is the focus of the mechanism design

problem I address. Thereafter, I interleave the general methodological discussion with

the specific application to the TAC/SCM setting.

4.1 Trading Agent Competition and the Supply-Chain

Game

The Trading Agent Competition (TAC) is an annual venue that provides a stochastic

market simulation environment in which autonomous trading agents can compete using

an API provided by the designers. The first competition, held in the summer of 2000,

featured a travel-shopping scenario, in which the trading agents were to act as travel

agents for simulated customers [Wellman et al., 2001]. Several years later, the supply-

chain game was introduced. In this scenario, the trading agents act as PC manufacturers,

procuring components from the simulated suppliers, while bidding on and filling the or-

ders from simulated customers. A somewhat more detailed account of the Trading Agent

Competition and the Supply-Chain game can be found in the appendix. In the meantime,

I turn my attention to the strategic issues encountered by the designers of TAC/SCM and

how they relate to the general simulation-based mechanism design problem.
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4.1.1 The Story of Day-0 Procurement in TAC/SCM

TAC/SCM was initially introduced in 2003. Early in the seeding rounds, a particular

strategic element of the game began quickly to attract considerable attention: all of the

high-scoring agents were submitting very large orders for all or nearly all of the input

components on the first day of the simulation. Once this strategy became widely rec-

ognized as yielding a considerable advantage, progressively more agents adopted it. In

retrospect, this behavior, termed aggressive day-0 procurement, can be understood from

studying the supplier pricing model: it turns out that the prices of all inputs are lowest

and their availability highest on simulation day 0.2

The matters become somewhat subtle, however, if we consider also the PC demand

process. In this first year of the TAC/SCM competition, the customer demand for finished

PCs had very high variability, with a bias towards extremes, and especially towards the

low demand extreme. Consequently, large early procurement carried with it substantial

risk: an agent that commits to large shipments of the inputs early would have to sell

manufactured products well below cost if the customer demand is very low, particularly

if it is so towards the end of the game. As a result, it may seem that the overall preva-

lence of games with low average demand should serve to counterbalance the supply-side

incentives for large early procurement. However, that was not the case in the actual tour-

nament, and, as I demonstrate below in a more systematic analysis of the problem, the

incentives are still skewed towards aggressive day-0 procurement.

In the final rounds of TAC/SCM 2003, one of the agents, Deep Maize, introduced

a strategy designed to preempt the other agents’ day-0 procurement. By requesting an

extremely large quantity of a particular component, Deep Maize would prevent the sup-

plier from making reasonable offers to the other agents,3 at least in response to their

requests on that day. The premise was that it would be sufficient to preempt only day-0

procurement, since after day 0 prices are not so especially attractive. I discuss the pre-

emptive strategy as used by Deep Maize as well as its effect on the incentives of other

2Details of the supplier pricing model are provided in the appendix.
3More precisely, the supplier would not be able to make reasonable offers to agents whose requests it

considers after seeing the request by Deep Maize.
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players in Section 7.5.

Although jockeying for day-0 procurement turned out to be an interesting strategic

issue in itself [Wellman et al., 2005], the phenomenon detracted from other important

problems, such as adapting production levels to varying demand (since component costs

were already sunk), and dynamic management of production, sales, and inventory. Sev-

eral participants noted that the predominance of day-0 procurement overshadowed other

key research issues, such as factory scheduling [Benisch et al., 2004] and optimizing bids

for customer orders [Pardoe and Stone, 2004]. After the 2003 tournament, there was a

general consensus in the TAC community that the rules should be changed to deter large

day-0 procurement.

In response to the problem, the TAC/SCM designers adopted several rule changes

intended to penalize large day-0 orders. These included modifications to supplier pricing

policies and introduction of storage costs assessed on inventories of components and

finished goods. Despite the changes, day-0 procurement was very high in the early rounds

of the 2004 competition. In a drastic measure, the Game Master imposed a fivefold

increase of storage costs midway through the tournament. Even this did not stem the

tide, and day-0 procurement in the final rounds actually increased (by some measures)

from 2003 [Kiekintveld et al., 2005].

4.1.2 The TAC/SCM Design Problem

The task facing game organizers can be viewed as a problem in mechanism design.

The designers have certain game features under their control, and a set of objectives re-

garding game outcomes. Unlike most academic treatments of mechanism design, the

objective is a behavioral feature (moderate day-0 procurement) rather than an alloca-

tion feature like economic efficiency, and the allowed mechanisms are restricted to those

judged to require only an incremental modification of the current game. Replacing the

supply-chain negotiation procedures with a one-shot direct mechanism, for example, was

not an option. A central motivation of this chapter, and, indeed, of this entire work, is

that such operational restrictions and idiosyncratic objectives are actually quite typical of
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practical mechanism design settings, where they are perhaps more commonly character-

ized as incentive engineering problems.

The apparent difficulty in identifying rule modifications that effect moderation in day-

0 procurement is quite striking. Although the designs were widely discussed, predictions

for the effects of various proposals were supported primarily by intuitive arguments or

at best by back-of-the-envelope calculations. Much of the difficulty, of course, is antici-

pating the agents’ (and their developers’) responses without essentially running a gaming

exercise for this purpose. The episode caused us to consider whether new approaches or

tools could enable more systematic analysis of design options. Standard game-theoretic

and mechanism design methods are clearly relevant, although the lack of an analytic

description of the game seems to be an impediment. Under the assumption that the sim-

ulator itself is the only reliable source of outcome computation, I refer to the task as

simulation-based mechanism design.

The analysis below focuses on the setting of storage costs (taking other game mod-

ifications as fixed), since this is the most direct deterrent to early procurement adopted.

My results confirm the basic intuition that incentives for day-0 purchasing decrease as

storage costs rise. I also confirm that the high day-0 procurement observed in the 2004

tournament is a rational response to the setting of storage costs used. Finally, I conclude

from the data that it is very unlikely that any reasonable setting of storage costs would

result in acceptable levels of day-0 procurement, so a different design approach would

have been required to eliminate this problem.

I describe the simulation-based design analysis methods below, interleaving a de-

tailed application to the TAC/SCM scenario throughout. Recall that during the 2004

tournament, the designers of the supply-chain game chose to dramatically increase stor-

age costs as a measure aimed at curbing day-0 procurement, to little avail. As a part of

my analysis of TAC/SCM, I systematically explore the relationship between storage costs

and the aggregate quantity of components procured on day 0 in equilibrium. In doing so,

I consider several questions raised during and after the tournament. First, does increas-

ing storage costs actually reduce day-0 procurement? Second, was the excessive day-0

procurement that was observed during the 2004 tournament rational? And third, could
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increasing storage costs sufficiently have reduced day-0 procurement to an “acceptable”

level, and if so, what should the setting of storage costs have been? It is this third question

that defines the mechanism design aspect of my analysis.4

4.2 What is Simulation-Based Mechanism Design?

Until now, I provided a somewhat abstract overview of a general computational setup

for solving mechanism design problems. Since the title of this chapter prominently fea-

tures simulation-based mechanism design, a natural question arises: what exactly do I

mean by this term?

Informally, simulation-based mechanism design is a computational mechanism de-

sign approach in which the design choices θ are represented by a finite-dimensional vec-

tor (that is, Θ ⊂ Rn) and the induced games are modeled using simulations. (I defer the

formal definition of simulation-based games until Section 7.1.) What I envision, indeed,

is a simulation-based model of a system which exposes a set of design parameters and

sets of strategic parameters, all of which jointly determine outcomes (and, consequently,

payoffs). This is diagrammatically shown in Figure 4.1.

Note that our simulation analysis setting is more conceptually challenging than the

typical Operations Research simulation setting: while both classes of simulations map

parameter choices to outcomes, in our case the designer has complete control only over a

subset of all parameters—the design parameters (i.e., θ)—and has to predict what choices

(and, consequently) outcomes will result from strategic decision-making by the players.

Let me qualify the last statement: certainly the designer has control over the parameters

at the simulation stage; the issue is that he has to relinquish control in the implementation

stage, that is, when the design choices have to be publicly announced and implemented in

the actual system. Indeed, a fundamental part of my exercise is to guide how the designer

can glean information about the induced game, and, consequently, about the ultimate

4I do not address whether and how other measures (e.g., constraining procurement directly) could have
achieved design objectives. My approach takes as given some set of design options, in this case defined by
the storage cost parameter. In principle my methods could be applied to a different or larger design space,
though with corresponding complexity growth.
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Figure 4.1: A high-level view of simulations that incorporate player choices as parameters
not directly within the designer’s control.

strategic choices of agents, based on simulation experiments. In the process, the designer

will use simulations to gather empirical data as evidence about the game.

4.3 A General Framework for Simulation-Based Mech-

anism Design

Simulation-based mechanism design can be conceptualized as a two-pronged ap-

proach which involves, on one level, the outcome prediction problem and, on another

level, the mechanism design (or mechanism search) problem. I begin by introducing

some notation that will allow me to define the mechanism design problem precisely.

I model the strategic interactions between the designer of the mechanism and its par-

ticipants as a two-stage game. The designer moves first by selecting a value θ from a set

of allowable mechanism settings, Θ. All the participant agents observe the mechanism

parameter θ and move simultaneously thereafter. For example, the designer could be de-

ciding between a first-price and a second-price sealed-bid auction, with the presumption

that after the choice has been made, the bidders will participate with full awareness of the

auction rules.

Since the participants know the mechanism parameter, I define a game between them
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in the second stage as

Γθ = [I, S, {ui(·)}],

that is, a one-shot game in normal form. It is well known that any game can be represented

in normal form. For example, an extensive form game can be converted to “one-shot”

by allowing the strategy sets to be functions of histories. Similarly, strategy sets in a

Bayesian game are functions of players’ private information (types).5

I refer to Γθ as the game induced by θ. Given an induced game, the designer would

like to predict the outcomes of strategic interactions between the players in order to assess

the incentive effects of his design choices. Traditionally in the game theory literature,

this predictive role is played by a solution concept—typically, a set of Nash equilibria

or approximate Nash equilibria. Indeed, most commonly mechanism design considers

only a particular candidate Nash equilibrium, and frequently, one most favorable to the

designer (known as weak implementation), although another stream has also considered

designing mechanisms which are robust with respect to an entire set of equilibria (termed

strong implementation) [Osborne and Rubinstein, 1994]. In Chapter 11, I consider a

notion of belief distributions of play which a designer would form in predicting game-

theoretic outcomes. In the meantime, however, I focus on sets of solutions in a more

traditional sense and build my methods around these. Fortunately, all the methods I

discuss naturally generalize to accommodate belief distributions.

The notation I use for a set of solutions to game Γθ isN (θ), having in mind, perhaps,

a set of approximate Nash equilibria. Given the set of solutions N (θ), the designer’s

goal is to maximize a welfare function W (N (θ), θ). I assume for the moment that this

function is specified by the designer.

Observe that if the designer knew N (θ) as a function of θ, he would simply be faced

with an optimization problem. This insight is actually a consequence of the application of

backwards induction, which would have us find N (θ) first for every θ and then compute

an optimal mechanism with respect to these equilibria. If the design space were small,

backwards induction applied to my two-stage mechanism design model would thus yield

5There is a caveat that because we lose the structure of strategies in the conversion, some solution
concepts, such as subgame perfection, are also lost as a result.
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an algorithm for optimal mechanism design. Indeed, if additionally the games Γθ fea-

tured small sets of players, strategies, and types, and deterministically specified payoff

functions, I would say little more about the subject. My goal, however, is to develop

mechanism design tools for settings in which it is infeasible to obtain solutions of Γθ

for every θ ∈ Θ, either because the space of possible mechanisms is large, or because

solving (or approximating solutions to) Γθ is computationally daunting. Additionally, I

try to avoid making assumptions about the objective function or constraints on the design

problem (or the agent type distributions, when dealing with Bayesian games).

4.4 Formalization of the TAC/SCM Design Problem

To apply simulation-based mechanism design methods to the TAC/SCM mechanism

design problem, one must specify the agent strategy sets, the designer’s welfare function,

the mechanism parameter space, and the simulator. I restrict the agent strategies to mul-

tiples of the quantity of the day-0 requests by one of the finalists, Deep Maize, in the

2004 TAC/SCM tournament. Thus, if we let QDM denote the quantity of day-0 compo-

nent requests by Deep Maize, a pure strategy ai implies that the agent i orders aiQDM

components on day 0. I further restrict the space of pure strategies to the set [0,1.5], since

any strategy below 0 is illegal and strategies above 1.5 are extremely aggressive (thus

unlikely to provide refuting deviations beyond those available from included strategies,

and certainly not part of any desirable equilibrium). All other behavior is based on the

behavior of Deep Maize and is identical for all agents. This choice can provide only

an estimate of the actual tournament behavior of a “typical” agent. However, I believe

that the general form of the results should be robust to changes in the full agent behav-

ior, since I am focusing on arguably the most important strategic element of TAC/SCM

2003/2004.

I model the designer’s welfare function as a threshold on the sum of day-0 purchases.

Let φ(a) =
∑6

i=1 ai be the aggregation function representing the sum of day-0 procure-

ment of the six agents participating in a particular supply-chain game (for mixed strategy

profiles s, I take expectation of φ with respect to the mixture). Henceforth, I use φ(a) and
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the phrase “total day-0 procurement” interchangeably. The designer’s welfare function

W (N (θ), θ) is then given by I{sup{φ∗(θ)} ≤ α}, where α is the maximum acceptable

level of day-0 procurement, I is the indicator function, and φ∗ is the set of (aggregated)

equilibrium outcomes.6 The designer selects a value θ of storage costs, expressed as an

annual percentage of the baseline value of components in the inventory (charged daily),

from the set Θ = R+. Since the designer’s decision depends only on φ∗(θ), I present

all of the results in terms of the value of the aggregation function φ(·). For a given de-

signer choice θ and strategic choices of players a, payoffs to all players are determined

by the profits of the corresponding trading agents at the end of a single TAC/SCM game

simulation. Since simulation runs are stochastic, we must use multiple simulation runs to

estimate the expected player profits for any choices of θ and a. In the following section, I

present a simulation-based game-theoretic analysis of the TAC/SCM domain and use it to

enlighten the associated mechanism design problem. Thereafter, I attempt to generalize

the methods applied to the TAC/SCM problem and present other techniques for general

simulation-based mechanism design.

4.5 Simulation-Based Design Analysis

4.5.1 Estimating Nash Equilibria

The objective of TAC/SCM agents is to maximize profits realized over a game in-

stance.7 Let us fix a particular design choice θ. Then, if we fix a strategy for each agent

at the beginning of the simulation and record the corresponding profits at the end, we will

6In my application to TAC/SCM, I focus exclusively on approximate Nash equilibria, although the
techniques can be generalized to any solution concept.

7This actually describes an idealized TAC/SCM agent. In the actual tournament, one of the primary
goals of an agent is to win, that is, to have the highest average payoff in the agent pool. While profit
maximization is a substantial part of this goal, it does distort the incentives somewhat: an agent may now
sacrifice some of its own profits in order to impose an even greater cost on others. There is considerable
evidence from tournament experience that agents do, indeed, resort to such anti-social strategies. For
example, in TAC/SCM ’04, some agents used a “blocking” strategy, buying out the supply of particular
components for the entire game span, so as to block future production by other players. Such a blocking
strategy is clearly hurtful to the agent, since it will now acquire components that it will not need, but
it hurts other agents much more in the process. While such complications are important, I ignore them
for the analysis that follows. As I argue below, the presence of this strictly competitive aspect actually
strengthens my conclusions.
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have obtained a data point in the form (θ, a, U(θ, a)). I refer to the data set of such points

as D . This data set, then, contains data only in the form of pure strategies of players and

their corresponding payoffs, and, consequently, in order to formulate the designer’s prob-

lem as optimization, we must first determine or approximate the set of Nash equilibria of

each game Γθ based on the subset of D for a fixed value of θ, Dθ.

In the context of TAC/SCM, the sets of player actions a are infinite and, thus, we

need methods for approximating Nash equilibria for infinite games (that is, games with

infinite sets of actions). The first, discussed in considerable detail in Chapter 8, involves

learning payoff functions of players and using the Nash equilibria of the resulting game as

approximate Nash equilibria of the game of interest. The second attempts to approximate

sets of Nash equilibria (or, rather, ranges of Nash equilibrium outcomes) based on sets

of approximations with respect to the data set Dθ. The question I address first is how

simulations can be guided to produce a data set of experience for a fixed choice of θ,

which may then be used for Nash equilibrium estimation. A brief description of the two

equilibrium estimation methods follows.

Search in Strategy Profile Space

Before we can even attempt to perform analysis of a strategic setting based on sim-

ulations, we must collect data which would enlighten such analysis. Presuming that we

cannot take a sufficient number of samples (or even a single sample) for every possible

strategy profile, the most natural way to collect data is by selecting a subset of all pro-

files uniformly randomly and performing simulations a fixed number of times for each of

these. Since such a method ignores any structure that may be present in the game, it is

natural to imagine that we can do better with a more directed search. One such directed

search heuristic I now present. While I provide no formal or empirical justification for

the method here, its efficacy is empirically confirmed in the work by Jordan et al. [2008].

I address the question of exploration in simulation-based games in Section 7.3.

The idea behind the search heuristic below is to explore profiles which may them-

selves be profitable deviations by some player from a Nash equilibrium approximation

based on the data gathered thus far. To formalize it, I begin by defining the concept of a
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strategic neighbor.

Definition 4.1 A strategic neighbor of a pure strategy profile a is a profile that is identical

to a in all but one strategy. Define Snb(a,D) as the set of all strategic neighbors of a

available in the data set D . Similarly, define Snb(a, D̃) to be all strategic neighbors of a

not in D . Finally, for any a′ ∈ Snb(a,D) define the deviating agent as i(a, a′).

Another concept fundamental to the heuristic is that of the quality of Nash equilibrium

approximation of a strategy profile a with respect to the data set D .

Definition 4.2 The regret bound (ε-bound), ε̂, of a pure strategy profile a is

ε̂(a) = max
a′∈Snb(a,D)

max{ui(a,a′)(a
′)− ui(a,a′)(a), 0}.

The profile a is referred to as a candidate δ-equilibrium for δ ≥ ε̂.

The search method operates by exploring deviations from candidate equilibria. I refer

to it as “min-regret-first search”, as it selects with probability one a strategy profile a′ ∈

Snb(a, D̃) that has the smallest ε̂ in D . When Snb(a, D̃) = ∅ (i.e., all strategic neighbors

are represented in the data), a is confirmed as an ε̂-Nash equilibrium.

Since the TAC/SCM game with strategies that include all possible day-0 procurement

choices is infinite, it is necessary to terminate min-regret-first search before exploring the

entire space of strategy profiles. The termination time is determined in a somewhat ad

hoc manner, based on observations about the current set of candidate equilibria.8

Payoff Function Approximation

Once a data set of profiles and corresponding player payoffs Dθ is generated, we can

use it to estimate a sample Nash equilibrium or sets of Nash equilibria.

The first method for estimating Nash equilibria based on data in the TAC/SCM prob-

lem (which I use to estimate only a sample Nash) uses supervised learning to estimate

payoff functions of mechanism participants from a data set of game experience, discussed

8Generally, search is terminated once the set of candidate equilibria is small enough to draw useful
conclusions about the likely range of equilibrium outcomes in the game.
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in some detail in Chapter 8. Once approximate or estimated payoff functions are avail-

able for all players in some convenient and compact form, the Nash equilibria may be

either found analytically or approximated using numerical techniques, depending on the

learning model. In what follows, I estimate only a sample Nash equilibrium using this

technique, although this restriction can be removed at the expense of additional compu-

tation time.

I use the following methods for approximating payoff functions: quadratic regression

(QR), locally weighted average (LWA), and locally weighted linear regression (LWLR). I

also used control variates to reduce the variance of payoff estimates [Ross, 2001]. In the

case of QR, I extended the quadratic model to linearly account for exogenous stochastic

factors, average customer demand Q̄, and average starting supplier capacity S̄. For the

other models, I estimated mean payoffs for each profile controlling for Q̄ and S̄ and

learned using the data set consisting of strategy profiles and corresponding estimates of

expected payoffs.

The quadratic regression model makes it possible to compute equilibria of the learned

game analytically. For the other methods I applied replicator dynamics [Friedman, 1991]

to a discrete approximation of the learned game. The expected total day-0 procurement

in equilibrium was taken as the estimate of an equilibrium outcome.

Estimation of Nash Equilibrium Outcome Ranges

In the previous section I describe a method which I use to estimate a sample Nash

equilibrium in a TAC/SCM game for a given fixed mechanism (storage cost) choice θ. I

now describe an alternative estimator for this domain, which produces an estimate of a

set of Nash equilibria. Of course, the method of learning payoff functions may be used

for estimating sets of equilibria also. However, the technique I now describe allows us to

take advantage of any locality structure on the equilibrium set induced by the aggregation

function. I define an estimator for a set of Nash equilibria as follows.

Definition 4.3 For a set K, define Co(K) to be the convex hull of K. Let Bδ be the set

of candidate δ-equilibria at level δ. I define φ̂∗(θ) = Co({φ(a) : a ∈ Bδ}) for a fixed δ

61



to be an estimator of φ∗(θ).

In words, the estimate of a set of equilibrium outcomes is the convex hull of all strategy

profiles (or their aggregation values φ(a)) with ε-bound below some fixed δ. This defini-

tion allows us to exploit structure arising from the aggregation function. If two profiles

are close in terms of aggregation values, they may be likely to have similar ε-bounds. In

particular, if one is an equilibrium, the other may be as well. Additionally, while sets of

pure strategy Nash equilibria lie in Rm, the aggregation function reduces its dimensional-

ity substantially: in the TAC/SCM problem, I approximate a set of Nash equilibria by an

interval. I present some theoretical support for this method of estimating the set of Nash

equilibria in Section 7.6.

4.5.2 Data Generation

The data was collected by simulating TAC/SCM games on a local version of the 2004

TAC/SCM server, which has a configuration setting for the storage cost. Agent strategies

in simulated games were selected from the set {0, 0.3, 0.6, . . . , 1.5} in order to have pos-

itive probability of generating strategic neighbors.9 A baseline data set Do was generated

by sampling 10 randomly generated strategy profiles for each θ ∈ {0, 50, 100, 150, 200}.

Between 5 and 10 games were run for each profile after discarding games that had vari-

ous flaws.10 I used min-regret-first search to generate a simulated data set Ds, performing

between 12 and 32 iterations for each of the above settings of θ.11 Since the simulation

cost is extremely high (a game takes nearly 1 hour to run), I was able to run a total of

2670 games over the span of more than six months. For comparison, to get the entire

description of a game defined by the restricted finite joint strategy space for each value

of θ ∈ {0, 50, 100, 150, 200} would have required at least 23100 games (sampling each

profile 10 times).

9Of course, I do not restrict the Nash equilibrium estimates to stay in this discrete subset of [0,1.5].
10For example, if I detected that any agent failed during the game (failures included crashes, network

connectivity problems, and other obvious anomalies), the game would be thrown out.
11An iteration entails between 5 and 10 games run for a particular strategic neighbor of a candidate

profile.
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4.5.3 Results

Analysis of the Baseline Data Set

I applied the three learning methods described above to the baseline data set Do.

Additionally, I generated an estimate of the Nash equilibrium correspondence, φ̂∗(θ), by

applying Definition 4.3 with δ =2.5E6. The results are shown in Figure 4.2. As we can

see, the correspondence φ̂∗(θ) has little predictive power based on Do, and reveals no

interesting structure about the game. In contrast, all three learning methods suggest that

total day-0 procurement is a decreasing function of storage costs.
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Figure 4.2: Aggregate day-0 procurement estimates based on Do. The correspondence
φ̂∗(θ) is the interval between “BaselineMin” and “BaselineMax”.

Analysis of Search Data

To corroborate the initial evidence from the learning methods, I estimated φ̂∗(θ)

(again, using δ =2.5E6) on the data set D = {Do,Ds}, where Ds is data generated

through the application of min-regret-first search. Figure 4.3 shows how the sets of Nash

equilibrium estimates change as more iterations of min-regret-first search are performed
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when storage cost is 200. It is encouraging to see that the resulting correspondence ap-

pears to converge in that both upper and lower bounds become tighter as the number of

iterations rises.

Figures 4.4, 4.5, 4.6, 4.7, and 4.8 show the estimates of φ̂∗(θ) for θ = 0, 50, 100, 150,

and 200 respectively. The estimate of the Nash equilibrium correspondence based on

Definition 4.3 applied for every value of θ in the above set is plotted together with the

Nash equilibrium functions produced by applying the learning methods trained on Do in

Figure 4.9.12 First, note that the addition of the search data narrows the range of potential

equilibria substantially. Furthermore, the actual point predictions of the learning methods

and those based on ε-bounds after search are reasonably close. Combining the evidence

gathered from these two very different approaches to estimating the outcome correspon-

dence yields a much more compelling picture of the relationship between storage costs

and day-0 procurement than either method used in isolation.

This evidence supports the initial intuition that day-0 procurement should be decreas-

ing with storage costs, since Nash equilibrium functions produced by learning, as well

as both upper and lower bounds of the Nash equilibrium correspondence are decreasing

in storage cost in Figure 4.9. It also confirms that high levels of day-0 procurement are

a rational response to the 2004 tournament setting of average storage cost, which cor-

responds to θ = 100. The minimum prediction for aggregate procurement at this level

of storage costs given by any experimental methods is approximately 3. This is quite

high, as it corresponds to an expected commitment of 1/3 of the total supplier capacity

for the entire game. The maximum prediction is considerably higher at 4.5. In the ac-

tual 2004 competition, aggregate day-0 procurement was equivalent to 5.71 on the scale

used here [Kiekintveld et al., 2005]. My predictions underestimate this outcome to some

degree, but show that any rational outcome was likely to have high day-0 procurement.

There are several reasons why my estimates may be more conservative than the actual

agent procurement behavior. One reason I already mentioned above: while I presume

agents to care exclusively about profits, the actual game participants care primarily about

12It is unclear how meaningful the results of learning would be if Ds were added to the training data set.
Indeed, the additional data may actually increase the learning variance.
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Figure 4.3: Estimates of the equilibrium ranges as the number of min-regret-first search
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Figure 4.4: Values of ε̂ for profiles explored using search when θ = 0. Strategy profiles
explored are presented in terms of the corresponding values of φ(a). The gray region
corresponds to φ̂∗(0) with δ =2.5M.
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Figure 4.5: Values of ε̂ for profiles explored using search when θ = 50. Strategy profiles
explored are presented in terms of the corresponding values of φ(a). The gray region
corresponds to φ̂∗(50) with δ =2.5M.

0.00E+00

2.50E+06

5.00E+06

7.50E+06

1.00E+07

1.25E+07

1.50E+07

1.75E+07

2.00E+07

2.25E+07

2.50E+07

2.1 2.4 2.7 3 3.3 3.6 3.9 4.2 4.5 4.8 5.1 5.4 5.7 6 6.3 6.6 6.9 7.2

Total Day-0 Procurement

!
-b

o
u

n
d

Figure 4.6: Values of ε̂ for profiles explored using search when θ = 100. Strategy profiles
explored are presented in terms of the corresponding values of φ(a). The gray region
corresponds to φ̂∗(100) with δ =2.5M.

66



0.00E+00

2.50E+06

5.00E+06

7.50E+06

1.00E+07

1.25E+07

1.50E+07

1.75E+07

2.00E+07

2.25E+07

2.50E+07

2.1 2.4 2.7 3 3.3 3.6 3.9 4.2 4.5 4.8 5.1 5.4 5.7 6 6.3 6.6 6.9 7.2

Total Day-0 Procurement

!
-b

o
u

n
d

Figure 4.7: Values of ε̂ for profiles explored using search when θ = 150. Strategy profiles
explored are presented in terms of the corresponding values of φ(a). The gray region
corresponds to φ̂∗(150) with δ =2.5M.
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Figure 4.8: Values of ε̂ for profiles explored using search when θ = 200. Strategy profiles
explored are presented in terms of the corresponding values of φ(a). The gray region
corresponds to φ̂∗(200) with δ =2.5M.
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Figure 4.9: Aggregate day-0 procurement estimates based on search in strategy profile
space compared to function approximation techniques trained on Do. The correspondence
φ̂∗(θ) for D = {Do,Ds} is the interval between “SearchMin” and “SearchMax”.

winning the competition. The latter objective will at times force the agents to behave very

aggressively in spite of the resulting loss in profits, as it thus imposes a heavy negative

externality on other players. Another reason, somewhat less plausible to me, but never-

theless a possibility, is that the tournament results are simply due to the suboptimality

of agent design: that is, it may be that the agent heuristic strategies (which are generally

done based on intuition, as well as some game experience) lead them somewhat astray. In

any case, the conclusions thus far, as well as those I make below, are actually strengthened

if I presume that the results underestimate the actual aggregate day-0 procurement.

Extrapolating the Solution Correspondence

We have reasonably strong evidence that the outcome correspondence is decreasing.

However, the ultimate goal is to be able to either set the storage cost parameter to a value

that would curb day-0 procurement in equilibrium or conclude that this is not possible.

To answer this question directly, suppose that we set a conservative threshold α = 2

on aggregate day-0 procurement.13 Linear extrapolation of the maximum of the outcome

13Recall that designer’s objective is to incentivize aggregate day-0 procurement that is below the thresh-
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correspondence estimated from D yields θ = 320.

The data for θ = 320 were collected in the same way as for other storage cost settings,

with 10 randomly generated profiles followed by 33 iterations of min-regret-first search.

Figure 4.10 shows the detailed ε-bounds for all profiles in terms of their corresponding

values of φ.

0.00E+00

5.00E+06

1.00E+07

1.50E+07

2.00E+07

2.50E+07

3.00E+07

3.50E+07

4.00E+07

4.50E+07

5.00E+07

2.1 2.4 2.7 3 3.3 3.6 3.9 4.2 4.5 4.8 5.1 5.4 5.7 6 6.3 6.6 6.9 7.2
Total Day-0 Procurement

ε−
bo
un
d

Figure 4.10: Values of ε̂ for profiles explored using search when θ = 320. Strategy
profiles explored are presented in terms of the corresponding values of φ(a). The gray
region corresponds to φ̂∗(320) with δ =2.5M.

The estimated set of aggregate day-0 outcomes (the range of the x-axis of the box

highlighted in gray in Figure 4.10) is very close to that for θ = 200, indicating that there

is little additional benefit to raising storage costs above 200. Observe, that even the lower

bound of the estimated set of Nash equilibria is well above the target day-0 procurement

of 2. Furthermore, payoffs to agents are almost always negative at θ = 320. Conse-

quently, increasing the costs further would be undesirable even if day-0 procurement

could eventually be curbed. Since we are reasonably confident that φ∗(θ) is decreasing

in θ, we also do not expect that setting θ somewhere between 200 and 320 will achieve

the desired result.

old α. The threshold here still represents a commitment of over 20% of the suppliers’ capacity for the
entire game on average, so in practice we would probably want the threshold to be even lower.
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I conclude that it is unlikely that day-0 procurement could ever be reduced to a desir-

able level using any reasonable setting of the storage cost parameter. That the predictions

in this work tend to underestimate tournament outcomes reinforces this conclusion. To

achieve the desired reduction in day-0 procurement requires redesigning other aspects of

the mechanism.

4.6 “Threshold” Design Problems

In the previous section I presented a series of simulation-based mechanism design

techniques applied to the TAC/SCM setting. My current task is to abstract these methods

away from the application in order to make them more generally applicable.

Recall that the TAC/SCM design problem features a particularly structured objective

function. Since I was able to “compress” Nash equilibrium profiles to a one-dimensional

summary and presumed that the designer was interested exclusively in driving this sum-

mary value (total day-0 procurement) below some constant α, I could define the objective

function to be W (N (θ), θ) = I{sup{φ∗(θ)} ≤ α}, with φ∗(·) the summary or aggrega-

tion function. Generalizing, I define a class of threshold objectives to be of the form

W (N (θ), θ) = I{f(N (θ)) ∈ B},

where B is some designer-defined “target” or constraint. Since the designer is thus pre-

sumed to be indifferent between vast portions of the outcome space, the design goal is

simply constraint satisfaction, that is, finding θ such that f(N (θ)) ∩ B 6= ∅. A particu-

lar approach to the design problem would attempt to estimate a solution correspondence

N (θ), apply the transformation f(·), and finally determine some subset of the intersec-

tion of the resulting correspondence with B. An approach which relies on estimating the

correspondence N (θ) can be used more generally also, applying W (·) and finding (or

approximating) the maximum of the result. In the case of threshold objectives, however,

there is likely to be more structure in the solution correspondence than in the objective

itself.
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The particular threshold relevant to the TAC/SCM design problem, together with the

use of an aggregation function, actually imposed even greater structure on the problem

which made only two aspects of f(N (θ)) relevant: that the correspondence was decreas-

ing in θ and that either its lower bound was above the threshold or its upper bound below

it.

There are a number of ways we can approach the problem of estimating the corre-

spondence f(N (θ)) when it has certain structure. If the game has a finite set of Nash

equilibria, but infinite Θ, we may attempt to learn the correspondence. The problem is,

however, quite challenging, because each θ ∈ Θ in the data set may map to a set of points

(since f(N (θ)) may often be a set rather than a point). Consequently regression methods

cannot be directly applied.

If the game has continuous ranges of Nash equilibria for every θ, the problem is even

more difficult, and I am not aware of any general approach in such a case that could

be applied to approximating the correspondence where Θ is also continuous. In special

cases, however, the problem can be amenable to relatively straightforward application of

basic regression techniques. One such special case emerges in the TAC/SCM mechanism

design problem, where the correspondence was a two-dimensional convex hull, which

can be described by simply specifying the upper- and lower-bound functions. In this case,

the upper bound and the lower bound can be learned from data, yielding an approximation

to the solution correspondence. In the context of the TAC/SCM design problem, I did not

pursue a formal learning approach, such as low-degree polynomial regression models,

performing, rather, a relatively crude visual analysis. As an illustration, I present in

Figure 4.11 the result of applying linear regression to lower and upper bounds of the

correspondence. Clearly, the regression indicates that the lower and upper bounds are

decreasing, although linearity is a good fit only in the range [0,200] of storage costs, since

the correspondence becomes quite flat thereafter. In any case, regression does confirm

one of the basic ingredients of my analysis: since a linear fit is quite good in this range, I

do not expect large dips in the ranges were data is lacking.
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Figure 4.11: Aggregate day-0 procurement estimates based on linear regression of the
lower and upper bounds of the Nash equilibrium correspondence.

4.7 General Objective Functions

While threshold objectives are an interesting special case (indeed, a relatively sim-

ple one, since we can look at these problems as those possessing a single constraint and

no objective), my goal is to develop tools for analyzing problems with general objective

functions and with general sets of constraints. Particularly, I want to allow the designer

to specify an objective and constraints as black boxes, for example, via algorithmic de-

scriptions.

4.7.1 Learning the Objective Function

Rather than attempting to learn a complex solution correspondence, it may often be

more natural and effective to learn the objective function. To this end, we can actually

apply any of a number of regression techniques directly. The caveat is that the objective

function may be very complex, perhaps discontinuous as is the case with “threshold”
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objectives, and, consequently, not very easy to learn. The relative efficacy of learning

the objective versus learning the correspondence would generally be problem dependent:

sometimes we would be able to take advantage of the particular structure of the solution

correspondence; other times, the objective may be more structured, or, at least, more

amenable to learning approaches.

Actually, the objective in the TAC/SCM problem could very easily have been learned:

for all the values of θ that were explored, the objective evaluated to 0. Hence, any simple

learning approach would have yielded 0 as the value of the objective everywhere. While

this would ultimately make the same prediction as was made via a set of more complex

techniques, it is much less revealing: I was able to indicate also some of the reasons

why the objective is unlikely to be attainable. Given such a small data set for learning, I

needed to reveal as much information as possible to present compelling evidence for the

ultimate conclusion. Consequently, there is another reason for meddling at the level of

solution correspondence rather than the objective: when data is scarce, this gives us more

insight about the problem and, perhaps, more support for the ultimate conclusions.

Returning now to the case of learning the objective functions, I have not specified pre-

cisely how the mechanism design would proceed thereafter. The natural next step is to

find or approximate the maximum of the learned function. This problem may, of course,

be in its own right complicated if the learned function could take arbitrary form. Indeed,

an entire body of literature is dedicated to the subject of optimizing in a black-box set-

ting [Olafsson and Kim, 2002], even when the setting is deterministic (as would be the

case once it is learned). The question then arises: what do we win by learning the objec-

tive function? The answer, of course, is quite a bit. First, while black-box optimization

is difficult even when function evaluations are deterministic, this setting is undoubtedly

easier than its stochastic equivalent. Second, since we have a choice of regression mod-

els that we learn, we may well guide our choices to be models which can thereafter be

relatively easily optimized. This idea I actually explore in a setting of learning payoff

functions in games in order to estimate solutions in Chapter 8. Additionally, both of

these ideas have been indirectly explored by a particular set of methods for black-box

optimization, the sample-path methods [Gukan et al., 1994; Chan, 1995], which sug-
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gest approximating the underlying function based on noisy evaluations, and finding the

maximum based on this approximation.

The primary weakness of the idea of learning the payoff function lies in the relatively

weak convergence guarantees [Gukan et al., 1994]. Stronger guarantees can be made

if we consider an iterative method for searching the domain of the stochastic function,

which I now describe.

4.7.2 Stochastic Search

The approach to computational mechanism design I have thus far discussed takes the

backwards induction algorithm quite literally: it attempts to compute solutions to the

induced game for every θ ∈ Θ, evaluates each, and then proceed to find the θ which

yielded the highest evaluation. Whenever evaluating the objective is not directly feasible

for every θ—for example, in the case when Θ is infinite—the algorithm would attempt

to approximate the objective function and use this approximation to obtain an optimal or

approximately optimal design.

In this section, I note that backwards induction need not be taken so literally at all.

What it in effect implies is that in order to evaluate the objective function (i.e., the de-

signer’s utility), we must obtain solutions to the induced game for the corresponding

value of θ. As a result, we can use the following high-level procedure for finding or

approximating optimal mechanisms:

1. Select a candidate mechanism, θ.

2. Find (approximate) solutions to Γθ.

3. Evaluate the objective and constraints given solutions to Γθ.

4. Repeat this procedure for a specified number of steps.

5. Return an approximately optimal design based on the resulting optimization path.

I visually represent this procedure by a diagram in Figure 4.12.
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Figure 4.12: Computational mechanism design procedure based on black-box optimiza-
tion.

4.7.3 Constraints

I have until this section largely ignored the issue of adding constraints to the de-

signer’s optimization problem. In the case of “threshold” objectives, the objective it-

self was essentially a constraint, and I presumed that the problem had no additional

constraints—at least not in the first stage of the design.14 In tackling the general problem,

however, I certainly want to avoid making any assumptions about constraints, or lack

thereof.

To begin, I want to make a distinction between two types of constraints in my setting:

the direct constraints on the design choice, θ, implicit whenever I say that θ ∈ Θ; and

the indirect constraints on the design choice in that they are conditional on the outcomes

of the induced games, rather than on the value of θ per se. The reason this distinction is

significant is that the former constraints can be checked prior to evaluating the objective—

significantly, prior to solving the game. As such, we can use very simple methods to

generate θ ∈ Θ, such as rejection sampling or, even simpler, evaluating the objective at

this constraint to negative infinity. It seems very wasteful, however, to do either when

we have to solve games in order to evaluate the constraint: since we already have to

incur the considerable computational cost of solving games, it is especially important to

capture as much information as possible from the process. One approach is to “move”

the constraints into the objective. This can be done in an ad hoc way, for example, by

introducing constant weights for the constraints.15 More systematic methods also exist,

14Of course, in the application to TAC/SCM that I discussed in the preceding chapter, I introduced a
“secondary” constraint that allowed me to argue for the infeasibility of achieving the ultimate objective
in that setting. However, this additional constraint was introduced in a somewhat ad hoc manner, and
whatever systematic analysis was done involved only the threshold objective.

15Additionally, one would have to decide how to measure the magnitude of constraint violation.
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for example, penalty and barrier methods. In penalty methods, for example, the penalty

weight is assigned to each constraint and increased over time. If one imagines a sequence

of such unconstrained problems, convergence of their solutions to the solution of the

original problem can be obtained [Nocedal and Wright, 2006]. Significantly, using these

methods can introduce structure into the objective which would otherwise be thrown

away, and may often considerably improve the optimization results. Additionally, certain

classes of constraints impose additional structure on the problem. For example, individual

rationality constraints can be “fixed” by the designer via fixed payments to all players in

the amount of maximum violation, assuming that payments are allowed and utilities are

quasilinear in payments. Consequently, if the designer is allowed to provide participation

incentives to players, we can always eliminate the individual rationality constraints by

mapping to a feasible (with respect to the individual rationality constraint) design choice

directly.

A complementary approach to dealing with constraints in a way that exploits problem

structure is via a constraint generation procedure, outlined as follows:

1. Start with an empty set of active constraints and a random initial θ

2. Find an (approximate) optimum θ∗ to the problem using only the constraints in the

active set

3. If no constraint has been violated, return θ∗

4. Otherwise, add the violated constraint to the set of active constraints and perform

“threshold” optimization given this active set starting from θ∗ and set the new initial

θ to the feasible result

5. Repeat steps 2-4 until no constraint is violated

Clearly, since this approach involves constrained optimization as a part of the procedure,

it would need to incorporate one of the above methods (e.g., a penalty method) and is,

thus, complementary. However, by focusing the early search on a subset of constraints,

it may effectively exploit continuity in the objective function and a subset of constraints
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to obtain good solutions early, and additionally exploit locality and synergy between the

objective and constraints.

In much of Chapter 5, I do, nevertheless, pursue the naive approach and evaluate

any failed constraint to negative infinity. Actual application of the penalty method and,

possibly, of the constraint generation algorithm, I relegate to future work.

4.8 Solving Games Induced by Mechanism Choices

At the root of all of my methods for computational (or automated) mechanism design

is a subroutine which computes or approximates solutions to games. The subject of

computational game theory—that is, of computational techniques to solve games—has

indeed received considerable attention, with GAMBIT [McKelvey et al., 2005] being,

perhaps, the best-known numerical toolbox for solving finite games. Above I described

two techniques for estimating Nash equilibria in TAC/SCM. I devote the entire Part II to

discuss the state-of-the art techniques, as well as my own contributions, particularly in

the context of games specified as simulations.

4.9 Sensitivity Analysis

The remaining sections in this chapter are somewhat technical in nature and not very

fundamental to the understanding of the rest of the thesis. As such, a reader interested

only in obtaining a high-level grasp of my techniques may find it profitable to skip them.

Let me assume in this section that the design space is finite, that is, Θ = {θ1, . . . , θJ},

and that we have estimates of the objective function for each of these, that is, we have

Ŵ1, . . . , Ŵk, along with the associated confidence intervals such that |Wj−Ŵj| ≤ qj with

probability at least 1 − αj . Furthermore, suppose that there are no ties between Ŵj and

the confidence interval around the maximal objective value Ŵj∗ has null intersection with

the remaining intervals, as in Figure 4.13. Obtaining the probability that Wj∗ is the true
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Figure 4.13: Non-overlapping intervals around the maximal and other points.

maximum is then straightforward, assuming the noise in each estimate is independent:

Pr{Wj∗ ≥ max
j 6=j∗

Wj} =
∏
j 6=j∗

Pr{Wj∗ ≥ Wj} ≥
∏
j 6=j∗

(1− αj)(1− αj∗) =

(1− αj6∗)
J−1

∏
j 6=j∗

(1− αj).
16

(4.1)

This gives us a very crude bound on the probability of the estimated optimal design

choice. There is a simple way to tighten this bound: we can use probability bounds for

the appropriate half-intervals rather than whole intervals. Particularly, for any j 6= j∗, we

need αj such that Wj ≤ Ŵj + qj with probability at least 1− αj , and for j∗ we need that

Wj∗ ≥ Ŵj∗ − qj∗ with probability at least 1 − αj . The same result as in Equation 4.1

obtains, but the associated (1− α)s are considerably tighter.

Observe that in the above analysis no distributional assumptions are needed. There is

no magic here, as these assumptions are simply hidden in the interval estimates. Indeed,

as long as the estimates Ŵj have no ties (as they generically would not), it is possible

to derive non-overlapping confidence intervals. To derive these intervals, we naturally

would need the specifics of the distributions on the noise, but once we have them, the

intervals already capture all the information sufficient for this (relatively crude) sensitivity

analysis.

Since my domains will generally feature infinite design spaces, as did the TAC/SCM

design problem, I would like to extend the bound in Equation 4.1 to infinite domains.

In order to make any sensitivity analysis possible in such a case, additional assumptions

78



W*

Wi Wj

A A

!i !j!*

Figure 4.14: Non-overlapping intervals around the maximal and other points, such that
any points in the intervals fall below the lower confidence bound on the maximal point
by Lipschitz continuity.

need to be made about the structure of the objective function in θ. Here my assumption is

Lipschitz continuity. Specifically, I assume that there is a constant A such that |W (θ1)−

W (θ2)| ≤ A‖θ1 − θ2‖ for any θ1, θ2 ∈ Θ. Given this assumption, I now require that not

only the confidence interval for the maximal and other points be non-overlapping, but

that no intermediate points be above the maximal lower bound, as show in Figure 4.14.

Formally, the requirement is that for every j,

A‖θj∗ − θj‖+ Ŵj + qj ≤ Ŵj∗ − q∗,

where qj are upper and qj∗ the lower 1− αj and 1− αj∗ confidence bounds respectively.

The expression in Equation 4.1 can then be applied without change.

The sensitivity analysis in this section is understandable very abstract. Below, I pro-

vide an example of sensitivity analysis in the context of TAC/SCM.

4.10 Probabilistic Analysis in TAC/SCM

The simulation-based analysis of TAC/SCM above has produced evidence in support

of the conclusion that no reasonable setting of storage cost was likely to sufficiently curb

excessive day-0 procurement in TAC/SCM 2004. All of this evidence has been in the

form of simple interpolation and extrapolation of estimates of the Nash equilibrium cor-
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respondence. These estimates are based on simulating game instances, and are subject to

sampling noise contributed by the various stochastic elements of the game. In this section,

I develop and apply methods for evaluating the sensitivity of the ε-bound calculations to

such stochastic effects.

Suppose that all agents have finite (and small) pure strategy sets, A. Thus, it is fea-

sible to sample the entire payoff matrix of the game. Additionally, suppose that noise is

additive with zero-mean and finite variance, that is, Ui(a) = ui(a)+ ξ̃i(a), where Ui(a) is

the observed payoff to i when a was played, ui(a) is the actual corresponding payoff, and

ξ̃i(a) is a mean-zero normal random variable. I designate the known variance of ξ̃i(a) by

σ2
i (a). Thus, I assume that ξ̃i(a) is normal with distribution N(0, σ2

i (a)).

I take ūi(a) to be the sample mean over all Ui(a) in D , and follow Chang and Huang

[2000] to assume that there is an improper prior over the actual payoffs ui(a) and sam-

pling was independent for all i and a. I also rely on their result that ui(a)|ūi(a) =

ūi(a)− Zi(a)/[σi(a)/
√
ni(a)] are independently distributed with posterior distributions

N(ūi(a), σ
2
i (a)/ni(a)), where ni(a) is the number of samples taken of payoffs to i for

pure profile a, and Zi(a) ∼ N(0, 1).

I now derive a generic probabilistic bound that a profile a ∈ A is an ε-Nash equilib-

rium. If ui(·)|ūi(·) are independent for all i ∈ I and a ∈ A, we have the following result

(from this point on I omit conditioning on ūi(·) for brevity):

Proposition 4.4

Pr

(
max
i∈I

max
b∈Ai

ui(b, a−i)− ui(a) ≤ ε

)
=

=
∏
i∈I

∫
R

∏
b∈Ai\ai

Pr(ui(b, a−i) ≤ u+ ε)fui(a)(u)du,
(4.2)

where fui(a)(u) is the pdf of N(ūi(a), σi(a)).

This result is restated in Proposition 7.22 and proved in the corresponding Appendix.

The posterior distribution of the optimum mean of n samples, derived by Chang and
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Huang [2000], is

Pr (ui(a) ≤ c) = 1− Φ

[√
ni(a)(ūi(a)− c)

σi(a)

]
, (4.3)

where a ∈ A and Φ(·) is the N(0, 1) distribution function.

Combining the results (4.2) and (4.3), I obtain a probabilistic confidence bound that

ε(a) ≤ γ for a given γ.

Now, I consider cases of incomplete data and use the results I have just obtained to

construct an upper bound (restricted to profiles represented in data) on the distribution of

sup{φ∗(θ)} and inf{φ∗(θ)} (assuming that both are attainable):

Pr{sup{φ∗(θ)} ≤ x} ≤D Pr{∃a ∈ D : φ(a) ≤ x ∧ a ∈ N (θ)} ≤∑
a∈D :φ(a)≤x

Pr{a ∈ N (θ)} =
∑

a∈D :φ(a)≤x

Pr{ε(a) = 0},

where x is a real number and ≤D indicates that the upper bound accounts only for strate-

gies that appear in the data set D . Since the events {∃a ∈ D : φ(a) ≤ x ∧ a ∈ N (θ)}

and {inf{φ∗(θ)} ≤ x} are equivalent, this also defines an upper bound on the probability

of {inf{φ∗(θ)} ≤ x}. If we define E = (−∞, x], the above expression gives an upper

bound on the value of the probability distribution of sup{φ∗(θ)} at x (restricted to D),

and, in this particular case, an upper bound on the value of the distribution of inf{φ∗(θ)}

at x17 as well as the upper bound on the probability that ∪φ(a)∈φ∗(θ)[φ(a) ≤ x], with union

restricted to a ∈ D . The values thus derived comprise the Tables 4.1 and 4.2.

φ∗(θ) θ = 0 θ = 50 θ = 100

<2.7 0.000098 0 0.146
<3 0.158 0.0511 0.146
<3.9 0.536 0.163 1
<4.5 1 1 1

Table 4.1: Upper bounds on the distribution of inf{φ∗(θ)} restricted to D for θ ∈
{0, 50, 100} when N (θ) is a set of Nash equilibria.

Tables 4.1 and 4.2 suggest that the existence of any equilibrium with φ(a) < 2.7 is

17This is true because the events ∪φ(a)∈φ∗(θ)[φ(a) ≤ x] and inf{φ∗(θ)} ≤ x are equivalent.
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φ∗(θ) θ = 150 θ = 200 θ = 320

<2.7 0 0 0.00132
<3 0.0363 0.141 1
<3.9 1 1 1
<4.5 1 1 1

Table 4.2: Upper bounds on the distribution of inf{φ∗(θ)} restricted to D for θ ∈
{150, 200, 320} when N (θ) is a set of Nash equilibria.

unlikely for any θ that I have data for, although this judgment, as I mentioned, is only

with respect to the profiles I have actually sampled. I can then accept this as another

piece of evidence that the designer could not find a suitable setting of θ to achieve his

objectives—indeed, the designer seems unlikely to achieve his objective even if he could

persuade participants to play a desirable equilibrium!

Table 4.1 also provides additional evidence that the agents in the TAC/SCM 2004

tournament were indeed rational in procuring large numbers of components at the be-

ginning of the game. If we look at the third column of this table, which corresponds to

θ = 100, we can gather that no profile a in the data with φ(a) < 3 is very likely to be

played in equilibrium.

The bounds above provide some general evidence, but ultimately I am interested in

a concrete probabilistic assessment of my conclusion with respect to the data I have

sampled. Particularly, I would like to say something about what happens for the settings

of θ for which I have no data. To derive an approximate probabilistic bound on the

probability that no θ ∈ Θ could have achieved the designer’s objective, let ∪J
j=1Θj, be a

partition of Θ, and assume that the function sup{φ∗(θ)} satisfies the Lipschitz condition

with Lipschitz constant Aj on each subset Θj .18 Since I have determined that raising the

storage cost above 320 is undesirable due to secondary considerations, I restrict attention

to Θ = [0, 320]. I now define each subset j to be the interval between two points for

which I have produced data. Thus,

Θ = [0, 50]
⋃

(50, 100]
⋃

(100, 150]
⋃

(150, 200]
⋃

(200, 320],

18A function that satisfies the Lipschitz condition is called Lipschitz continuous.
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with j running between 1 and 5, corresponding to subintervals above. I will further

denote each Θj by (aj, bj].19 Then, the following Proposition gives us an approximate

upper bound20 on the probability that sup{φ∗(θ)} ≤ α.

Proposition 4.5

Pr{
∨
θ∈Θ

sup{φ(θ)} ≤ α} ≤D

5∑
j=1

∑
y,z∈D:y+z≤cj

 ∑
a:φ(a)=z

Pr{ε(a) = 0}

 ∑
a:φ(a)=y

Pr{ε(a) = 0}

 ,

where cj = 2α + Aj(bj − aj) and ≤D indicates that the upper bound only accounts for

strategies that appear in the data set D .

Due to the fact that the bounds are approximate, I cannot use them as a conclusive

probabilistic assessment. Instead, I take this as another piece of evidence to complement

my findings.

Even if I can assume that a function that I approximate from data is Lipschitz contin-

uous, I would rarely actually know the Lipschitz constant for any subset of Θ. Thus, I am

faced with a task of estimating it from data. Here, I tried three methods of doing this. The

first one simply takes the highest slope that the function attains within the available data

and uses this constant value for every subinterval. This produces the most conservative

bound, and in many situations it is unlikely to be informative.

An alternative method is to take an upper bound on slope obtained within each subin-

terval using the available data. This produces a much less conservative upper bound on

probabilities. However, since the actual upper bound is generally greater for each subin-

terval, the resulting probabilistic bound may be deceiving.

A final method that I tried is a compromise between the two above. Instead of taking

the conservative upper bound based on data over the entire function domain Θ, I take the

average of upper bounds obtained at each Θj . The bound at an interval is then taken to

be the maximum of the upper bound for this interval and the average upper bound for all

19The treatment for the interval [0,50] is identical.
20It is approximate in a sense that I only take into account strategies that are present in the data.
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intervals.

The results of evaluating the expression for

Pr{
∨
θ∈Θ

sup{φ∗(θ)} ≤ α}

when α = 2 are presented in Table 4.3. In terms of my claims in this work, the expression

maxj Aj Aj max{Aj ,ave(Aj)}
1 0.00772 0.00791

Table 4.3: Approximate upper bound on probability that some setting of θ ∈ [0, 320] will
satisfy the designer objective with target α = 2. Different methods of approximating the
upper bound on slope in each subinterval j are used.

gives an upper bound on the probability that some setting of θ (i.e., storage cost) in the

interval [0,320] will result in total day-0 procurement that is no greater in any equilib-

rium than the target specified by α and taken here to be 2. As I had suspected, the most

conservative approach to estimating the upper bound on slope, presented in the first col-

umn of the table, provides us little information here. However, the other two estimation

approaches, found in columns two and three of Table 4.3, suggest that I am indeed quite

confident that no reasonable setting of θ ∈ [0, 320] would have done the job. Given the

tremendous difficulty of the problem, this result is very strong.21 Still, one must be very

cautious in drawing too heroic a conclusion based on this evidence. Certainly, I have not

“checked” all the profiles, but only a small proportion of them (infinitesimal, if I consider

the entire continuous domain of θ and strategy sets). Nor can one expect ever to obtain

enough evidence to make completely objective conclusions. Instead, the approach I ad-

vocate here is to collect as much evidence as is feasible given resource constraints, and

make the most compelling judgment based on this evidence.

21Since I did not have all the possible deviations for any profile available in the data, the true upper
bounds may be even lower.
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4.11 Comparative Statics

As reluctant as a modeler may be to admit it, models are rarely perfect. Consequently,

an important part of economic analysis has become comparative statics, that is, analysis

of how the outcomes (e.g., optima, equilibria) are affected by small changes in the model.

It is only natural to expect that such analysis be applied in the context of simulation-based

mechanism design.22

Given that we have methods for approximating optimal mechanisms, comparative

statics are actually conceptually not very difficult and can be done via the following

procedure:

1. Select a ∆ to represent a small change in a simulation model parameter V

2. Estimate the (nearly) optimal mechanism for V = v+ = v+ ∆, and for V = v− =

v−∆, where v is the original parameter setting; say these have the objective values

W+ and W− and the optimal parameter settings θ+ and θ− respectively

3. Obtain the estimate of the rate of change in the optimal objective value or optimal

design choice using the finite difference method, that is, DW ≈ W+−W−

v+−v−
and Dθ ≈

θ+−θ−

v+−v−

4. Repeat the procedure to take n derivative estimates and take the average

The finite difference method yields a biased but consistent estimator and its convergence

rate can be improved considerably by using common random variables [L’Écuyer, 1991].

It is just one, though perhaps the most commonly used, derivative estimator. Alternative

procedures, for example, via simultaneous perturbations [Spall, 2003] in which a random

small perturbation of the parameter vector is taken instead of a fixed ∆, may also be

used in its place and provide some theoretical advantages. Since the area of derivative

estimation is in itself very well explored in the simulations literature, I do not mean to

claim much novelty here, but merely suggest using the ready-made methods for a specific

22It is just as natural to expect it to be applied in the context of simulation-based games. This discussion
is deferred until I engage the topic in more detail in Part II.
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purpose—in this case, simulation-based comparative statics. The question of which esti-

mation methods are best suited for this purpose is, perhaps, interesting in its own right,

although I do not see a priori why this setting has special structure that suggests particular

advantage to any individual estimators beyond what has been previously explored in the

literature.

4.12 Conclusion

In this chapter I introduced the problem of simulation-based mechanism design. The

simulation-based mechanism design approach is valuable in settings in which some in-

sight needs to be obtained about the economic mechanism design problem, but analytical

techniques are intractable and the revelation principle need not hold. I model the general

mechanism design problem as a one-shot two-stage game and use this model to obtain a

general high-level framework for computational mechanism design, which is in the spirit

of backwards induction. Furthermore, I present some ideas for solving problems which

possess particular structure, as well as general design problems, and suggest how to do

sensitivity analysis and comparative statics.

Throughout the chapter, I present a series of specific techniques for simulation-based

mechanism design in the context of a TAC/SCM design problem. I am able to present

considerable evidence about the structure of the Nash equilibrium correspondence based

on simulation experiments, and use it to conclude that the particular approach under-

taken by the TAC/SCM designers to alleviate the problem in practice had fundamental

limitations.
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CHAPTER 5

A General Framework for Computational Mechanism

Design on Constrained Design Spaces

IN WHICH I present a framework for mechanism design on parametrized de-

sign spaces. I focus on settings which induce one-shot Bayesian games and

provide a series of examples of auction design problems which I solve com-

putationally. In all the examples, I am able to verify the properties of com-

putational solutions analytically, and, thus, can directly assess the efficacy

of the approach.1

5.1 Automated Mechanism Design for Bayesian Games

In the previous chapter I presented a general abstract framework for computational

mechanism design on a constrained design space Θ ⊂ Rn. Here, I make it somewhat

more concrete by focusing on settings in which the mechanism choices induce one-shot

Bayesian games, that is, for every θ ∈ Θ

Γθ = [I, {Ai}, {Ti}, F (·), {ui(a, t, θ)}].
1The material in this chapter is taken from Vorobeychik et al. [2007a].
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I require the designer to specify his objective in the form W (s(t, θ), t, θ), where s(t, θ)

is a solution or outcome of agent play. Significantly, the objective may be specified

algorithmically; the restriction is merely that it outputs a real number representing the

objective value for the combination of arguments just specified. Note that the solution

s(t, θ) is a function of player types, since each player is presumed to observe his type

prior to making a strategic choice. Below, I also use the short notation s(θ) to denote

the equilibrium strategy profile, which in the Bayesian setting is a profile of functions of

player types. Since the designer’s objective will depend on player types, either indirectly

due to its dependence on the player strategies, or directly through the type argument, we

need to transform the type-dependent specification of the objective, W (s(t, θ), t, θ), into

W (s(θ), θ); that is, rather than producing a function of types for a design choice θ, we

need to output a real number. I refer to this transformation as objective evaluation. In

Section 5.1.4 I present two principled approaches for evaluating the objective with respect

to the distribution of player types.

In addition to a specification of the objective function, the designer may specify a

collection of constraints on the outcomes (solutions) induced by the corresponding design

choices. Let the constraints be specified as C = {Ci(s(t, θ), t, θ)}, although these may,

again, be provided in an algorithmic form which returns true if the constraint is satisfied

and false otherwise for a particular setting of the specified arguments.

As is common in the mechanism design literature, I evaluate mechanisms with re-

spect to a sample Bayes-Nash equilibrium, s(t, θ). In other words, I adopt the weak

implementation perspective.

Below, I instantiate the procedure I introduced in Section 4.7.2 using a concrete

black-box optimization routine and elucidate its first three steps, thereby presenting a

full parametrized mechanism design framework for Bayesian games.

5.1.1 Designer’s Optimization Problem

I begin by treating the designer’s problem as black-box optimization, where the black

box produces a noisy evaluation of the designer’s objective, W (s(θ), θ), for the input
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design parameter, θ, given the game-theoretic predictions of play s(θ). Once I frame the

problem as a black-box optimization problem, I can draw on a wealth of literature devoted

to developing methods to approximate optimal solutions in this setting [Spall, 2003].

While I can in principle select any one of these, I have chosen simulated annealing, as it

has proved quite effective for a great variety of simulation optimization problems in noisy

settings with many local optima [Corana et al., 1987; Fleischer, 1995; Siarry et al., 1997].

By instantiating the high-level procedure in Section 4.7.2 with simulated annealing, we

can obtain the following procedure, to which I refer below as the automated mechanism

design (AMD) framework:

1. Begin with a randomly selected θ0 ∈ Θ

2. In iteration k, select the next candidate mechanism, θk+1|θk from a probability

distribution Fk(θk)

3. Evaluate θk and θk+1, obtainingWk andWk+1 respectively. To evaluate a candidate

mechanism θ, proceed as follows:

(a) Compute or approximate a solution s(t, θ) of Γθ

(b) Apply every constraint Ci(s(t, θ), t, θ) ∈ C to the solution s(t, θ); return that

θ is infeasible if any constraint fails (in my implementation, set W (s(θ), θ) =

−∞)2

(c) If all the constraints are satisfied, evaluate the objective value W (s(θ), θ) as

described in Section 5.1.4

4. Set θk+1 ← θk w.p. pk(Wk,Wk+1)

5. Repeat steps 1-4

6. Return an approximately optimal design based on the resulting optimization path

In this procedure, pk(Wk,Wk+1) is the Metropolis acceptance probability [Spall, 2003],

under which the next iterate is “accepted” with probability 1 if it yields a higher objective
2A more sophisticated approach would perhaps use a penalty method, which would then require us to

know the extent of constraint violation.
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value; if θk+1 yields a lower objective value, however, it is still accepted with small

probability, but the probability of acceptance is exponentially decreasing in |Wk+1 −

Wk|. I opt for a relatively simple adaptive implementation of simulated annealing, with

normally distributed random perturbations applied to the solution candidate θk in every

iteration to obtain the candidate mechanism θk+1. That is, Fk(θk) = N(θk, σ
2
k) for a

specified variance sequence σ2
k.3

As an application of black-box optimization, the mechanism design problem in my

formulation is just one of many problems that can be addressed with one of a selection

of methods. What makes it special is the subproblem of evaluating the objective function

for a given mechanism choice, and the particular nature of mechanism design constraints

which are evaluated based on Nash equilibrium outcomes and agent types.

5.1.2 Computing Nash Equilibria

As implied by the backwards induction process, I must obtain solutions (Bayes-Nash

equilibria in the current setting) of the games induced by the design choice, θ, in order to

evaluate the objective function. In general, this is simply not possible to do, since Bayes-

Nash equilibria may not even exist in an arbitrary game, nor is there a general-purpose

tool to find them. However, there are a number of tools that can find or approximate

solutions in specific settings. For example, GAMBIT [McKelvey et al., 2005] is a general-

purpose toolbox of solvers that can find Nash equilibria in finite games, although it is

often ineffective for even moderately sized games.

To the best of my knowledge, the only exact solver for a broad class of infinite games

of incomplete information was introduced by Reeves and Wellman [2004] (henceforth,

RW). Indeed, RW is a best-response finder, which has successfully been used iteratively

to obtain sample Bayes-Nash equilibria for a restricted class of infinite two-player games

of incomplete information. In Part II, I present a set of techniques for approximating

Bayes-Nash equilibria in simulation-based infinite one-shot Bayesian games, thereby

considerably extending the domain of applicability of my computational mechanism de-

3I use an exponentially decreasing sequence of variances in my implementation of the algorithm.
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sign framework beyond what is presented in this chapter.

While RW is often effective in converging to a sample Bayes-Nash equilibrium, it

does not do so always. Thus, we are presented with the first problem that makes auto-

mated mechanism design unique: how does one evaluate the objective if no solution can

be obtained? There are a number of ways to approach this difficulty. For example, since

RW is an iterative tool that will always (at least in principle) produce a best response to a

given strategy profile, one can use the last best response in the non-converging finite se-

ries of iterations as the prediction of agent play. Alternatively, one may simply constrain

the design to discard any choices for which the solver does not produce an answer. Here

I employ the latter alternative, which is the more conservative of the two.

Since the goal of automated mechanism design is to approximate solutions to design

problems with arbitrary objectives and constraints and to handle games with arbitrary

type distributions, I treat the probability distribution over player types as a black box from

which we can draw samples of profiles of joint player types. Thus, we must use numerical

techniques to evaluate the objective with respect to player types, thereby introducing

noise into the process.

5.1.3 Dealing with Constraints

Mechanism design can feature any of the following three classes of constraints: ex

ante (constraints evaluated with respect to the joint distribution of types), ex interim (eval-

uated separately for each player and type with respect to the joint type distribution of other

players), and ex post (evaluated for every joint type profile). When the type space is infi-

nite we, of course, cannot numerically evaluate any expression for every type. I therefore

replace these constraints with probabilistic constraints that must hold for a set of types

which has a large probability measure. For example, an ex post individual rationality

(IR) constraint would have to hold only for type profiles that can occur with probability

greater than 0.95. Besides a computational justification, there is a practical justification

for weakening the requirement that constraints be satisfied for every possible player type

(or joint type profile), at least as far as individual rationality is concerned. When we in-
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troduce constraints that hold with high probability, we may be excluding a small measure

set of types from participation (this is the case for the individual rationality constraints).

But by excluding a small portion of types, the expected objective function will change

very little, and, similarly, such a change will introduce little incentive for other types to

deviate. Indeed, by excluding a subset of types with low valuations for an object, the

designer may raise its expected revenue [Krishna, 2002].

Intuitively, it is unlikely to matter if a constraint fails on a set of types which occurs

with probability zero. I conjecture, further, that in most practical design problems, viola-

tion of a constraint on a low-measure set of types will also be of little consequence, either

because the resulting design is easy to fix, or because the other types will likely not have

very beneficial deviations even if they account in their decisions for the effect of these

unlikely types on the game dynamics. I support this conjecture via a series of applications

of my framework: in none of these did my constraint relaxation lead the designer much

astray.

Even when we weaken constraints based on agent type sets to their probabilistic

equivalents, we still need a way to verify that such constraints hold by sampling from

the type distribution. Since we can take only a finite number of samples, we will in fact

verify a probabilistic constraint only at some level of confidence. The question we want

to ask, then, is how many samples do we need in order to say with probability at least

1 − α that the probability of seeing a type profile for which the constraint is violated is

no more than p? That is the subject of the following theorem.

Theorem 5.1 Let B denote a set on which a probabilistic constraint is violated, and

suppose that we have a uniform prior over the interval [0, 1] on the probability measure

of B. Then, we need at least log α
log(1−p)

− 1 samples to verify with probability at least 1− α

that the measure of B is at most p.

In practice, however, this is not the end of the story for the ex interim constraints.

The reason is that the ex interim constraint will take expectation with respect to the joint

distribution of types of players other than the player i for which it is verified. Since we

must evaluate this expectation numerically, we cannot escape the presence of noise in
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constraint evaluation. Furthermore, if we are trying to verify the constraint for many type

realizations, it is quite likely that in at least one of these instances we will get unlucky and

the numerical expectation will violate the constraint, even though the actual expectation

does not. Although from a theoretical standpoint we should not be bothered by this

issue, it has much practical significance: the search problem already faces a vast space of

infeasibility, and such artificial constraint violations only add to its complexity and may

well doom the approach from the start.

I heuristically circumvent this problem in two ways. First, I introduce a slight tol-

erance for a constraint, so that it will not fail due to small evaluation noise. Second, I

split the set of types for which the constraint is verified into smaller groups, and throw

away a small proportion of types in each group with the worst constraint evaluation re-

sult. For example, if we are trying to ascertain that ex interim individual rationality holds,

we would throw away several types with the lowest estimated ex interim utility value.

I next describe three specific constraints employed in my applications.

Equilibrium Convergence Constraint Given that the game solutions are produced by

a heuristic (iterative best-response) algorithm, they are not inherently guaranteed to repre-

sent equilibria of the candidate mechanism. We can instead enforce this property through

an explicit constraint. The purpose of this constraint is to ensure that every mechanism

is indeed evaluated with respect to a true equilibrium (or near-equilibrium) strategy pro-

file (given my assumption that a Bayes-Nash equilibrium is a relevant predictor of agent

play). For example, best response dynamics using RW need not converge at all.

I formally define this constraint as follows:

Definition 5.2 Let s(t) be the last strategy profile in a sequence of best response itera-

tions, and let s′(t) immediately precede s(t) in this sequence. Then the equilibrium con-

vergence constraint is satisfied if for every joint type profile of players, |s(t)− s′(t)| < δ

for some a priori fixed tolerance level δ.4

The problem that we cannot in practice evaluate this constraint for every joint type profile

4Note that if the payoff functions are Lipschitz continuous with a Lipschitz constant A, the condition
above implies that s(t) is a Aδ-Bayes-Nash equilibrium.
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is resolved by making it probabilistic, as described above. Thus, I define a (1− p)-strong

equilibrium convergence constraint:

Definition 5.3 Let s(t) be the last strategy profile produced in a sequence of solver iter-

ations, and let s′(t) immediately precede s(t) in this sequence. Then the (1 − p)-strong

equilibrium convergence constraint is satisfied if for a set of type profiles t with probabil-

ity measure no less than 1 − p, |s(t) − s′(t)| < δ for some a priori fixed tolerance level

δ.

Ex Interim Individual Rationality Ex-Interim-IR (EIIR) specifies that for every agent

and type, the agent’s expected utility conditional on its type is greater than its opportunity

cost of participating in the mechanism. This idea is formalized in Definition 3.28. Again,

in the automated mechanism design framework, I must modify the classical definition of

EIIR to a probabilistic constraint as described above.

Definition 5.4 The (1 − p)-strong Ex-Interim-IR constraint is satisfied when for every

agent i ∈ I , and for a set of types ti ∈ Ti with probability measure no less than 1 − p,

Et−i
ui(t, s(t)|ti) ≥ ci(ti) − δ, where ci(ti) is the opportunity cost of agent i with type ti

of participating in the mechanism, and δ is some a priori fixed tolerance level.

Commonly in the mechanism design literature the opportunity cost of participation,

ci(ti), is assumed to be zero but this assumption may not hold, for example, in an auction

where not participating would be a give-away to competitors and entail negative utility.

Minimum Revenue Constraint The final constraint that I consider ensures that the

designer will obtain some minimal amount of revenue (or bound its loss) in attaining a

non-revenue-related objective.

Definition 5.5 The minimum revenue constraint is satisfied if Etk(s(t), t) ≥ C, where

k(s(t), t) is the total payment made to the designer by agents with joint strategy s(t) and

joint type profile t, and C is the lower bound on revenue.
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5.1.4 Evaluating the Objective

As I mention above, if any constraint fails, the corresponding objective function value

W (s(θ), θ) is evaluated to −∞. If all the constraints are satisfied, however, the objective

must be evaluated with respect to the distribution of player types. Below, I present two

approaches for doing this. The first is the traditional Bayesian approach, which I term

Bayesian mechanism design, whereas the second is in the spirit of robust optimization,

and I term it, correspondingly, robust mechanism design.

Bayesian Mechanism Design In much of this chapter I explore Bayesian mechanism

design, in which the designer is presumed to have a belief about the distribution of agents’

types. The Bayesian mechanism design problem evaluates the designer’s objective value

for a mechanism θ ∈ Θ by taking the expectation of W (s(t, θ), t, θ) with respect to the

distribution of player types. That is,

W (s(θ), θ) = Et[W (s(t, θ), t, θ)].

I assume that the designer has the same belief about agent types as the agents themselves,

although this assumption is there purely for convenience.

Probably Approximately Robust Mechanism Design I address the problem of robust

mechanism design by allusion to the analogous problem in the optimization literature, re-

ferred to as robust optimization [Ben-Tal and Nemirovski, 2002]. In robust optimization,

uncertainty over parameters of an optimization program is accounted for by treating the

uncertainty set essentially as an adversary which selects the worst outcome for the prob-

lem at hand. Thus, the solution to the robust program is one that gives the best outcome

in the face of such an adversary.

The analogy here comes from treating the type space of agents as such an adver-

sary. As a justification for such a pessimistic outlook, we can imagine that the designer

is extremely averse to poor outcomes, perhaps envisioning a politician who is extremely

worried about being reelected. While risk aversion can be treated formally in a Bayesian
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framework, such treatment requires the designer to be aware of his risk preferences. Ro-

bust treatment sidesteps this issue and may provide a useful approximation instead.

Formally, we can express the robust objective of the designer as

W (s(θ), θ) = inf
t∈T

W (s(t, θ), t, θ). (5.1)

Note that this change is relatively minor and has no effect on the rest of the framework

(replacing the expectation operator with the infimum). However, it entails a computation-

ally infeasible problem of ensuring robustness for every joint type of a possibly infinite

type space; anything short of that is no longer really robust. To address this problem, I

relax the pure robustness criterion to probabilistic robustness.5 My relaxation is that the

designer is not worried about the worst subset of outcomes of the type space if that subset

has very small measure. For example, if the set of types that has probability measure of

0.0001 are extremely unfavorable, their appearance is deemed sufficiently unlikely not to

worry the designer. Furthermore, we can probabilistically ascertain that the worst out-

come based on a finite number of samples from the type distribution is no better than

a large measure of the type space. I call this paradigm probably approximately robust

mechanism design.

To formalize this, suppose that in every exploration step using my framework one

takes n samples from the type distribution, T n = {T1, . . . , Tn}, and then selects the

worst value of the objective over these n types:

Ŵ (s(t, θ), t, θ) = inf
t∈T n

W (s(t, θ), t, θ).

One would like to select a sufficiently high number of samples n, in order to attain high

enough confidence, 1 − α, that the best objective value that he can obtain via L explo-

rations using this framework is approximately robust. The following theorem gives such

an n.

5To clarify, the critical issue is not so much the impossibility of computing the objective value exactly:
this problem obtains even in the Bayesian mechanism design setting. Rather, the relaxation is necessary
in order to enable us to speak in a meaningful way about objective estimation and to obtain probabilistic
bounds, such I the one I present below.
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Theorem 5.6 Suppose we select the best design of L candidates, using n samples from

the type distribution for each to estimate the value of inft∈T\TA
W (s(t, θ), t, θ), where TA

is the set of types with value ofW (s(t, θ), t, θ) below Ŵ (s(t, θ), t, θ). If we want to attain

the confidence of at least 1− α that the measure of TA is at most p, we need

n ≥ log(1− (1− α)
1
L )

log(1− p)

samples.

5.2 Extended Example: Shared-Good Auction (SGA)

5.2.1 Setup

Consider the problem of two people trying to decide between two options. Unless

both players prefer the same option, no standard voting mechanism (with either straight

votes or a ranking of the alternatives) can help with this problem. We can propose a

simple auction: each player submits a bid and the player with the higher bid wins, paying

some function of the bids to the loser in compensation. Reeves [2005] considered a

special case of this auction and gave the example of two roommates using it to decide who

should get the bigger bedroom and for how much more rent. Cramton [1987] considered

this problem in the context of dissolving partnerships.

I define a space of mechanisms for this problem that are all budget balanced, indi-

vidually rational, and (assuming monotone strategies) socially efficient. I then search the

mechanism space for games that satisfy additional properties. The following is a payoff

function defining a space of games parametrized by a payment function f .

u(t, a, t′, a′) =


t− f(a, a′) if a > a′

0.5t if a = a′

f(a′, a) if a < a′,

(5.2)

where u(·) gives the utility for an agent who has a value t for winning and bids a against
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an agent who has value t′ and bids a′. The ts are the agents’ types and the as their actions.

The semantics are that the winner (i.e., the player with the higher bid) pays f(a, a′) to

the loser, where a in this case is the winning and a′ the losing bid. In the tie-breaking

case (which occurs with probability zero for many classes of strategies) the payoff is the

average of the two other cases because the winner is chosen by a coin flip.

I now consider a restriction of the class of mechanisms defined above.

Definition 5.7 SGA(h, k) is the mechanism defined by Equation 5.2 with f(a, a′) =

ha+ ka′, h, k ∈ [0, 1].

For example, in SGA(1/2, 0) the winner pays half its own bid to the loser; in SGA(0, 1)

the winner pays the loser’s bid to the loser. More generally, h and k will be the rela-

tive proportions of winner’s and loser’s bids that will be transferred from the winner to

the loser. I now give Bayes-Nash equilibria for such games when types are uniformly

distributed.6

Theorem 5.8 For h, k ≥ 0 and types U [A,B] with B ≥ A + 1 the following is a sym-

metric Bayes-Nash equilibrium of SGA(h, k):

s(t) =
t

3(h+ k)
+
hA+ kB

6(h+ k)2
.

We can now characterize the truthful (BNIC, per Definition 3.24) mechanisms in this

space. According to Theorem 5.8, SGA(1/3, 0) is truthful for U [0, B] types. I now show

that this is the only truthful design in this design space.

Theorem 5.9 With U [0, B] types (B > 0), SGA(h, k) is BNIC if and only if h = 1/3

and k = 0.

Below, I use this characterization to present concrete examples of the failure of the rev-

elation principle for several sensible designer objectives. Since SGA(1/3, 0) is the only

truthful mechanism in our design space, we can directly compare the objective value ob-

tained from this mechanism and the best untruthful mechanism in the sections that follow.

From here on I focus on the case of U [0, 1] types.
6While not a significant contribution of this work, this is an original result to the best of my knowledge.
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5.2.2 Automated Design Problems

Bayesian Mechanism Design Problems

Minimize Difference in Expected Utility First, I consider fairness, or negative differ-

ences between the expected utility of winner and loser, as the objective. Formally, the

goal is to minimize

|Et,t′ [u(t, s(t), t
′, s(t′), k, h | a > a′)− u(t, s(t), t′, s(t′), k, h | a < a′)]|. (5.3)

I first use the equilibrium bid derived above to analytically characterize optimal mech-

anisms.

Theorem 5.10 The objective value in (5.3) for SGA(h, k) is

2h+ k

9(h+ k)
.

Furthermore, SGA(0, k), for any k > 0, minimizes the objective, and the optimum is 1/9.

By comparison, the objective value for the truthful mechanism, SGA(1/3, 0), is 2/9,

twice as high as the minimum produced by an untruthful mechanism. Thus, the revelation

principle does not hold for this objective function in the specified design space. I can use

Theorem 5.10 to find that the objective value for SGA(1/2, 0), the mechanism described

by Reeves [2005], is 2/9.

Now, to test the automated mechanism design framework (as embodied by the pro-

cedure in Section 5.1), imagine we do not know about the above analytic derivations

(including the derivation of the Bayes-Nash equilibrium). I, thus, run the automated

mechanism design procedure in “black-box” mode. Table 5.1 presents results of AMD

the search which is initialized to random values of h and k (taking the best outcome from

5 random restarts), and at the starting values of h = 0.5 and k = 0. Since the objective

function turns out to be fairly simple, it is not surprising that I obtain the optimal mech-

anism for specific and random starting points (indeed, the optimal design was produced

from every random starting point I generated).
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Parameters Initial Design Final Design
h 0.5 0
k 0 1

objective 2/9 1/9
h random 0
k random 1

objective N/A 1/9

Table 5.1: Design that approximately maximizes fairness (minimizes difference in ex-
pected utility between utility of winner and loser) when the optimization search starts at
a fixed starting point, and the best mechanism from five random restarts.

Minimize Expected (Ex-Ante) Difference in Utility Here I modify the objective func-

tion slightly as compared to the previous section, and instead aim to minimize the ex-

pected ex ante difference in utility:

E|u(t, s(t), t′, s(t′), k, h|a > a′)− u(t, s(t), t′, s(t′), k, h|a < a′)|. (5.4)

While the only difference from the previous section is the placement of the absolute

value sign inside the expectation, this difference complicates the analytic derivation of

the optimal design considerably. Therefore, I do not present the actual optimum design

values.

Parameters Initial Design Final Design
h 0.5 0.49
k 0 1

objective 0.22 0.176
h random 0.29
k random 0.83

objective N/A 0.176

Table 5.2: Design that approximately minimizes expected ex ante difference between
utility of winner and loser when the optimization search starts at a random and a fixed
starting points.

The results of application of my AMD framework are presented in Table 5.2. While

the objective function in this example appears somewhat complex, it turns out (as I dis-

covered through additional exploration) that there are many mechanisms that yield nearly
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optimal objective values.7 Thus, both random restarts as well as a fixed starting point

produced essentially the same near-optima. By comparison, the truthful design yields the

objective value of about 0.22, which is considerably worse.

Maximize Expected Utility of the Winner Yet another objective in the shared-good-

auction domain is to maximize the expected utility of the winner.8 Formally, the designer

is maximizing E[u(t, s(t), t′, s(t′), k, h | a > a′)].

I first analytically derive the characterization of optimal mechanisms.

Theorem 5.11 The problem is equivalent to finding (h, k) that maximize

4/9− k/[18(h+ k)].

Thus, k = 0 and h > 0 maximize the objective, and the optimum is 4/9.

Parameters Initial Design Final Design
h 0.5 0.21
k 0 0

objective 4/9 4/9
h random 0.91
k random 0.03

objective N/A 0.443

Table 5.3: Design that approximately maximizes the winner’s expected utility.

Here again my results in Table 5.3 are optimal or very nearly optimal, unsurprisingly

for this relatively simple application.

Maximize Expected Utility of the Loser Finally, I try to maximize the expected utility

of the loser.9 Formally, the designer is maximizing

E[u(t, s(t), t′, s(t′), k, h|a < a′)].

7Particularly, I carried out a far more intensive exploration of the search space given the analytic ex-
pression for the Bayes-Nash equilibrium to ascertain that the values reported are close to actual optima.
Indeed, I failed to improve on these.

8For example, the designer may be interested in minimizing the amount of money which changes hands,
which is, by construction, an equivalent problem.

9For example, the designer may be interested in maximizing the amount of money which changes hands,
which is, by construction, an equivalent problem.
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I again first analytically derive the optimal mechanism.

Theorem 5.12 The problem is equivalent to finding h and k that maximize

2/9 + k/[18(h+ k)].

Thus, h = 0 and k > 0 maximize the objective, and the optimum is 5/18.

Parameters Initial Design Final Design
h 0.5 0
k 0 0.4

objective 2/9 5/18
h random 0.13
k random 1

objective N/A 0.271

Table 5.4: Design that approximately maximizes the loser’s expected utility.

Table 5.4 shows the results of running AMD in black-box mode in this setting. I

can observe that my results are again either actually optimal when the search used a

fixed starting point, or close to optimal when random starting points were used. While

this design problem is relatively easy and the answer can be analytically derived, the

objective function is non-linear, which, along with the presence of noise, adds sufficient

complexity to blind optimization to suggest that my success here is at least somewhat

interesting.

Robust Mechanism Design Problems

Minimize Nearly-Maximal Difference in Utility Here, I study the problem of prob-

ably approximately robust design for maximal difference in players’ utility. The robust

formulation of this problem is to minimize

sup
t,t′∈T

|u(t, s(t), t′, s(t′), k, h|a > a′)− u(u(t, s(t), t′, s(t′), k, h|a < a′)|.
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Theorem 5.13 The robust problem is equivalent to finding h, k that minimize

h+ 2k

3(h+ k)
.

Thus, k = 0 is optimal for any h > 0, and the optimal value is 1/3.

Parameters Initial Design Final Design
h random 0.01
k random 0

objective N/A 1/3

Table 5.5: Design that approximately robustly minimizes the difference in utility.

As one can see from the results in Table 5.5, the mechanism produced via the auto-

mated framework is optimally robust, as the optimum corresponds to one of the robust

designs in Theorem 5.13.

Maximize Nearly-Minimal Utility of the Winner The second problem in robust de-

sign I consider is maximization of minimum utility of the winner given the type distribu-

tion on unit support set. This problem can be more formally expressed as maximizing

inf
t,t′∈T

u(t, s(t), t′, s(t′), k, h|a > a′).

Theorem 5.14 The problem is equivalent to finding h, k that minimize

k

6(h+ k)
.

Thus, k = 0 is optimal for any h > 0, with the optimal value of 0.

Parameters Initial Design Final Design
h random 0.65
k random 0

objective N/A 0

Table 5.6: Design that approximately robustly maximizes the winner’s utility.
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Table 5.6 shows the results of optimizing this objective function using my automated

mechanism design framework. As in the previous robust application of my framework,

my design is optimally robust according to Theorem 5.14.

Maximize Nearly-Minimal Utility of the Loser The final robust design problem I will

consider for the shared-good auction domain is that of robustly maximizing the utility of

the loser. More formally, this is expressed as maximizing

inf
t,t′∈T

u(t, s(t), t′, s(t′), k, h|a < a′).

Theorem 5.15 The problem is equivalent to finding h, k that maximize

k

6(h+ k)
.

Thus, h = 0 is optimal for any k > 0, with the optimal value of 1/6.

Parameters Initial Design Final Design
h random 0
k random 0.21

objective N/A 1/6

Table 5.7: Design that approximately robustly maximizes the loser’s utility.

According to Table 5.7, I again observe that my automated process arrived at the

optimal robust mechanism, as described in Theorem 5.15.

Of the examples I considered so far, most turned out to be analytic, and one I could

only approach numerically. Nevertheless, even in the analytic cases, the objective func-

tion forms were not trivial, particularly from a blind optimization perspective. Further-

more, one must take into account that even the simple cases are somewhat complicated by

the presence of noise, and thus one need not arrive at global optima even in the simplest

of settings so long as the number of samples is not very large.

Having found success in the simple shared-good auction setting, I now turn my atten-

tion to a series of considerably more difficult problems.
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5.3 Applications

I present results from several applications of my automated mechanism design frame-

work to specific two-player problems. One of these problems, finding auctions that yield

maximum revenue to the designer, has been studied in a seminal paper by Myerson [1981]

in a much more general setting than the one I consider. Another, which seeks to find auc-

tions that maximize social welfare, has also been studied more generally. Additionally, in

several instances I was able to derive optima analytically. For all of these I have a known

benchmark to strive for. Others have no known optimal design.

An important consideration in any optimization routine is the choice of a starting

point, as it will generally have important implications for the quality of results. This

could be especially relevant in practical applications of automated mechanism design,

for example, if it is used as a tool to enhance an already working mechanism through

parametrized search. Thus, I would already have a reasonable starting point and opti-

mization could be far more effective as a result. I explore this possibility in several of

my applications, using a previously studied design as a starting point. Additionally, I

apply my framework to every application with completely randomly seeded optimization

runs, taking the best result of five randomly seeded runs in order to alleviate the problem

posed by local optima. Furthermore, I enhance the optimization procedure by using a

guided restart, that is, by running the optimization procedure once using the current best

mechanism as a new starting point.

In all of my applications, player types are independently distributed with uniform

distribution on the unit interval. Finally, I used 50 samples from the type distribution to

verify Ex-Interim-IR. This gives us 0.95 probability that 94% of types lose no more than

the opportunity cost plus my specified tolerance which I add to ensure that the presence

of noise does not overconstrain the problem. It turns out that every application that I

consider produces a mechanism that is individually rational for all types with respect to

the tolerance level that was set.
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5.3.1 Myerson Auctions

The seminal paper by Myerson [1981] presented a theoretical derivation of revenue

maximizing auctions in a relatively general setting. Here, my aim is to find a mechanism

with a nearly-optimal value of some given objective function, of which revenue is an ex-

ample.10 However, I restrict myself to a considerably less general setting than did Myer-

son, constraining the design space to that described by the parameters q, k1, k2, K1, k3, k4,

and K2 in (5.5).

u(t, a, t′, a′) =


U1 if a > a′

0.5(U1 + U2) if a = a′

U2 if a < a′,

(5.5)

where U1 = qt−k1a−k2a
′−K1 and U2 = (1−q)t−k3a−k4a

′−K2. I further constrain

all the design parameters to be in the interval [0,1]. In standard terminology, this design

space allows the designer to choose an allocation parameter, q, which determines the

probability that the winner (i.e., agent with the winning bid) gets the good, and transfers,

which I constrain to be linear in agents’ bids.

While my automated mechanism design framework assures us that p-strong individ-

ual rationality will hold with the desired confidence, I can actually verify it by hand in this

application. Furthermore, I can adjust the mechanism to account for lapses in individual

rationality guarantees for subsets of agent types by giving to each agent the amount of

the expected loss of the least fortunate type.11 Similarly, if I do find a mechanism that

is Ex-Interim-IR, I may still have an opportunity to increase expected revenue as long as

the minimum expected gain of any type is strictly greater than zero.

Bayesian Mechanism Design Problems

Maximize Revenue In this section, I am interested in finding approximately revenue-

maximizing designs in the specified constrained design space. Based on Myerson’s feasi-

10Conitzer and Sandholm [2003] also tackled Myerson’s problem, but assumed finite type and strategy
spaces of agents, as well as a finite design space.

11Observe that such constant transfers will not affect agent incentives.
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bility constraints, I derive in the following theorem that an optimal incentive compatible

mechanism in the specified design space yields revenue of 1/3 to the designer,12 as com-

pared to 0.425 in the general two-player case.13

Lemma 5.16 The mechanism in the design space described by the parameters in equa-

tion 5.5 is BNIC and Ex-Interim-IR if and only if k3 = k4 = K1 = K2 = 0 and

q − k1 − 0.5k2 = 0.5.

Theorem 5.17 Optimal incentive compatible mechanism in my setting yields the revenue

of 1/3, which can be achieved by selecting q = 1, k1 ∈ [0, 0.5], and k2 ∈ [0, 1], respecting

the constraint that k1 + 0.5k2 = 0.5.

Parameters Initial Design Final Design
q random 0.96
k1 random 0.95
k2 random 0.84
K1 random 0.78
k3 random 0.73
k4 random 0
K2 random 0.53

objective N/A 0.3

Table 5.8: Design that approximately maximizes the designer’s revenue.

In addition to performing five restarts from random starting points, I repeated the

simulated annealing procedure starting with the best design produced via the random

restarts. This procedure yielded the design in Table 5.8. I now verify the Ex-Interim-IR

and revenue properties of this design.

Proposition 5.18 The design described in Table 5.8 is Ex-Interim-IR and yields the ex-

pected revenue of approximately 0.3. Furthermore, the designer could gain an additional

0.0058 in expected revenue without effect on incentives while maintaining the individual

rationality constraint.

12For example, Vickrey auction will yield this revenue.
13The optimal mechanism prescribed by Myerson is not implementable in my design space.
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I have already shown that the best known design, which is also the optimal incentive

compatible mechanism in this setting, yields a revenue of 1/3 to the designer. Thus, my

AMD framework produced a design near to the best known. It is an open question what

the actual global optimum is.

Maximize Welfare It is well known that the Vickrey auction is welfare-optimal. Thus,

I know that the welfare optimum is attainable in the specified design space. Before pro-

ceeding with search, however, I must make one observation. While I am interested in

welfare, it would be inadvisable in general to completely ignore the designer’s revenue,

since the designer is unlikely to be persuaded to run a mechanism at a disproportionate

loss. To illustrate, take the same Vickrey auction, but afford each agent one billion dollars

for participating. This mechanism is still welfare-optimal, but seems a senseless waste if

optimality could be achieved without such spending (and, indeed, at some profit to the

auctioneer). To remedy this problem, I use a minimum revenue constraint, ensuring that

no mechanism that is too costly will be selected as optimal.

First, I present a general result that characterizes welfare-optimal mechanisms in my

setting.

Theorem 5.19 Welfare is maximized if either the equilibrium bid function is strictly in-

creasing and q = 1 or the equilibrium bid function is strictly decreasing and q = 0.

Furthermore, the maximum expected welfare in the specified design space is 2/3.

Thus, for example, both first- and second-price sealed bid auctions are welfare-optimizing

(as is well known).

In Table 5.9 I present the result of my search for optimal design with 5 random

restarts, followed by another run of simulated annealing that uses the best outcome of

5 restarts as the starting point. I verified using the RW solver that the bid function

s(t) = 0.645t − 0.44 is an equilibrium given this design. Since it is strictly increas-

ing in t, I can conclude based on Theorem 5.19 that this design is welfare-optimal. I

only need to verify then that both the minimum revenue and the individual rationality

constraints hold.
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Parameters Initial Design Final Design
q random 1
k1 random 0.88
k2 random 0.23
K1 random 0.28
k3 random 0.06
k4 random 0.32
K2 random 0

objective N/A 2/3

Table 5.9: Design that approximately maximizes welfare.

Proposition 5.20 The design described in Table 5.9 is Ex-Interim-IR, welfare optimal,

and yields the revenue of approximately 0.2. Furthermore, the designer could gain an

additional 0.128 in revenue (for a total of about 0.33) without affecting agent incentives

or compromising individual rationality and optimality.

It is interesting that this auction, besides being welfare-optimal, also yields a slightly

higher revenue to the designer than my mechanism in the previous section if I implement

the modification proposed in Proposition 5.20. Thus, there appears to be some synergy

between optimal welfare and optimal revenue in my design setting.

Robust Mechanism Design Problems

Maximize Nearly-Minimal Revenue The robust objective in this section is to maxi-

mize minimal revenue to the designer over the entire joint type space. That is, the robust

objective function is

inf
t,t′∈T |s(t)>s(t′)

[k1s(t) + k2s(t
′) + k3s(t

′) + k4s(t)]+

inf
t,t′∈T |s(t)<s(t′)

[k1s(t
′) + k2s(t) + k3s(t) + k4s(t

′)]+

inf
t,t′∈T |s(t)=s(t′)

[(k1 + k2 + k3 + k4)s(t)] +K1 +K2.

(5.6)

Assuming symmetry, here is a simple result about a set of mechanisms that yields 0

for the objective in Equation 5.6.

Theorem 5.21 Any auction with K1 = K2 = 0 which induces equilibrium strategies in
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the form s(t) = mt with m > 0 yields 0 as the value of the objective in Equation 5.6.

Thus, both first-price and second-price sealed-bid auctions result in the value of 0 for the

robust objective. Furthermore, by Lemma 5.16 it follows that the same is true for any

BNIC and ex-interim individually rational mechanism in the specified design space.

Since it is far from clear what the actual optimum for this problem or for its probably

approximately robust equivalent is, I ran my automated framework to obtain an approxi-

mately optimal design. In Table 5.10 I show the approximately optimal mechanism that

Parameters Initial Design Final Design
q random 1
k1 random 1
k2 random 0.34
K1 random 0.69
k3 random 0
k4 random 0
K2 random 0

objective N/A 0.0066

Table 5.10: Design that approximately robustly maximizes revenue.

results. I now verify its individual rationality and revenue properties.

Proposition 5.22 The mechanism in Table 5.10 yields the value of 0.0066 for the robust

objective. While it is not Ex-Interim-IR, it can be made so by paying each agent a fixed

0.000022, resulting in the adjusted robust objective value above 0.0065.

Thus, I confirm that while not precisely individually rational, my mechanism is very

nearly so, and with a small adjustment becomes individually rational with little cost to

the designer. Furthermore, the designer is able to make a positive (albeit small) profit no

matter what the joint type of the agents is.

5.3.2 Vicious Auctions

In this section I study a mechanism design problem motivated by the Vicious Vickrey

auction [Brandt and Weiß, 2001; Brandt et al., 2007; Morgan et al., 2003; Reeves, 2005].

The essence of this auction is that while it is designed exactly like a regular Vickrey
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auction, the players get disutility from the utility of the other player, which is a function

of parameter l, with the regular Vickrey auction the special case of l = 0.

I generalize the Vicious Vickrey auction design using the same parameters as in the

previous section such that the Vicious Vickrey auction is a special case with q = k2 = 1

and k1 = k2 = k3 = k4 = K1 = K2 = 0, and the utility function of agents presented

in the previous section can be recovered when l = 0. I assume in this construction that

payments, which will be the same (as functions of players’ bids and design parameters)

as in the Myerson auction setting, have a particular effect on players’ utility parametrized

by l. Hence, the utility function in (5.7).

u(t, a, t′, a′) =


U1 if a > a′

0.5(U1 + U2) if a = a′

U2 if a < a′

(5.7)

where U1 = q(1−l)t−(k1(q(1−l)+(1−q))−(1−q)l)a−((1−q)l)t′−k2(q(1−l)+(1−

q))a′−K1 and U2 = (1−q)(1− l)t−(k3((1−q)(1− l)+q)−ql)a−qlt′−k4((1−q)(1−

l)+q)a′−K2. In all the results below, I fix l = 2/7. Reeves [2005] reports an equilibrium

for Vicious Vickrey with this value of l to be s(t) = (7/9)t+ 2/9. Thus, we can see that

we are no longer assured incentive compatibility even in the second-price auction case. In

general, it is unclear whether there exist incentive compatible mechanisms in this design

space, particularly because I constrain all the parameters to be in the interval [0, 1].

Before proceeding, I would like to modify the definition of individual rationality in

this setting to be as follows: every agent can earn non-negative expected value less ex-

pected payment (that is, expected surplus). To formalize this, EU(t) = v(t)−m(t) ≥ 0,

where v(t) is the expected value to agent with type t and m(t) is the expected payment to

the auctioneer by the agent with type t. This is in contrast with assuring each agent that

every type will obtain non-negative expected utility. However, I believe that the alterna-

tive definition is more sensible in this setting, since it assures the agent that it will receive

no less than the opportunity cost of participation in the auction, which we take to be zero.
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Bayesian Mechanism Design Problems

Maximize Revenue The first objective is to (nearly) maximize revenue in this domain.

The results of automated mechanism design in two distinct cases are presented in Ta-

ble 5.11.

Parameters Initial Design Final Design
q 1 1
k1 0 0
k2 1 0.98
K1 0 0.09
k3 0 0.33
k4 0 0
K2 0 0

objective 0.48 0.49
q random 1
k1 random 1
k2 random 0.33
K1 random 0.22
k3 random 0.22
k4 random 0.12
K2 random 0

objective N/A 0.44

Table 5.11: Design that approximately maximizes revenue.

The top part of Table 5.11 presents the results of simulated annealing search that

uses the previously studied Vicious Vickrey as a starting point. My purpose for doing

so is two-fold. First, I would like to see if I can easily (i.e., via an automated process)

do better than the previously studied mechanism. Second, I want to suggest automated

mechanism design as a framework not only for finding good mechanisms from scratch,

but also for improving mechanisms that are initially designed by hand. The latter could

become especially useful in practice when applications are extremely complex and we

can use theory and intuition to give us a good starting mechanism.

First, I determine the expected revenue and individual rationality properties of the

Vicious Vickrey auction in the following Proposition.

Proposition 5.23 The expected revenue from Vicious Vickrey auction with l = 2/7 is

approximately 0.48. This auction is not Ex-Interim-IR, but can be adjusted by awarding
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each agent 0.021. The adjusted revenue would become 0.438.

I now give the individual rationality and revenue properties of the auction that AMD

obtains with Vicious Vickrey as the starting point.

Proposition 5.24 The expected revenue from the auction {1,0,0.98,0.09,0.33,0,0} in Ta-

ble 5.11 is approximately 0.49. This auction is Ex-Interim-IR, and will remain so if the

designer charges a fixed entry fee of 0.0027, giving itself a total revenue of approximately

0.4932.

Thus, I found a design which yields more revenue than the design previously studied in

the literature (adjusted to be individually rational).

Now, I assume that I have never heard of Vicious Vickrey and need to find a good

mechanism without any additional information. Consequently, I present results of search

from a random starting point in the lower section of Table 5.11. Properties of the resulting

auction are explored in Proposition 5.25.

Proposition 5.25 The expected revenue from the auction {1,1,0.33,0.22,0.22,0.12,0} in

Table 5.11 is approximately 0.44. This auction is Ex-Interim-IR, and can remain so if the

designer charges all agents an additional fixed participation fee of 0.0199. This design

change would increase the expected revenue to 0.4798.

Thus, the design I obtained from a completely random starting point yields revenue that is

not far below that of Vicious Vickrey (or the design that I found using Vicious Vickrey as a

starting point), and is better than Vicious Vickrey if the latter is adjusted to be individually

rational. Furthermore, this design can be improved considerably via a participation tax

without sacrificing individual rationality.

Maximize Welfare In Table 5.12 I present an outcome of the automated mechanism

design process with the goal of maximizing welfare. The procedure, as above, involves

simulated annealing with five random restarts, and an additional run with the current

optimum welfare as the starting point of the simulated annealing run. In the optimization,

I utilized both the Ex-Interim-IR and minimum revenue constraints. In the following
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Parameters Initial Design Final Design
q random 0.37
k1 random 0.8
k2 random 1
K1 random 0.49
k3 random 0.29
k4 random 0.67
K2 random 0.48

objective N/A 0.54

Table 5.12: Design that approximately maximizes welfare.

proposition I establish the welfare, revenue, and individual rationality properties of this

mechanism.

Proposition 5.26 The expected welfare of the mechanism in Table 5.12 is approximately

0.54 and expected revenue is approximately 0.225. It is Ex-Interim-IR for all types in

[0.17,1] and can be made Ex-Interim-IR for every type at an additional loss of 0.13 in

revenue.

While individual rationality does not hold for almost 80% of types, this failure is easy

to remedy at some additional loss in revenue (importantly, the adjusted expected revenue

will be positive).

After a sequence of successful applications of AMD, I stand before an evident failure:

the mechanism I found is quite a bit below the known optimum of 2/3. Interestingly,

recall that the optimal revenue mechanism in the vicious setting had a strictly increasing

bid function and q = 1, and consequently was also welfare-optimal by Theorem 5.19.

Instead of plainly dismissing this application as a failure, I can perhaps derive some

lessons as to why my results were so poor. I hypothesize that the most important reason

is that I introduced minimum revenue of 0 as an additional hard constraint. From ob-

serving the optimization runs in general, I notice that the optimization problem both in

the Myerson auctions and the vicious auctions design space seems to be rife with islands

of local optima in the sea of infeasibility. Thus, the problem was difficult for black-box

optimization already, and I only made it considerably more difficult by adding additional

infeasible regions. In general, I would expect such optimization techniques to work best
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when the objective function varies smoothly and most of the space is feasible. Hard con-

straints make it more difficult by introducing (at least in my implementation) spikes in

the objective value.14

I have seen some evidence to the correctness of my hypothesis already, since my

revenue-optimal design also happens to maximize social utility. To test my hypothesis

directly, I remove minimum revenue as a hard constraint in the next section, and instead

try to maximize the weighted sum of welfare and revenue.

Maximize Weighted Sum of Revenue and Welfare In this section, I present results

of AMD with the goal of maximizing the weighted sum of revenue and welfare. For

simplicity (and having no reason for doing otherwise), I set weights to be equal. A

Parameters Initial Design Final Design
q random 1
k1 random 0.51
k2 random 1
K1 random 0.09
k3 random 0.34
k4 random 0.26
K2 random 0

objective N/A 0.6372

Table 5.13: Design that approximately maximizes the average of welfare and revenue.

design that my framework found from a random starting point is presented in Table 5.13.

I verified using RW that s(t) = 0.935t− 0.18 is an (approximate) symmetric equilibrium

bid function. Thus, by Theorem 5.19 this auction is welfare-optimal.

Proposition 5.27 The expected revenue from the auction in Table 5.13 is 0.6078. How-

ever, it is not Ex-Interim-IR, and the least fortunate type loses nearly 0.044. However,

by compensating the agents the designer can induce individual rationality without affect-

ing incentives, at a revenue loss of 0.088. This would leave it with an adjusted expected

revenue of 0.5198.

14Recall that I implemented hard constraints as a very low value of the objective. Thus, adding hard
constraints increases nonlinearity of the objective function, and the increase could be quite dramatic.
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Robust Mechanism Design Problems

Maximize Nearly-Minimal Revenue I now apply my framework to the problem of

robustly maximizing revenue of the designer. First, I present the result for the previously

studied Vicious Vickrey auction.

Proposition 5.28 By running the Vicious Vickrey auction, the designer can obtain at least

2/9 (approximately 0.22) in revenue for any joint type profile. By adjusting to make the

auction individually rational, minimum revenue falls to 220/1089 (approximately 0.2).

The results from running my automated design framework from a random starting

point are shown in Table 5.14. I now verify the revenue and individual rationality prop-

Parameters Initial Design Final Design
q random 0.86
k1 random 1
k2 random 0.71
K1 random 0.14
k3 random 0
k4 random 0.09
K2 random 0

objective N/A 0.059

Table 5.14: Design that approximately robustly maximizes revenue.

erties of this mechanism.

Proposition 5.29 The design in Table 5.14 yields revenue of at least 0.059 to the designer

for any agent type profile, but is not ex-interim individually rational. It can be made such

if the designer awards each agent 0.0135 for participation, yielding the adjusted revenue

of 0.032.

As we can see, the randomly generated design is considerably worse than the adjusted Vi-

cious Vickrey. However, adjusted Vicious Vickrey requires negative settings of several of

the design parameters. Since the parameters are initially constrained to be non-negative,

it is unclear whether a better solution is indeed attainable in the specified constrained

design space, even at a slight (< 0.02) sacrifice in individual rationality.
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5.4 Conclusion

I presented a framework for automated design of general mechanisms (direct or in-

direct) using the Bayes-Nash equilibrium solver for infinite games developed by Reeves

and Wellman [2004]. Results from applying this framework to several design domains

demonstrate the value of our approach for practical mechanism design. The mechanisms

that I found were typically either close to the best known mechanisms, or better.

My lone failure illuminated the difficulty of the automated mechanism design prob-

lem when too many hard constraints are present. After modifying the problem by elim-

inating the hard minimum revenue constraint and using multiple weighted objectives in-

stead, we were able to find a mechanism with the best values of both objectives yet seen.

While in principle it is not at all surprising that we can find mechanisms by searching

the design space—as long as we have an equilibrium finding tool—it was not at all clear

that any such system will have practical merit. I presented evidence that mechanism

design in a constrained space can indeed be effectively automated on somewhat realistic

design problems that yield very large games of incomplete information. Undoubtedly,

real design problems are vastly more complicated than any that I considered (or any that

can be considered theoretically). In such cases, I believe that my approach could offer

considerable benefit if used in conjunction with other techniques, either to provide a

starting point for design, or to tune a mechanism produced via theoretical analysis and

computational experiments.
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Part II

One Nash, Two Nash, Red Nash, Blue

Nash

CHAPTER 6

Related Work on Computational Game Theory

IN WHICH I review some of the literature on computational game theory.

6.1 Complexity of Computing Nash Equilibria

I begin the review of literature on computational Game Theory by citing some basic

complexity results about computing Nash equilibria. The results are uniformly negative:

there is considerable evidence that no efficient algorithm will be found to compute Nash

equilibria. The complexity is worst case, and the algorithms which I describe in the

following sections can be effective on many classes of games. Nevertheless, experience

suggests that large unstructured games are indeed very difficult to solve.

The most direct result from the complexity theory is that the task of computing a

single Nash equilibrium is PPAD-complete [Chen and Deng, 2006; Daskalakis et al.,
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2006]. While not very much is yet known about PPAD, it is believed (with considerable

evidence) that polynomial algorithms are unlikely to exist for problems in this class.

Gilboa and Zemel [1989] and Conitzer and Sandholm [2008] present a series of neg-

ative results about computing Nash equilibria with particular properties. For example, it

is shown that the problem of determining the existence of a Nash equilibrium with social

welfare of at least k is NP-Hard, and the problem of determining the number of Nash

equilibria is #P-Hard. Additionally, Conitzer and Sandholm [2008] show that Nash equi-

librium problems that involve optimization (e.g., optimizing social welfare) are even hard

to approximate.

The results for Bayesian games are, naturally, even stronger. For example, the prob-

lem of determining whether there is a pure-strategy Bayes-Nash equilibrium is known to

be NP-Complete [Conitzer and Sandholm, 2008].

While Conitzer and Sandholm [2008] demonstrate that computing Nash equilibria in

symmetric games is no easier in the worst case than the general problem, there are many

reasons to believe that symmetry yields advantages in practice. First, symmetric games

can be represented much more compactly than general games. Additionally, symmetric

equilibria always exist in finite games [Cheng et al., 2004], and in computing such equi-

libria we need not worry about agent identity: we can search for equilibria in the space

of single-agent strategies rather than all joint strategy profiles.

6.2 Solving Finite Two-Person Games

One of the most surprising results about complexity of Nash equilibrium computation

is that two-player games are no easier to solve in the worst case than general m-player

games. This is particularly strange considering the fact that special algorithms have been

developed for two-player games and are known in practice to be much more effective

than algorithms for general games.

There is, however, one class of two-player games which is known to be “easy” (that is,

polynomial-time algorithms exist for solving games in this class): zero-sum games. The

reason is that due to their special structure, zero-sum games can be solved by linear pro-
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gramming. Thus, I begin the discussion of algorithms for Nash equilibrium computation

with the linear program formulation for zero-sum games.

6.2.1 Zero-Sum Games

Let {U1, U2} be the payoff matrices of the two players (player 1 and player 2 respec-

tively) and {A1, A2} their respective pure strategy sets. Additionally, let x and y denote

the mixed strategies of players 1 and 2 respectively. By the minimax theorem [Neu-

mann and Morgenstern, 1980], the problem of solving a two-player zero-sum game can

be formulated as the following program

max
x

min
y
xTU1y

s.t. :∑
i∈A1

xi = 1 and
∑
j∈A2

yj = 1

xi ≥ 0, yj ≥ 0 ∀i ∈ A1, j ∈ A2.

Let z = miny x
TU1y. Note that since computing the value of z for a fixed x constitutes a

decision problem for the second player, no randomization is necessary and player 2 need

only focus on finding a “best response” (equivalently, a strategy which yields the greatest

disutility to the competitor) among his pure strategies.

Thus, the subproblem of computing z for a fixed value of x can be reformulated as

z = minj∈A2

∑
i∈A1

uij
1 xi, where uij

1 indicates the payoff to the first player when he plays

his ith pure strategy and player 2 plays his jth, whereas xi is the ith component of the

first player’s mixed strategy (that is, xi is the probability that player 1 will play his ith

pure strategy under x).

Since the minimum is taken over a finite set A2 of strategies by player 2, the subprob-

lem of computing z can relaxed to a set of constraints that z ≤
∑

i∈A1
uij

1 xi ∀j ∈ A2,

with the task of finding the greatest z satisfying these constraints. Consequently, we can
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rewrite the entire optimization program as the following linear program:

max
x

z

s.t. :

z ≤
∑
i∈A1

uij
1 xi ∀j ∈ A2

∑
i∈A1

xi = 1; xi ≥ 0 ∀i ∈ A1

6.2.2 General Two-Person Games with Complete Information

The Lemke-Howson Algorithm

The most widely used method for solving general two-person games is the Lemke-

Howson algorithm, which is, more generally, an algorithm for solving linear complemen-

tarity problems (LCP) [Lemke and Howson, 1964]. A LCP is characterized by vector of

non-negative variables, z ≥ 0, a set of linear constraints, Cz = q, and a partition of

variables in z into two subvectors of equal length {za, zb} such that za and zb are comple-

mentary in the sense that zT
a zb = 0. The implication of this complementarity condition is

at most one of each respective component of za and zb can be non-zero. For following dis-

cussion, I assume without loss of generality that all constraints are equality constraints.1

The Lemke-Howson algorithm for solving LCP is in many ways similar to the simplex

method for solving linear programs [Nocedal and Wright, 2006]. In both, the algorithm

follows a sequence of basic solutions, where the subsequent basis is generated from the

previous basic solution by a procedure called pivoting. Concretely, suppose that the con-

straint matrix C has full rank (assuming some non-degeneracy conditions [von Stengel,

2002]) and let β be the basis which spans its column space. Then Cβ (that is, the matrix

composed only of basis columns) is a square matrix which is invertible and Cβzβ = q has

a unique basic solution, z∗β , for the corresponding basic variables. All the variables zj for

j /∈ β are set to 0. Via linear algebra, we can obtain the following relationship between

1This is at no loss in generality, since inequality constraints can be handled by introducing slack vari-
ables to “fill” the inequality “gaps”.
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basic and non-basic variables:

zβ = C−1
β q −

∑
j /∈β

C−1
β Cjzj.

The pivot step selects an entering variable and an exiting variable such that the new set of

indeces generates another basic solution, which is also feasible in the sense that z ≥ 0. In

linear programming, an entering variable is selected to improve the value of the objective.

In LCP, it is selected as a step towards finding a complementary solution. For both, the

exiting variable is chosen to maintain feasibility. LCP algorithm proceeds by selecting

an entering variable to be the complement of the last exiting variable, a process that is

ultimately guaranteed to arrive at a complementary solution, albeit in the worst case after

an exponential number of pivoting operations.

To formulate the problem of finding a Nash equilibrium in an arbitrary two-player

game as a LCP, consider first the best response optimization problem for each player,

which can be formulated as a linear program. Let {U1, U2} be the K×L payoff matrices

of players 1 and 2 choosing between K and L strategies respectively. Suppose that the

mixed strategy y of player 2 is fixed. The best response of player 1 to y is the solution to

the program

max
x∈RK

xT (U1y) s.t.
K∑

k=1

xk = 1, xk ≥ 0.

The dual of this LP is

min
u∈R

u s.t. U2y ≤ u1K ,

where 1K is a column vector of K ones. The constraint in the dual will bind for all

strategies k which are player 1’s best responses y and, naturally, all of these must yield

the identical optimal payoff u. An analogous program can be formulated for player 2 for

a fixed strategy x of player 1.

By strong duality of LP, a feasible optimal x and a dual optimum u must satisfy

xTU1y = u. Since xT 1T
K = 1, xTU1y = xT 1Ku. Rewriting, we obtain a complementarity

condition xT (1Ku−U1y) = 0. Since we know that xT ≥ 0 and Ay ≤ u1K by the primal

and dual constraints, the complementarity condition implies that at most one of each
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element xi of the vector x and each corresponding element (1Ku − U1y)i of the vector

1Ku−U1y can be positive. Repeating the same argument for player 2, we can obtain the

following linear complementarity problem with variables x, y, u, and v:

xT (1Ku− U1y) = 0

yT (1Lv − UT
2 x) = 0

xT 1K = 1

yT 1L = 1

1Ku− U1y ≥ 0

1Lv − UT
2 x ≥ 0

x ≥ 0, y ≥ 0.

(6.1)

By the arguments advanced above, a pair (x, y) is a solution of the matrix game if and

only if it is a feasible solution of the LCP 6.1.2 The corresponding variables u and v will

then yield the equilibrium payoffs to both players.

We can simplify the problem slightly by noting that u and v are unnecessary to finding

the equilibria: all we need is the condition that all the best response strategies for both of

the players yield identical payoffs. The program can thus be reformulated as follows:

x′T r = 0

y′T s = 0

Ay′ + r = 1K

BTx′ + s = 1L

x′ ≥ 0, y′ ≥ 0.

(6.2)

where r and s are slack variables used to convert the inequality constraints to equality

constraints and {x′, y′} are real variables that can be mapped into the simplex of mixed

strategies by normalization to yield the corresponding equilibrium mixed strategies. Note

that either (U1y
′)k = 1 or rk > 0 and, similarly, either (UT

2 x
′)l = 1 or sl > 0.

2This is true if you consider the point (x, y) = (0, 0) as an artificial Nash equilibrium.
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The algorithm can be initialized with (x′, y′) = (0, 0) (thus, (r, s) = (1K , 1L)), which

is an artificial equilibrium. In the first step, an arbitrary k or l is removed from the basis.

After an initial pivoting step, some index, say, k, will as a result fail the complementarity

condition, since the basis will contain both rk > 0 and x′k > 0. By following a se-

quence of pivoting steps, however, a complementary solution and, thus, an equilibrium,

will eventually be found. The procedure may be repeated by selecting different entering

element in the first step, possibly computing different equilibria.

MIP Formulation

Sandholm et al. [2005] observe that the problem of computing a Nash equilibrium (or

the entire set of Nash equilibria) can be characterized by a mixed integer program which

seeks si(ai), vi, v(ai), b(ai) such that

∑
ai∈Ai

si(ai) = 1 ∀i ∈ I

uai
=

∑
a−i∈A−i

s−i(a−i)ui(ai, a−i) ∀i ∈ I, ai ∈ Ai

vi ≥ v(ai) ∀i ∈ I, ai ∈ Ai

vi − v(ai) ≤ Uib(ai) ∀i ∈ I, ai ∈ Ai

0 ≤ si(ai) ≤ 1− b(ai) ∀i ∈ I, ai ∈ Ai

vi ≥ 0, v(ai) ≥ 0, b(ai) ∈ {0, 1}.

The interpretation of the variables is that s is the mixed strategy Nash equilibrium, vi is

the expected payoff of every strategy in the support of s, v(ai) is the (identical) expected

payoff of the pure strategy ai, and b(ai) is 1 if and only if the strategy ai is played with

probability 0 under si. The advantage of the MIP formulation is that any linear objective

can now be added to this program to obtain Nash equilibria that maximize some desirable

objective (e.g., social welfare).
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6.3 Solving General Games

6.3.1 Simplicial Subdivision

A classical algorithm for solving general finite games is simplicial subdivision. This

algorithm takes advantage of the fact that Nash equilibrium is a fixed point of the follow-

ing function, defined on a joint simplex of mixed strategies:

yij(s) =
sij + gij(s)

1 +
∑

j gij(s)
,

with

gij(s) = max[ui(aij, s−i)− ui(s), 0].

Here, I introduce for simplicity the notation that aij denotes a pure strategy j of player i;

yij and gij have a corresponding interpretation. The function yij(s) is a continuous func-

tion which maps a joint strategy simplotope (a product of simplexes of mixed strategies

for all players) to itself. By Brouwer fixed point theorem, y has a fixed point, that is, there

is a mixed strategy profile s such that y(s) = s. Furthermore, s is a fixed point of y iff s

is a Nash equilibrium [Nash, 1951]. Consequently, any algorithm for finding or approxi-

mating a fixed point of a continuous map can be used to approximate a Nash equilibrium.

The best known such algorithm was introduced by Scarf [1967]. A detailed description of

this algorithm and its application in the context of computing Nash equilibria is provided

by McKelvey and McLennan [1996].

6.3.2 The Liapunov Minimization Method

As an alternative to a fixed point problem, Nash equilibrium computation in finite

games can be cast as global minimization [McKelvey, 1998]. Consider the function

h(s) =
∑
i∈I

∑
ai∈Ai

max[ui(ai, s−i)− ui(s), 0]. (6.3)
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The following result, proven by McKelvey [1998], demonstrates that the problem of find-

ing (or approximating) global minima to h(s) is equivalent to finding (approximating)

Nash equilibria.

Theorem 6.1 The function h(s) defined in Equation 6.3 is everywhere non-negative and

differentiable. Furthermore, h(s) = 0 iff s is a Nash equilibrium.

It is useful that h(s) is everywhere differentiable, since gradient-based methods may be

used to numerically minimize it. Unfortunately, it is not everywhere twice-differentiable,

so a straightforward application of the Newton method, which assumes existence of a

Hessian at every point, need not work well, even in local minimization. Additionally,

since most well-understood numerical optimization techniques converge to a local solu-

tion, random restarts are necessary to guarantee global convergence.

As an alternative to the Newton method and other local non-linear optimization tech-

niques, the Nedler-Mead algorithm [Nocedal and Wright, 2006] has proven effective

for minimizing h(s) in some settings (particularly, in symmetric games) [Reeves, 2005;

Cheng et al., 2004].

6.3.3 The Govindan-Wilson Algorithm

A relatively recent technique for computing sample Nash equilibria in general games

was introduced by Govindan and Wilson [2003].3 This technique relies heavily on the

structure theorem in Kohlberg and Mertens [1986], who demonstrate that the graph of

the Nash equilibrium correspondence is homeomorphic to the set of all games.

The homeomorphism of Kohlberg and Mertens can be constructed as follows. Let G

denote a game and Γ a set of all games for a fixed set of pure strategy profiles. While it

appears that Γ is a subset of RK withK the size of the product space of pure strategy pro-

files, we will see shortly that it can actually be identified with RL where L =
∑

i∈I |Ai|,

that is, L is the total number of strategies of all players. For the presentation below, it

will be convenient to collect all the pure strategies into a vector of size L, with each di-

mension j representing a strategy j of player i. Let g ∈ RL be a vector such that gj is
3This technique was initially introduced for normal form games. Its use in extensive form games is

presented in Govindan and Wilson [2002].
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the expected payoff to player i for playing the corresponding strategy j ∈ Ai when the

remaining players play a uniform mixture over their pure strategies. It turns out that a

game G can then be represented by a tuple (G̃, g) such that

∑
t∈A−i

G̃j,t = 0

for every j ∈ Ai [Govindan and Wilson, 2003]. The representations are equivalent be-

cause for any mixed strategy profile s ∈ S, the expected payoff of a pure strategy j of

player i can be expressed by

vj(s) =
∑

t∈A−i

Gj,t

∏
n6=i

sn(tn) = gj +
∑

t∈A−i

G̃j,t

∏
n6=i

sn(tn).

Let E denote the graph of the Nash equilibrium (N.E.) correspondence, that is E =

{(G, s)|s is a N.E.} = {(G̃, g, s)|s is a N.E.} and denote by H a homeomorphism be-

tween E and Γ. Specifically, letH(G̃, g, s) = (G̃, z), z ∈ RL, defined by zj = sj +vj(s).

In words, the homeomorphism H transforms s into z by adding to each element of the

mixed strategy (that is, to the probability of playing a strategy j under the Nash equilib-

rium strategy s) the expected payoff from playing j when others play s. It is clear that this

map is continuous. To prove that H is indeed a homeomorphism we must demonstrate

that it has an inverse H−1 which is also continuous.

To obtain the inverse H−1, we need to make use of the retraction map r(z), mapping

a vector z ∈ RL to a mixed strategy nearest to z in Euclidean distance [Gul et al., 1993].

For a given z ∈ RL, let vi(z) for a player i ∈ I be a number such that
∑

j∈Ai
(zj −

vi(z))
+ = 1, where (x)+ = max{x, 0}. Then r(z) = s such that sj = (zj − vi(z))

+

for all i ∈ I, j ∈ Ai. Now, suppose that z is produced using the homeomorphism

function H . Then the interpretation of the retraction map is that vi(z) is the payoff to

all strategies of player i which are best responses to s. As such, vi(z) > vj(s) for all j

that are not best responses to s. Since a strategy j which is not a best response to s is

played with probability 0 when s is a Nash equilibrium, zj = vj(s) and, consequently,

(zj − vi(z))
+ = 0 whenever j is not a best response to s. On the other hand, the payoff
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to every best response strategy is equal when s is a Nash equilibrium, and subtracting

this payoff from every corresponding zj will thus yield the probability of playing j in the

Nash equilibrium s.

By the above argument, r(z) provides one part of H−1 and is clearly continuous.

Once we know the Nash equilibrium s of the game G, which we obtain by applying the

retraction map to z, the corresponding g can be recovered by

gj = zj − sj − G̃(r(z)),

where G̃(s) =
∑

t∈A−i
G̃j,t

∏
n6=i sn(tn).

For the purposes of the algorithm, it will be sufficient to maintain a fixed G̃ and,

consequently index the set of games by g. In other words, let Γ(G̃) = {(G̃, g)|g ∈ RL}.

Note that Γ(G̃) can be identified with RL and, thus, r(z) can be viewed as a retraction

map from Γ(G̃) to S. To make use of that, let h : Γ(G̃)→ Γ(G̃) be defined by

h(z) = z − r(z)− G̃(r(z)),

that is, h assigns to a vector z the vector of expected payoffs g which makes r(z) = s a

Nash equilibrium of (G̃, g).

Now, suppose we would like to compute a Nash equilibrium of the game G∗ =

(G̃∗, g∗) and suppose further that another game, (G̃∗, ḡ), has a unique Nash equilibrium

s̄ which is easy to compute. Define the function ψ(z) by

ψ(z) = h(z)− g∗.

Since h(z) corresponds to a game for which z can be retracted into a Nash equilibrium,

−ψ(z) can be interpreted as the displacement of this game from the game of interest, g∗.

As such, ψ(z∗) = 0 implies that r(z∗) is a Nash equilibrium of g∗.

Since zeros of the function ψ(z) correspond to the Nash equilibria of g∗, the goal of

the algorithm is to compute some zero of ψ(z), z∗. Once z∗ is found, we can apply r(·)

to invert the homeomorphism and, thus, determine the Nash equilibrium of g∗. Various
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methods can be used to compute the zeros of a system of equations. The algorithm pro-

posed by Govindan and Wilson [2003] uses a global Newton method developed by Hirsch

and Smale [1979]. The idea is to begin with the game g(0) = ḡ and its solution z(0) = z̄

and trace the homotopy between ḡ and g∗ together with the corresponding solutions to

obtain g(1) = g∗ and z(1) = z∗.

6.3.4 Logit Equilibrium Path Following Method

Another homotopy-based method, first mentioned in McKelvey and Palfrey [1995]

and expanded on by Turocy [2005], makes use of the properties of Quantal Response

Equilibria (QRE) [McKelvey and Palfrey, 1995]. A QRE of a game G is a Bayes-Nash

equilibrium of another game in which each player’s payoff function from G is indepen-

dently perturbed. Specifically, let vij(s) be the expected payoff to player i for playing

a pure strategy j when others play a mixed strategy s. Rather than observing vij(s),

however, players observe

v̂ij(s) = vij(s) + ηij,

where ηij are random variables drawn from some joint distribution of noise. McKelvey

and Palfrey [1995] demonstrate the existence of a QRE in the induced game and pro-

vide a characterization of equilibrium strategies when ηij come from an extreme value

distribution. In that case,

s∗ij =
eλvij(s)∑

k∈Ai
eλvik(s)

.

These equilibria are referred to as logit equilibria and are parametrized by λ, which is a

parameter of the noise distribution with the property that when λ = 0 noise dominates

payoffs, while when λ = ∞, noise is negligible. The two extremes imply that the logit

equilibrium for λ = 0 is a profile of uniformly fully mixed strategies (i.e., the centroid of

the mixed strategy simplex for all players), whereas the logit equilibrium for λ =∞ is a

Nash equilibrium of the underlying game.
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Define the function

Hij(s, λ) = eλvij(s) − s
∑
k∈Ai

eλvik(s)

and note that s∗ which makes Hij(s
∗, λ) = 0 is a logit equilibrium of the game charac-

terized by λ. Since Hij defines a homotopy between Hij(s, 0) and Hij(s,∞), we can use

homotopy path following methods to compute the Nash equilibrium given by the zero of

Hij(s,∞).

6.3.5 Search in the Pure Strategy Support Space

An entirely different approach to finding a single Nash equilibrium was proposed

by Porter et al. [2006]. The idea behind their algorithm is to perform a heuristic search in

the space of possible Nash equilibrium supports. In the worst case this could take quite

some time, since the space of supports grows exponentially in the number of players

(for example, the joint strategy space for a game in which 5 players can each choose

from 5 strategies is 3125, but the space of all possible supports is the powerset of these,

amounting to 23125). Practically, however, the hope is that in most games of interest there

are Nash equilibria with relatively small supports.

Since the authors are searching in the space of supports, they need a subroutine which

determines whether there is a Nash equilibrium for a fixed support and, if so, computes

one such equilibrium. The authors term this subroutine a feasibility program. Formally,

suppose that Ri ⊂ Ai is a fixed support. The feasibility program attempts to find s ∈

S and a vector of corresponding equilibrium payoffs v = {v1, . . . , vm} such that the

following constraints hold:
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∀i ∈ I, ai ∈ Ri,
∑

a−i∈R−i

s−i(a−i)ui(ai, a−i) = vi

∀i ∈ I, ai /∈ Ri,
∑

a−i∈R−i

s−i(a−i)ui(ai, a−i) ≤ vi

∀i ∈ I,
∑

ai∈Ri

si(ai) = 1

∀i ∈ I, ai ∈ Ri, si(ai) ≥ 0

∀i ∈ I, ai /∈ Ri, si(ai) = 0,

(6.4)

where s−i(a−i) =
∏

j 6=i sj(aj). Note that the feasibility program is linear when there are

only two players and non-linear when the number of players is above two (its polynomial

degree is one less the number of players, determined by the degree of s−i(a−i)).4

The algorithm searches in the space of supports with a bias towards small balanced

supports. It attempts to prune each support using iterated strict dominance. For each sup-

port which survives pruning, the feasibility program above is solved. If a Nash equilib-

rium exists for the given support, it is returned and the procedure terminates. Otherwise,

the algorithm proceeds to heuristically select the next set of support strategies. This very

simple algorithm is shown to be extremely effective in finding a single Nash equilibrium

in a broad class of games.

6.4 “Learning” Algorithms

All the algorithms above guarantee that they will converge either to a local solution or

to an actual Nash equilibrium, and even those with local convergence properties may be

modified to guarantee completeness in probability. Below I describe several algorithms

which have very limited convergence guarantees, but perform quite well on certain types

4We can observe that this program is quite similar to the MIP formulation in Section 6.2.2. Indeed,
in two-player games the search method described in this section can be viewed as a heuristic for finding
a feasible solution to the MIP. This insight can actually be useful to provide a lower bound for any spe-
cific optimization problem over Nash equilibria, such as the problem of finding a socially optimal Nash
equilibrium.
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of problems. All of these have been broadly classified as “learning” or “adaptive” algo-

rithms, as they have historically been used to model ways in which agents may come to

play a Nash equilibrium [Fudenberg and Levine, 1998].

6.4.1 Iterative Best Response

One of the best-known and most effective learning dynamics is “iterative best re-

sponse”. The idea is that in each round the players play their best responses to the strate-

gies that their opponents used in the previous round. It is clear that if this dynamics ever

reaches a fixed point, such a fixed point would be a Nash equilibrium.

For ease of exposition, I describe the procedure for symmetric profiles (i.e., profiles

in which all players play the same strategy):

1. Generate an initial symmetric profile r0

2. Find best response, r̂, to the current profile rk

3. Set rk+1 = r̂ and go back to step 2

There are two ways that the above procedure may be generalized to asymmetric settings.

One method would have all players play their best response strategies to opponent play

in the previous round. Another would have only one player (selected randomly or se-

quentially) best respond, but maintain the strategies of all others as they had been in the

previous round.

The technique of iterative best response dynamics aimed at equilibrium computa-

tion is well-known, with Cournot duopoly being, perhaps, the most famous application.

Under very restrictive assumptions (e.g., in supermodular games with unique Nash equi-

libria [Milgrom and Roberts, 1990] and in congestion games [Monderer and Shapley,

1996]) iterated best response is known to converge to a Nash equilibrium.

6.4.2 Fictitious Play

Another widely used algorithm for learning in games is fictitious play, in which all

players best respond in each round to the empirical distribution over the strategies of their
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opponents.5

Formally, let N−i(a−i) denote the number of times a pure strategy profile a−i ∈ A−i

has been played by the players other than i before the current round. The presumed mixed

strategy for the opponents is then characterized by the probabilities

s−i(a−i) =
N−i(a−i)∑
t∈A−i

N−i(t)
.

Player i then plays the best response to s−i, that is, a strategy

ai ∈ arg max
a∈Ai

ui(a, s−i).

If there are multiple best response strategies, an arbitrary one is chosen.

Strict pure strategy Nash equilibria are absorbing states of fictitious play, and any

pure strategy steady state must be a Nash equilibrium. Additionally, if empirical distri-

butions converge, the corresponding mixed strategies constitute a mixed strategy Nash

equilibrium. However, fictitious play is not generally convergent [Fudenberg and Levine,

1998].

6.4.3 Replicator Dynamics for Symmetric Games

Replicator dynamics was originally introduced as a model of evolution of strategies

in a homogeneous population [Fudenberg and Levine, 1998]. The idea behind this model

is that strategies which yield higher payoffs in pairwise encounters are more likely to be

replicated by other players. Specifically, suppose that we have a homogeneous population

of players and a (symmetric) strategy set A. The interactions between agents proceed

in rounds, with each agent in the population adopting in every round a single strategy

a ∈ A. We begin in the first round with some arbitrary distribution of strategies in

A represented in the agent pool. The agents accrue payoffs by playing their respective

strategies in a sequence of random pairwise encounters. Given the expected payoffs from

such encounters in any given round g, the fraction of the agent pool representing a strategy

5Such behavior can be supported by a belief that opponents play a stationary mixed strategy.
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a in the next round (that is, in round g+ 1) is proportional to a’s relative expected payoff

in round g.

Formally, let pg(a) denote the proportion of the population playing a strategy a in

generation (round) g. Then,

pg(a) ∝ pg−1(a)(Eu(a)−W ),

where W is a payoff lower bound and Eu(a) is the expected (symmetric) payoff of strat-

egy a against the symmetric mixed strategy pg−1 corresponding to the population in round

g − 1.

It is not difficult to see that every symmetric Nash equilibrium of the game is a fixed

point of replicator dynamics. The converse is only partially true, however: every interior

fixed point (i.e., a fixed point with no extinct strategies) is a Nash equilibrium [Friedman,

1991]. Fortunately, any steady state that is a limit of a path that originates in the interior

is a Nash equilibrium [Fudenberg and Levine, 1998]. On the other hand, and somewhat

unfortunately, replicator dynamics need not converge to a steady state at all.

6.5 Solving Games of Incomplete Information

From the discussion above it should by now be intuitive that solving a game of in-

complete information—even when it is one-shot—is a task substantially more difficult

in general than solving complete information games. In principle, however, there is rep-

resentational equivalence in that any game of incomplete information, just as a game

of complete information, may be represented in normal form: simply allow strategies of

players to be functions of types (and histories, if relevant), and let the payoff entries be the

corresponding expected payoffs with respect to the type distributions. In practice, since

the number of strategies for player i is then O(|Ti||Ai|), even relatively small Bayesian

games can be quite intractable.

Needless to say, solving infinite games of incomplete information is an even more

daunting task. Below, I describe some of the attempts in recent literature to approxi-
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mating solutions to infinite Bayesian games. The common thread to these is to restrict

strategy spaces and solve (or approximate Nash equilibria to) the games defined by the

restricted strategy spaces. The hope is that the resulting approximations are reasonable

in the context of the actual games of interest.

6.5.1 Restricted Strategy Spaces and Convergence

One promising approach to approximating solutions to Bayesian games, which is

closely related to the techniques described in Chapter 9, was introduced by Armantier

and Richard [2000] and Armantier et al. [2007]. The central idea behind this approach

is to restrict strategy spaces of all players to be finite dimensional (for example, using

polynomial approximations). The authors call the corresponding solution concept a Con-

strained Strategic Equilibrium (CSE) and demonstrate its convergence to a Bayes-Nash

equilibrium in certain settings [Armantier et al., 2007].

From the practical standpoint, these papers propose a series of numerical techniques

for computing CSEs based on solving a system of non-linear equations representing the

joint first-order optimality conditions for all players. Since formulating such equations

requires smoothness of the expected utility functions, they resort to kernel function ap-

proximations to achieve smoothness where necessary.

6.5.2 Empirical Game Theory

Motivated in part by the work of Armantier et al. [2007] came a series of papers

attempting to approximate solutions to extremely complex games such as simultaneous

ascending auctions [Reeves et al., 2005; Osepayshvili et al., 2005], bidding strategies in

a Trading Agent Competition scenario [Wellman et al., 2006], and a four-player chess

game [Kiekintveld et al., 2006]. In each of these, the authors isolated a strategic element

(usually a parameter) and attempted to approximate a Nash equilibrium in the resulting

restricted strategy space, estimating payoffs of the induced normal-form game (or its

restriction to a finite set of strategies) using Monte-Carlo. Since the current work is

building on these empirical game theoretic methods, I discuss them in more detail in
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Chapter 7.

6.6 Compact Representations of Games

Since finite games are notoriously difficult to solve, as attested to both by experi-

ence and worst-case computational complexity results above, computer scientists have

for many years been interested in structured models of games which yield compact rep-

resentations and are more computationally tractable. Below, I discuss three important

graphical representations of games. The first and last of these are compact representa-

tions of one-shot (normal-form) games, whereas the second is a compact representation

of games in extensive form.

6.6.1 Graphical Games

One of the earliest compact models of games was introduced by Kearns et al. [2001].

The idea behind this work is that a graphical model may be used to represent payoff

dependencies between the players. Specifically, a graphical game is defined by a pair

(G, u), where G is an undirected graph on vertices representing players in I and u is

the set of payoff functions ui. Each player i is represented by a vertex i ∈ G, and its

neighbors NG(i) ⊆ I are vertices (players) j ∈ G such that there exists an undirected

edge (i, j) ∈ G. The utility function ui of player i is then defined only on the set of joint

strategies of players in NG(i) (which includes i by convention).

Kearns et al. [2001] describe two algorithms when a graphical game is represented by

a tree: an exact exponential-time algorithm for computing all Nash equilibria of the game

and a polynomial-time algorithm which approximates all equilibria. Ortiz and Kearns

[2003] introduce algorithms for solving general graphical games. Singh et al. [2004]

extend the graphical game model to games of incomplete information and demonstrate

how to approximate Bayes-Nash equilibria based on these. Soni et al. [2007] connect

general graphical games to constraint satisfaction problems (CSPs) and show how the

CSP techniques can be used to compute approximate Nash equilibria.
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6.6.2 Multi-Agent Influence Diagrams

Multi-agent influence diagrams (MAIDs) [Koller and Milch, 2003] follow in the foot-

steps of graphical models for probability distributions (Bayes Nets) and for single-agent

decision settings (influence diagrams) [Russell and Norvig, 2003]. The key contribu-

tion of MAIDs is to model the relationship between the decision variables of all agents.

Specifically, the strategic relevance relationship between decision nodes is represented by

a relevance graph, in which a directed edge from one decision node to another indicates

that this decision variables relies on the other. Koller and Milch [2003] introduce a sound

and complete algorithm for determining strategic relevance between nodes and develop

an algorithm for computing Nash equilibria which makes use of the strategic relevance

graph.

6.6.3 Action-Graph Games

A compact representation which is somewhat related to both of the above is the

action-graph game representation (AGG) [Bhat and Leyton-Brown, 2004]. Unlike graph-

ical games (but similarly to MAIDs), action-graph games use nodes in a graph to repre-

sent strategies and edges to represent dependencies between particular strategic choices

of the players. The incoming edges to a node a defines a’s neighborhood, with all the

neighbors of a being, thus, of some strategic relevance to it. Additionally, symmetry

within the game can be represented by assigning to each node (i.e., to each strategy) a

particular number of agents that can select it. The utilities of the players from selecting

a particular strategy a then depends only on the numbers of agents selecting from the

remaining strategies which are neighbors of a. Bhat and Leyton-Brown [2004] describe

how to compute the expected utility and the Jacobian based on an action-graph represen-

tation of a game, which can then be used by standard methods to compute or approximate

Nash equilibria of the game. Jiang and Leyton-Brown [2006] present a polynomial-time

algorithm for computing expected payoffs in AGGs and extend the AGG representation

to take advantage of additional structure in utility functions.
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CHAPTER 7

Simulation-Based Game Modeling: Formal Notation and

Finite-Game Methods

IN WHICH I formalize the notions of simulation-based and empirical games

and present methods, convergence analysis, and probabilistic confidence

bounds for these game models when strategy sets of all players are finite.1

In this chapter I begin the description of methods for analyzing simulation-based

games. In the context of my overall work, which centers around the mechanism design

problem, this would fall under the mechanism analysis rubric. Specifically, in Part I, I fo-

cus on the problem of mechanism design search and take for granted the ability to predict

the outcomes of strategic interactions between players (participants) for any mechanism

choice. In this and the following chapters, on the other hand, I assume a fixed choice

of mechanism and attempt to answer the associated prediction question—that is, given

a game model, I attempt to predict the outcomes of strategic interactions between play-

ers. The methods discussed in Part II can thus be viewed as subroutines to a mechanism

design search algorithm.

Below, I begin by presenting formal notation for simulation-based and empirical

games, both of which are instrumental concepts in the remaining chapters.

1Some of the material in this chapter is taken from Vorobeychik et al. [2006] and Wellman et al. [2005].

138



7.1 Simulation-Based and Empirical Games

Recall the basic model of a normal-form game, ΓN = [I, R, u(·)], where I is the set

of players, R the joint strategy set (pure, mixed, restricted, etc), and u(·) the function that

maps joint strategy profiles r ∈ R to a vector of payoff entries for all players.

A simulation-based game retains all the basic elements of the normal-form game, but

makes the notion of utility functions u(·) somewhat more precise in a way pertinent to

analysis. Specifically, a utility function in a simulation-based game is represented by an

oracle, O, which can be queried with any strategy profile r ∈ R to produce a possibly

noisy sample payoff vector U .

Formally, a simulation-based game is denoted by ΓS = [I, R,O], where the oracle

(simulator) O produces a sample vector of payoffs U = (U1, . . . , Um) to all players for

a (usually pure) strategy profile r. I assume throughout that E[U ] = u(s). I denote an

estimate of a payoff for profile r based on k samples from O by ûk(r) = 1
k

∑k
j=1 U(r)j ,

where each U(r)j is generated by invoking the oracle, with profile r as input.

One key distinction betweenO and u(·) is, thus, that u(·) is presumed to provide easy

access to exact payoff evaluations, whereas O evaluates payoffs with noise. Another dis-

tinction, no less vital but somewhat more subtle, is that by specifying the payoff function

as an oracle, we in practice resign ourselves to the fact that payoffs are not available in

any easily tractable form and the game must of necessity be analyzed using simulation

experiments. Thus, for example, even though the payoff function may have a closed-

form specification, the Nash equilibria of the game (or some useful qualitative properties

thereof) cannot be obtained using analytic means.

A useful derivative of a simulation-based game is an empirical game, in which the

payoff function is replaced by a data set, D = {(r1, U1), . . . , (rn, Un)}, where rj are

profiles in R and Uj are possibly noisy samples from the oracle of the corresponding

simulation-based game. I denote an empirical game by ΓE = [I, R,D ]. Let UD(r) be the

set of all payoffs in the data for a particular profile r, that is, UD(r) = {U |(r, U) ∈ D}.

Implicit to the discussion of both the simulation-based games and empirical games

is that they are defined with respect to an underlying game ΓN←S characterized by the
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set of players I , a set of strategy profiles R, and the payoff function u(·) from which the

oracle, in effect, is taking noisy samples. Given ΓN←S , the true regret of a profile r ∈ R

in both the simulation-based and the empirical game is evaluated with respect to u(·) of

this underlying game. I do, however, introduce below empirical regret, which will be

evaluated with respect to the information available in an empirical game data set.

7.2 A General Procedure for Solving Simulation-Based

Games

Let us define a game solver to be an algorithm that takes an empirical game ΓE as

input and produces a set of probability distributions over strategy profiles as its output.

Suppose that we are given a simulation-based game and our mission (should we

choose to accept it) is to estimate its solutions. The following outlines the general steps

we can take towards this goal:

1. Generate an empirical game ΓE by sampling the simulator (oracle) O to obtain a

data set D of profile-payoff tuples (r, U).

2. Apply a game solver to ΓE to obtain a set of solutions F1, . . . ,Fk, where Fi is a

probability distribution over profiles in R.

Several remarks are in order. First, I thus far have used the term solutions to games very

vaguely, making it concrete only when I meant by it Nash equilibria. This is the first time

I made the idea of a solution precise (as I use it in this work in any case): a solution is a set

of distributions over profiles. Observe that this definition clearly captures Nash equilibria,

trivially so if you consider that R can be comprised of mixed strategy profiles. Allowing

for distributions over these, I anticipate the later discussion of belief distributions of play

(see Chapter 11), that is, distributions which may incorporate Nash equilibria into beliefs,

but may rely on other exogenous and endogenous information. Multiplicity of solutions

is natural, since many solution concepts, including Nash equilibria, are not generally

unique.
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7.3 Simulation Control

Step 1 in the above routine abstractly suggests that the analyst produce an empirical

game by sampling payoffs from the simulator. It does not, however, provide any guid-

ance about how this should be done. The simplest idea, of course, is to sample profiles

uniformly randomly from R (assuming that R is bounded). While asymptotically rea-

sonable, such a procedure is not generally most effective in yielding the best answers

given a limited number of samples. Consider, for example, a game in which there is a

profile with extremely low payoffs relative to other profiles. Only a few samples will be

necessary to have a high probability hypothesis that this profile is not a part of any Nash

equilibrium. Consequently, one would not want to waste any more sampling actions on

this profile, especially if each sampling action is quite expensive. To generalize, one

should sample profiles selectively in such a way as to maximize the analyst’s expected

utility with respect to the ultimate outcomes. This utility would typically depend on the

error in solution estimates: the higher the expected error, the lower the expected utility,

and minimizing the expected error maximizes expected utility. In these cases, profiles

should be selected for sampling in order to minimize the expected error in the solution

estimates.

Russell and Wefald [1991] suggest a general principled approach to assess the relative

value of computation actions, which in the setting of simulation control would translate

to actions of taking samples from a simulator. I denote the current information state by

S and the new information state that results from performing a computation action a by

S.a.2 The latter may be (and usually is) a random variable. I denote the analyst’s esti-

mated utility function under information state S by ÛS . Note that this utility is estimated

since in general the actual utility is unknown. Finally, I let x(S) denote an optimal com-

putation choice with respect to ÛS . Under this setup, Russell and Wefald [1991] define

2I am overloading S in this context to be consistent with the notation of Russell and Wefald [1991].
Momentarily, I will switch notation to discuss the specific application of their ideas to simulation control
in our setting.
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the expected value of computation action a by

EVC (a|S) = ES.a|S[ÛS.a(x(S.a))− ÛS.a(x(S))].

In words, EVC (a|S) evaluates how much the computation action a improves the esti-

mated utility under the new information state. It is important to note that EVC is com-

puted with respect to the utility estimate ÛS.a, thereby ignoring the effect of the computa-

tion action a on improving the estimate of the utility function. As a result, EVC (a|S) ≥ 0

for any a. Note, however, that EVC does not in any way capture the quality of the utility

estimate itself. Naturally, the better the utility estimate, the better choices we may expect

to make in selecting an EVC maximizing action, although at an increased computational

cost.

The adaptation of EVC to the problem of selecting the next sample from a game

simulator was first proposed by Walsh et al. [2003] and dubbed EVI or expected value

of information. Their first step is to define the information state to be an empirical game,

ΓE , and utility estimate to be a measure of Nash equilibrium approximation error with

respect to the empirical game, f̂ΓE (·). EVI is then defined in this setting as follows:

EVI (r|ΓE) = EΓE .r|ΓE [f̂ΓE .r(x(ΓE))− f̂ΓE .r(x(ΓE .r))],

where ΓE .r designates an empirical game obtained by adding to ΓE a payoff sample (or a

constant number of samples) for the profile r.

A key assumption of EVC and its adaptation to the problem of taking payoff samples

from a game simulator is the single-step assumption, that is, that the current sampling

choice will be the last that the analyst intends to make. Alternatively, we may imagine that

the analyst is choosing complete sampling sequences. Either assumption is unrealistic,

the former because it is only actually true for the last sample taken, and the latter because

it is an infeasible problem to consider all complete computation sequences, and seems

a bit of an overkill in making an optimal choice for just one step. Additionally, the

computational burden of EVI even in the case of one-step sampling may be non-trivial,

since it could involve estimating expectations for a large number of profiles r ∈ R. I now
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observe, however, that when our error measure f̂(·) is game-theoretic regret evaluated

with respect to the empirical game payoffs, εΓE (r), we need not be concerned about

computing EVC for the entire profile space R, but for only a (generally) rather small

subset of it.

As a first step, I define the error function to be with respect to every Nash equilibrium

estimate in ΓE , that is, with respect to the setN (ΓE) of equilibrium estimates. First, recall

the definition of game-theoretic regret from Chapter 2. Extending the notion of regret to

empirical games, let me define empirical regret of a profile r:

εΓE (t) = max
i∈I

max
b∈Di(t)

[ui(b, r−i)− ui(r)]. (7.1)

In this expression, Di(t) is the set of profiles in the data set of the empirical game ΓE

with only player i deviating from t. Let the set of solutions to the empirical gameN (ΓE)

to be the set of regret-minimizing profiles on the restricted strategy space R. Define the

error of solutions to empirical game Γ1
E with respect to another empirical game (perhaps,

one with a better estimate of the payoff function), Γ2
E , to be

e(Γ1
E ,Γ

2
E) =

1

|N (Γ1
E)|

∑
t∈N (Γ1

E )

εΓ2
E
(t).

Using this notation, EVI becomes

EVI (r|ΓE) = EΓE .r|ΓE [e(ΓE ,ΓE .r)− e(ΓE .r,ΓE .r)].

Now, assume that every t ∈ N (ΓE) has zero game theoretic regret evaluated with

respect to the game ΓE , that is, εΓE (t) = 0. If we impose no restrictions on our strategy

set R, allowing it to be the set of all mixed strategy profiles, all solutions in N (ΓE) are

guaranteed to have zero regret and, thus, the assumption will necessarily hold. This need

not be true, however, if R is restricted, for example, to the set of pure strategy profiles,

as the empirical game may not possess a pure strategy Nash equilibrium. I do, how-

ever, expect my assumption usually to hold (at least approximately), particularly when

many profiles (and, thus, many deviations) remain unsampled. Under this assumption,
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e(ΓE .r,ΓE .r) = 0 for any ΓE .r, and EVI simplifies to

EVI (r|ΓE) = EΓE .r|ΓE [e(ΓE ,ΓE .r)] =
1

|N (ΓE)|
∑

t∈N (ΓE )

EΓE .r[εΓE .r(t)].

Now, consider a profile r which is neither an equilibrium estimate (i.e., r /∈ N (ΓE))

nor a neighbor to an equilibrium estimate (i.e., r /∈ Di(t) ∀i ∈ I, ∀t ∈ N (ΓE)).

By sampling this profile, EΓE .r[εΓE .r(t)] will remain unchanged for every t ∈ N (ΓE),

since r has no bearing on it. Consequently, EVI = 0 for every such r ∈ R. Since

EVI ≥ 0∀r ∈ R, we need only to consider profiles r that are either current solutions

or their neighbors. Generically, the number of solutions to ΓE is very small compared to

the size of the game, and the number of neighbors is linear in the size of N (ΓE), in the

number of players I and in the number of player strategies Ri, whereas the size of R is,

of course, exponential in the number of players.

While EVI is a somewhat principled approach to the problem of sampling, it is still

heuristic for several reasons. First, as I already noted, it is only as good as the utility

estimate Û given the information state. If the utility estimate is suboptimal (or does not

use all the information), EVI will naturally be suboptimal also, even given the assump-

tions above. In my description, computing EVI with respect to the game-theoretic regret

on an empirical game ΓE is suboptimal, since it does not use the distributional informa-

tion. Note that what the analyst would ultimately care about in our setting is the regret

as computed on the underlying game. Thus, we may actually be able to use the distribu-

tional information (if available) to estimate the best solutions (Nash equilibria) relative

to the distribution of underlying games. Below I discuss methods to derive distributions

of game-theoretic regret under various distributional assumptions about noise, and these

would naturally have a bearing on how Nash equilibria of the underlying game may be

estimated based on the information in an empirical game ΓE . Second, the single-step as-

sumption is clearly false in our setting most of the time. Additionally, the computational

cost of EVI , while alleviated considerably by restricting the set of profiles that need to

be considered, is still non-trivial, since expectation needs to be estimated using Monte

Carlo for a possibly large number of profiles.
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The work by Walsh et al. [2003] indeed used an error metric that accounted for the

distributional information in the game. Specifically, they let f(r) denote the Nash equi-

librium approximation error for a profile r as computed on the underlying game. Rather

then using game-theoretic regret for this, they used a related notion of summed deviation

benefits, that is:

f(r) =
∑
i∈I

∑
a∈Ri

max(0, ui(a, r−i)− ui(r)).

Since only the empirical game is available in our context, the error must actually be

defined as the expectation of f(r) with respect to the empirical game payoffs: fΓE (r) =

EΓE [f(r)]. This expectation is, of course, not possible to compute in general, and their

estimated error f̂ΓE (r) was defined as the sample average of the errors computed based on

Monte Carlo samples from the distribution of underlying games. In order to approximate

the solution x(ΓE), they computed the set of Nash equilibria of the empirical game and

subsequently selected the equilibrium with the lowest estimated error. While this may

yield a reasonable approximation of the best solution x(ΓE) with respect to their error

metric, it clearly need not actually be the best. As a result, such a computation of EVI is

fundamentally approximate and need no longer retain the property that EVI (r) ≥ 0 for

every profile r.

Note that EVI as just described is highly computationally intensive, requiring the

computation of the entire set of Nash equilibria many times during the evaluation se-

quence for a single profile r. As a result, Walsh et al. [2003] propose an alternative with

a much lower computational overhead, which they call ECVI (expected confirmation

value of information):

ECVI (r|ΓE) = Er|ΓE [f̂ΓE (x(ΓE))− f̂ΓE .r(x(ΓE))].

In words, this computes the amount by which sampling r reduces the expected error of

a current solution x(ΓE). While the authors demonstrate the efficacy of this heuristic

using simulations, there are problems with it. For illustration, suppose that f̂ΓE (·) is the

game theoretic regret defined with respect to the empirical game ΓE . It is then clear that

any Nash equilibrium is an optimum with respect to this error measure and, furthermore,
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f̂ΓE (x(ΓE)) = 0 and f̂ΓE .r(x(ΓE .r)) = 0 as I already explained. Thus, EVI (r) collapses

to Er|ΓE [f̂ΓE .r(x(ΓE))] and ECVI (r) becomes −Er|ΓE [f̂ΓE .r(x(ΓE))]. As a result, the

algorithm which uses ECVI with the game theoretic regret as the error estimate will

inevitably make precisely the worst decision with respect to EVI ! While Walsh et al.

[2003] use a somewhat different error measure, the problem just described seems quite

fundamental, particularly if f̂ΓE (x(ΓE)) and f̂ΓE .r(x(ΓE .r)) are close to zero (at least

relative to the other term), as they may well be when the number of samples is large. The

intuition thus provided is indeed corroborated in the experiments of Jordan et al. [2008],

which suggest that the performance ECVI is quite poor in some settings.

Several alternative heuristic approaches for guiding sampling in finite games have

been introduced in addition to the ECVI heuristic: one by Sureka and Wurman [2005],

and several by Jordan et al. [2008]. The approach of Jordan et al. [2008] is to select a

profile that maximizes a Kullback-Leibler divergence, which is based on the distribution

of minimum regret before and after sampling a chosen profile. The authors found that

their information-gain heuristic typically outperformed ECVI in their experiments.

The problem of sample selection is substantially easier if we consider a setting in

which the simulator produces samples with no noise. In such a setting, the only question

to be addressed is which profile that is not in our data set should be selected next. The ear-

liest work known to me that addressed sample selection with noise-free simulation-based

games is by Sureka and Wurman [2005], who introduce a TABU best response algorithm

(or just TABU). In essence, their algorithm is an implementation of best response dynam-

ics described in Chapter 6. However, it is well-known that the best response dynamics

algorithm is only convergent in a very limited array of settings [Milgrom and Roberts,

1990; Monderer and Shapley, 1996]. In general, best response dynamics will end in a cy-

cle and, consequently, is not complete even in finite games. To make it complete, Sureka

and Wurman [2005] add every profile that has been sampled to a TABU list and do not

allow any profile from the TABU list to be selected.

Another algorithm in the noise-free setting, min-regret-first search (MRFS), is de-

scribed and applied in Chapter 4. The MRFS algorithm proceeds from an arbitrary start-

ing point to sample a profile which is a neighbor to some (arbitrary) approximate Nash
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equilibrium solution of the current empirical game. Jordan et al. [2008] analyzed both

MRFS and TABU and found that MRFS tends to perform well according to the game-

theoretic regret metric. The reason for this is, perhaps, that in the noise-free setting and

given the regret error measure, MRFS is nearly equivalent to EVI —equivalent if we as-

sume that solutions have zero regret with respect to the empirical game, as above. With

this assumption, I already demonstrated that under EVI only solutions or neighbors need

to be considered as sampling actions. When there is no sampling noise, there is no need

to sample solution profiles again, since the values of the players’ utilities at these profiles

are already known exactly. Furthermore, the neighbors that have already been sampled

need not be sampled again for the same reason. Therefore, the only profiles that need to

be considered are the neighbors to solutions which have not been added to the data set of

the empirical game, and that is precisely what MRFS would prescribe.

The approaches for guiding simulations discussed thus far assume that the game is

finite. If the game is infinite, the problem is considerably more complex. For example, it

is impossible in an infinite game to ever empirically confirm a profile to be a Nash equi-

librium, even if payoffs contain no noise. Additionally, the probability (even posterior)

that any particular profile is a Nash equilibrium will generically be zero. A technique

like iterative best response, however, may still in principle be applicable, albeit it must

inherently make use of approximate best responses in this setting. I discuss the problem

of Nash equilibrium approximation in infinite games in Chapter 8, and present heuristic

techniques for exploring the profile space of infinite games in order to approximate best

response and Nash equilibria in Chapter 9.

7.4 Approximating Nash Equilibria in Empirical Games

Whatever method may be used to obtain a data set of profile-payoff tuples from the

simulation-based game model, our ultimate goal is to estimate or approximate Nash equi-

libria of the underlying game. In this section, I first formally explore the meaning of Nash

equilibrium approximation, and then present methods for estimating equilibria based on

empirical games.
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7.4.1 Nash Equilibrium Approximation Metrics

In general, no method is likely to be able to pinpoint actual Nash equilibria if the

problem is complex enough and samples are noisy. Thus, the task is inherently that of

approximation. There are two ways that approximate Nash equilibria may be defined:

the first based on distance or norm, and the second based on game-theoretic regret, ε(r).

Since Nash equilibria are not unique, there is a possible ambiguity in defining the distance

between a profile r and a Nash equilibrium. I resolve this ambiguity by defining the

distance from the profile r to a set of Nash equilibria using the Hausdorff distance from

a point to a set.

Definition 7.1 Let M be a metric space and d(·, ·) the associated distance metric. A

Hausdorff distance from a point r ∈M to a set K ⊂M , denoted h(r,K) is defined to be

h(r,K) = inf
t∈K

d(r, t).

In words, Hausdorff distance is the distance from r to the closest point in the setK (which

exists if K is compact in M ). The distance-based approximation may then be defined as

follows:

Definition 7.2 A profile r is a d-approximate-Nash equilibrium if h(r,N (Γ)) ≤ d, where

N (Γ) is a set of Nash equilibria of the game Γ.

The notion of distance-based approximation is useful to a mechanism designer who is

only interested in actual Nash equilibrium solutions and would like to assess alternative

designs. If we posit that the objective function is continuous in outcomes, that is W (r, θ)

is continuous in r, then good distance-based approximations imply good approximations

of the objective at some equilibrium. This approach, however, yields a philosophical dif-

ficulty due to the multiplicity of equilibria: how can the designer be sure that the players

will choose to play the particular Nash equilibrium which is closest to the approximation

r? If the Nash equilibrium can be computed exactly, such a philosophical problem can

be at least in principle solved by suggesting that the designer presents a solution together

with the design. Then, by the definition of a Nash equilibrium, no player will have an

148



incentive to deviate, since all will presumably believe that this profile chosen by the de-

signer will be played by others. In the approximation setting, the best that the designer

can offer is his approximation. To address this philosophical difficulty, the designer may

attempt to approximate the entire set of Nash equilibria. The relevant approximation

metric is the Hausdorff distance between two sets, K and L.

Definition 7.3 LetM be a metric space, d(·, ·) the associated distance metric, and h(·, ·)

a Hausdorff distance from a point to a set. The (undirected) Hausdorff distance between

two sets, K,L ⊂M is

H(K,L) = max{sup
s∈K

h(s, L), sup
t∈L

h(t,K)}.

Then, the distance-based set approximation of Nash equilibria is defined as follows:

Definition 7.4 A set of profiles R is a d-approximate-Nash equilibrium set if

H(R,N (Γ)) ≤ d,

where N (Γ) is a set of Nash equilibria of the game Γ.

That is, no profile r ∈ R is very far from some Nash equilibrium and no Nash equilibrium

is very far from some profile in R. This is a very strong notion of approximation and in

practice almost never attainable, even asymptotically. Consequently, in most applications

weaker notions must suffice.

I suggested above that the philosophical difficulty exists with evaluating designs with

respect to a profile which is close to some Nash equilibrium in terms of a distance (say,

Euclidean distance). This difficulty may be alleviated if we suppose that such an ap-

proximation yields every player very little to gain by deviating to a best response, since

presumably the action of computing a best response may then not be worth its cost. This

idea gives rise to the second approximation notion based on regret, one that is most sig-

nificant in this work and which has already been used in the preceding chapters.

Definition 7.5 A profile r is an ε-Nash equilibrium if ε(r) ≤ ε.
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In words, r is an ε-Nash equilibrium if its game-theoretic regret as previously defined is

bounded by ε. This approximation measure focuses directly on the strategic stability of

a profile rather than its actual proximity to a Nash equilibrium. As such, it captures, I

believe, the vital flavor of what approximation means in the context of games: a profile

that is nearly an equilibrium yields little incentive to deviate to any player. One standard

philosophical justification I have already mentioned: if there is little incentive to deviate

and some cost to finding an improving deviation, agents will not be expected to deviate

at all. Practically, I believe that this idea is of great usefulness, since there is typically

cost to finding improving deviations which is not directly modeled by the game. As a

result, I use the regret function ε(r) as the equilibrium approximation metric throughout

this thesis, with a few exceptions which I state explicitly.

7.4.2 Estimating Nash Equilibria in (Small) Finite Games

The most straightforward—although not necessarily optimal—method for estimating

Nash equilibria in empirical games in which every pure strategy profile has at least one

sample is the following:

1. Use the empirical game ΓE to estimate the payoff matrix of the underlying game.

2. Numerically compute Nash equilibria of the estimated game (e.g., using the GAM-

BIT toolbox [McKelvey et al., 2005]).

Note that I have not as yet specified how the empirical game can be used to estimate

the payoff matrix of the underlying game.The most direct way is to construct the esti-

mated payoff matrix by using sample average payoffs for every profile. That is, for every

r ∈ R, let

ū(r) =
1

|UD(r)|
∑

u∈UD(r)

u.

Later in this chapter I develop some basic confidence bounds and convergence results for

this method of estimating Nash equilibria.

A level of sophistication can be added if we use variance reduction techniques rather

than sample means to estimate payoffs of the underlying game [Reeves, 2005; Wellman
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et al., 2005]. For example, control variates, conditioning, and quasi-random sampling

can achieve a considerable increase in sampling efficiency [Ross, 2001; L’Écuyer, 1994].

Observe that the method for estimating Nash equilibria I just described uses only

a part of the available information. Specifically, it does not use any information about

the sampling noise. Intuitively, if such information can be used, we can perhaps reduce

estimation variance. I follow this intuition to define a maximum likelihood equilibrium

estimator (MLEE) in Section 7.8 below, which uses probabilistic information gleaned

from the prior noise distribution and empirical game data in producing a Nash equilibrium

estimate.

7.4.3 Estimating Nash Equilibria in Large and Infinite Games

In estimating Nash equilibria based on empirical game data in small finite games, I

took advantage of the fact that we can collect payoff samples for every strategy profile

in the game, thereby constructing an estimate of the entire payoff matrix. The resulting

empirical game can be viewed as a normal-form game estimate, and the Nash equilibria

of the underlying game can be estimated by Nash equilibria of the estimated game.

When strategy sets of players are very large, the approach above, at least in its direct

form, is infeasible, since we cannot obtain samples for every strategy profile of the game.

Perhaps the easiest way to extend the above approaches to analysis of infinite games is by

restricting the original strategy profile sets R to some small finite subsets Rk ⊂ R (with

the restriction that Rk is a cross-product of some player strategy sets) such that every

strategy profile in Rk has at least one payoff sample. The downside to this approach is

that typically the granularity of Rk must be quite small in order for us to estimate the

entire payoff matrix based on simulations.

As an alternative, we can generalize the idea of approximation to games in which we

do not have estimates of payoffs for some of the profiles. The key step to doing this is

in generalizing the notion of game-theoretic regret to empirical games. I have done this

above by defining empirical regret in Equation 7.1.
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Estimating a Single Nash Equilibrium

Just as the regret function ε(r) can be used to characterize Nash equilibria and ap-

proximate Nash equilibria of the game, we can use the empirical regret as a proxy when

only limited and noisy empirical data is available. The first step to using empirical re-

gret in equilibrium approximation or estimation is to generalize the idea of approximate

Nash equilibria to empirical games, particularly those in which only a small subset of all

strategy profiles is contained in the data. This is done by defining candidate equilibria of

empirical games.

Definition 7.6 r is a candidate δ-equilibrium of the empirical game ΓE if εΓE (r) ≤ δ.

Thus, a candidate δ-equilibrium in an empirical game is analogous to a δ-Nash equi-

librium in a normal-form game, and the two coincide when an empirical game simply

represents a game in normal form.

Just as Nash equilibria minimize game-theoretic regret, we can use minimizers of

empirical regret to estimate Nash equilibria based on empirical games.

Definition 7.7 Let ε∗ΓE = min{εΓE (r) : r ∈ D}. We refer to a candidate ε∗ΓE -equilibrium

r ∈ D as a candidate Nash equilibrium estimate.

If the game is finite, R is a set of mixed strategies, and the empirical game contains the

actual payoffs of the underlying game for every r ∈ R (indeed, it is sufficient to have ev-

ery payoff vector for the pure strategy profile space), ε∗ΓE = 0 and the corresponding set

of minimizing profiles is the set of Nash equilibria of the underlying game. More gener-

ally, for any R, the set of minimizers will be profiles which are the best Nash equilibrium

approximations in the joint strategy space.

An alternative approach to estimating Nash equilibria based on empirical games that

is particularly valuable when the underlying game is infinite is to use machine learning to

estimate the payoff function over the profile space, generalizing from profiles that have

been sampled. If there are many players, the task of learning the payoff function over

the space of individual player choices may be impractical. To alleviate this problem, we

can use summarization functions to reduce the dimension of the payoff function domain.
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Additionally, if the game is symmetric, we need worry about learning only a single payoff

function, rather than one for each player. I explore the learning approach in detail in

Chapter 8.

Estimating Sets of Nash Equilibria

The simplest extension of the above techniques to estimate the entire set of Nash

equilibrium outcomes of the underlying game is to use the set of candidate Nash equilibria

of the empirical game. Alternatively, we can use the set of all candidate δ-equilibria for

some fixed δ towards this end. In practice, however, it is often more useful to estimate a

range of equilibrium outcomes, particularly if we can use some summarization function

to map profiles to a low-dimensional statistic. To obtain such estimates, we can first

generate a set of candidate δ-equilibria and then use a convex hull (that is, the smallest

convex set containing these) as our estimated “range”. Consequently, in Definition 4.3, I

introduced the following estimator for a set of (approximate) Nash equilibria.

Definition 7.8 For a set K, define Co(K) to be the convex hull of K. Let Bδ be the set

of candidates at level δ. I define φ̂∗(θ) = Co({φ(r) : r ∈ Bδ}) for a fixed δ to be an

estimator of φ∗(θ), where φ(r) is some aggregation function which maps strategy profiles

to a (possibly) lower-dimensional summary.

In words, the estimate of a set of equilibrium outcomes is the convex hull of all (ag-

gregated) strategy profiles with ε-bound below some fixed δ. I present some theoretical

support for this method of estimating the set of Nash equilibria below.

7.5 Applications to TAC/SCM Analysis

In Chapter 4 I described the mechanism design problem in the context of TAC/SCM

2004. I now revisit the day-0 procurement story in its beginnings in TAC/SCM 2003,

focusing on the strategic issues rather than on the design problem. For more details, refer

to Section 4.1 and Appendix B.

As I mentioned in Section 4.1, in response to the aggressive day-0 procurement by
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TAC agents, team Deep Maize introduced a preemptive strategy. The preemptive strat-

egy consisted of two elements: (1) a large day-0 order for every component and (2) a

short-term deadline. As it is impossible for suppliers to complete the order by the pro-

posed deadline, the model specifies that the supplier will make two offers as a result. The

first offer commits to deliver the entire quantity of the requested supplies, but on a new

(considerably later) date. The second offers as much of the quantity of the component as

can be produced by the specified deadline, given other outstanding offers. As a general

rule, Deep Maize would reject the former and accept the latter offer. The key, however,

is that the initial request is so large as to effectively preempt any component requests

that the supplier would consider after Deep Maize: these can be at best completed to-

wards the end of the game and, consequently, are not useful to the manufacturers. A

more complete description of the preemptive strategy that is of interest here is presented

in Appendix B.

The preemptive strategy worked quite well: the initial component orders were con-

siderably more subdued on average and profits increased. Deep Maize team, while

encouraged by the positive social effect of the preemptive strategy, did not, of course,

introduce it exclusively for common good. There were strong selfish reasons too. One of

these reasons was that the design of Deep Maize was particularly adept at dynamic op-

timization and did not focus very much on optimal day-0 procurement. As long as initial

procurement strategy dominated the game, Deep Maize was unlikely to stand out. Once

aggressive day-0 procurement was neutralized, however, the designers of Deep Maize

believed that their agent would be much more effective.

7.5.1 Analysis of Day-0 Procurement in TAC/SCM 2003

In this section, I present game-theoretic analysis of procurement in TAC/SCM 2003

which suggests that jockeying for components at the start of the game was an outcome of

rational decision making by the agents, rather than a transient result of irrational behavior.

To begin, I define the relevant elements of the simulation-based game: players, strate-

gies, and the simulation-based payoff function. Two games are considered, one with five
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and another with six players, as described below. While the actual strategies employed

by agents in a typical tournament game are extremely complex, for the purposes of this

analysis it will suffice to focus on two distinct variants of Deep Maize: aggressive (A)

and baseline (B), characterized by the particular day-0 procurement behavior.

In strategy A (aggressive), the agent requests large quantities of components from

every supplier on day 0. The specific day-0 RFQs (requests-for-quote) issued correspond

to aggressive day-0 policies observed for actual TAC/SCM 2003 participants. Strategy A

randomly selects among these at the beginning of each game instance. In strategy B

(baseline), the agent treats day 0 just like any other day, issuing requests according to

its standard policy of serving anticipated demand and maintaining a buffer inventory

[Kiekintveld et al., 2004]. Both of these strategies follow the standard Deep Maize

procurement policy after day 0.

The final element of the simulation-based game in this setting is the actual TAC/SCM

simulation model, complete with the participating six agents. As required, each simula-

tion (that is, a TAC/SCM game) produces a vector of payoffs for all players given their

respective strategic choices.

Two versions of this game are considered in the analysis below. The first is an unpre-

empted six-player game, where agents are restricted to playing A or B. The second is a

five-player game, with the sixth place taken up by a fixed agent playing the preemptive

strategy. I refer to this as the single-preemptor game.3

Since the two strategies incorporate specified policies for conditioning on private in-

formation, the game is represented in normal form. By symmetry there are only seven

distinct profiles for the unpreempted game, corresponding to the number j of agents

playing A, 0 ≤ j ≤ 6. There are six distinct profiles for the single-preemptor game.

Payoffs for each profile represent the expected profits for playing A or B, respectively,

given the other agents, with expectation taken over all stochastic elements of the game

environment.

To estimate our game’s expected payoff matrix and thereby generate the data set for

3The full six-player game where all agents are allowed to choose the preemptive strategy is considered
in Wellman et al. [2005].
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the corresponding empirical game, approximately 30 game instances were sampled for

each strategy profile—about 400 in total. For each sample, the average profits were

collected for the As and Bs, as well as the demand level, Q̄. The control variates variance

reduction method (using Q̄ as the variate) was used for each strategy to estimate its payoff

in that profile, thereby estimating the payoff matrix of the underlying game.

Based on the empirical game and the estimated payoff matrix which corresponds to

the unpreempted setting, we can verify that increasing the prevalence of aggressiveness

degrades aggregate profits. In contrast, the analysis of the single-preemptor game shows

that inserting a single preemptive agent neutralizes the effect of aggressiveness, diminish-

ing the incentive to implement an aggressive strategy, and also ameliorating its negative

effects. Moreover, the presence of a preemptor tends to improve performance for all

agents in profiles containing a preponderance of agents playing A.

To study the equilibrium behavior of each of the two versions of the game, asymmetric

pure-strategy equilibria, as well as symmetric mixed-strategy equilibria, are computed for

each of the games.4 Comparison of the features of equilibrium behavior in the respective

games confirms the tournament observations about the effects of strategic preemption.

Let iA denote the profile with no preemption and i agents playing A (the rest play-

ing B). The unique pure-strategy Nash equilibrium in this game based on the estimated

payoff matrix is 4A. That this is an equilibrium can be seen by comparing adjacent

columns in the bar chart of Figure 7.1. Arrows indicate for each column, whether an

agent in that profile would prefer to stay with that strategy (arrow head), or switch (arrow

tail). Solid black arrows denote statistically significant comparisons. Profile 4A is the

only one with only in-pointing arrows.

Let PiA denote the profile with a preemptive agent and i As. In the game with pre-

emption, we find three pure-strategy Nash equilibria: P4A, P2A, and P0A. The payoff

comparisons are illustrated by Figure 7.2. Significantly, observe that the last equilibrium

involves all players playing the baseline strategy, although overall the distinction between

aggressive and baseline strategies seems much less important when a preemptive agent is

4It can be shown that for any N -player two-strategy symmetric game, there must exist at least one
equilibrium in pure strategies, and there also must exist at least one symmetric equilibrium (pure or mixed)
[Cheng et al., 2004].
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Figure 7.1: Estimated payoffs for unpreempted strategy profiles.

Figure 7.2: Estimated payoffs, with preemption.

present.

7.5.2 Analysis of Day-0 Procurement in TAC/SCM 2004

As I already pointed out in Section 4.1, in spite of the efforts by the game masters,

aggressive day-0 procurement behavior dominated the 2004 TAC/SCM tournament. Af-

ter the tournament, the strategic incentives of agents given the game rules were again

evaluated in a stylized way using simulations.

Let ai be a particular (pure strategy) choice of day-0 procurement for agent i, with
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a a profile of such choices. The procurement choices in the analysis are represented by

multipliers of the day-0 procurement strategy used by the Deep Maize agent in the actual

tournament. Recall from Section 4.1 that φ(a) =
∑6

i=1 ai is the aggregation function

representing the sum of day-0 procurement of the six agents participating in a particular

supply-chain game.

Figure 7.3 presents the estimate of a set of Nash equilibria when storage cost is set to

100% of storage inventory, charged daily—the actual setting used in the TAC/SCM 2004

tournament. The lowest prediction of day-0 procurement is at φ(a) = 3.3, which corre-
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Figure 7.3: Values of εΓE for profiles explored using search when storage cost is 50%.
Strategy profiles explored are presented in terms of the corresponding values of φ(a).

sponds to about 39,000 components, which amounts to roughly 1/3 of the total supplier

capacity for the entire game. The highest prediction is about 58,400—nearly 1/2 of total

capacity. The actual procurement in the 2004 competition was even higher.5

7.6 Consistency Results About Nash Equilibria in Em-

pirical Games

In much of what was described above, the set of Nash equilibria of the empirical

game with estimated payoff matrices is used as the estimator of Nash equilibria of the
5For further details on this analysis, see Section 4.5.3.
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underlying game. This seems to be a sensible approach, and I now explore convergence

of sets of Nash equilibria computed on small finite empirical games to sets of equilibria

in the underlying games. The results in this section will often need an explicit distinction

between pure and mixed strategy profiles. As the reader may recall, pure strategy profiles

are denoted by a ∈ A, while mixed strategy profiles are denoted by s ∈ S. I use notation

un,i(a) to refer to a payoff function estimate of player i based on a pointwise average

over n i.i.d. samples from the distribution of payoffs. I also assume that estimates un,i(a)

are independent for all a ∈ A and i ∈ I . I use the notation Γn to refer to the game

[I, R, {ui,n(·)}] estimated from the corresponding empirical game, whereas Γ will denote

the underlying game, [I, R, {ui(·)}], with R = A or R = S, depending on context below.

Similarly, I define εn(r) to be the regret function computed with respect to the game Γn.

In this section, I show that εn(s)→ ε(s) a.s. uniformly on the mixed strategy space S

for any finite game, and, furthermore, that all mixed strategy Nash equilibria in empirical

games eventually become arbitrarily close to some Nash equilibrium strategies in the

underlying game. I use these results in Chapter 12 to show that under certain conditions,

the optimal choice of the design parameter based on simulation-based games converges

almost surely to the actual optimum.

Theorem 7.9 Suppose that |I| <∞, |A| <∞. Then εn(s)→ ε(s) a.s. uniformly on S.

Recall that N is a set of all Nash equilibria of Γ. If we define Nn,γ = {s ∈ S :

εn(s) ≤ γ}, we have the following corollary to Theorem 7.9:

Corollary 7.10 For every γ > 0, there is M such that ∀n ≥M , N ⊂ Nn,γ a.s.

Proof. Since ε(s) = 0 for every s ∈ N , we can find M large enough such that

Pr{supn≥M sups∈N εn(s) < γ} = 1. �

By the corollary, for any game with a finite set of pure strategies and for any ε > 0,

all Nash equilibria lie in the set of empirical ε-Nash equilibria if enough samples have

been taken. As I now show, this provides some justification for our use of a set of profiles

with a non-zero ε-bound as an estimate of the set of Nash equilibria, which I have done

in Section 4.5.1.
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Let us assume that φ∗(θ) : Θ → R. First, suppose we conclude that for a particular

setting of θ, sup{φ̂∗(θ)} ≤ α. Then, since for any fixed ε > 0, N (θ) ⊂ Nn,ε(θ) when n

is large enough,

sup{φ∗(θ)} = sup
s∈N (θ)

φ(s) ≤ sup
s∈Nn,ε(θ)

φ(s) = sup{φ̂∗(θ)} ≤ α,

for any such n. Thus, since we defined the welfare function of the designer to be

I{sup{φ∗(θ)} ≤ α} in our domain of interest, the empirical choice of θ satisfies the

designer’s objective, thereby maximizing his welfare function.

Alternatively, suppose we conclude that inf{φ̂∗(θ)} > α for every θ in the domain.

Then,

α < inf{φ̂∗(θ)} = inf
s∈Nn,ε(θ)

φ(s) ≤ inf
s∈N (θ)

φ(s) ≤ sup
s∈N (θ)

φ(s) = sup{φ∗(θ)},

for every θ, and we can conclude that no setting of θ will satisfy the designer’s objective.

Next, I show that when the number of samples is large enough, every Nash equilib-

rium of Γn is close to some Nash equilibrium of the underlying game. This result will

lead me to consider convergence of optimizers based on empirical data to actual optimal

mechanism parameter settings in Chapter 12.

I first note that the function ε(s) is continuous in a finite game.

Lemma 7.11 Let S be a mixed strategy set defined on a finite game. Then ε : S → R is

continuous.

For the exposition that follows, we need a bit of additional notation. First, let (Z, d)

be a metric space, and X, Y ⊂ Z and define directed Hausdorff distance from X to Y to

be

h(X, Y ) = sup
x∈X

inf
y∈Y

d(x, y).

Observe that U ⊂ X ⇒ h(U, Y ) ≤ h(X, Y ). Further, define BS(x, δ) to be an open ball

in S ⊂ Z with center x ∈ S and radius δ. Now, let Nn denote all Nash equilibria of the
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game Γn and let

Nδ =
⋃
x∈N

BS(x, δ),

that is, the union of open balls of radius δ with centers at Nash equilibria of Γ. Note that

h(Nδ,N ) = δ.

We can then obtain the following general result, the proof of which is in the appendix.

Theorem 7.12 Suppose |I| <∞ and |A| <∞. Then h(Nn,N ) converges to 0 a.s.

7.7 Probabilistic Bounds on Approximation Quality

It is intuitive that reporting results of empirical game analysis would require some

kind of statistical significance claims, just as reporting sample means generally requires

the associated t-test results or confidence intervals. In the literature on empirical game

analysis, no theoretical confidence bounds have been available to make such analysis

possible for approximate equilibria in empirical games. Instead, much of the past work

had resorted to worst case sensitivity analysis procedures [Walsh et al., 2002] and indirect

evidence [Wellman et al., 2005]. While these can be used to support certain claims,

they are not entirely satisfactory, and it certainly seems possible to engage in statistical

analysis of empirical equilibria given appropriate distributional assumptions. [Reeves,

2005] discusses sensitivity analysis procedure in the same spirit as my derivations which

follow. His analysis involved sampling payoffs from a normal distribution centered at the

sample mean and deriving an empirical probability distribution that particular strategies

are played in an actual equilibrium.

In this section, I introduce a statistical framework for sensitivity analysis of solutions

based on empirical games. Specifically, I derive probabilistic confidence bounds on the

quality of empirical equilibria given various assumptions about the nature of noise and

the structure of the underlying game. I then experimentally assess the quality of my

bounds when some of these assumptions do not hold.
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7.7.1 Distribution-Free Bounds

I begin by deriving distribution-free bounds about the likelihood that the specified

profiles are Nash equilibria. While most general, these bounds are likely the least useful,

as they will in practice rarely be very tight.

The first lemma provides a (deterministic) bound on ε(r), where r is some strategy

profile in the set of joint strategies, given that we have a bound on the quality of the payoff

function approximation for every point in the domain.

Lemma 7.13 Let ui(r) be the underlying set of payoff functions for all players and ûi(r)

be an approximation of ui(r) for each i ∈ I . Suppose that |ui(r)− ûi(r)| ≤ δ for strategy

profiles r and ∀(ai, r−i) : ai ∈ Ai. Then |ε(r)− ε̂(r)| ≤ 2δ.

Note the notation ûi(r) for the approximate payoff function and ε̂(r) for the game-

theoretic regret defined with respect to û.

Next, I derive a distribution-free bound, first for pure strategy and thereafter for mixed

strategy approximate equilibria. For pure strategy bounds, I assume that the following

condition holds pointwise on the joint strategy space R (pure or mixed):

Pr{|u(r)− û(r)| ≥ γ} ≤ δ. (7.2)

The desired probabilistic bound is then described by the following lemma.

Theorem 7.14 Suppose (7.2) holds pointwise on R (pure or mixed). Then

Pr{|ε(r)− ε̂(r)| ≥ 2γ} ≤ m(K + 1)δ = 1− α,

where K = maxi∈I |Ai|.

Applying Chebyshev’s inequality and Chernoff bound, we get the following corollar-

ies for a ∈ A:

Corollary 7.15 For any random variable with finite variance,

Pr{|ε(a)− ε̂(a)| ≥ γ} ≤ 4(K + 1)mσ2

nγ2
.
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Corollary 7.16 For a random variable that is bounded between L and U,

Pr{|ε(a)− ε̂(a)| ≥ γ} ≤ m(K + 1) exp

{
− γ2n

2(U − L)2

}
.

To find a distribution-free bound for a mixed strategy profile, we need a somewhat

stronger assumption:

Lemma 7.17 Suppose (7.2) holds uniformly on A. Then

Pr{|u(s)− û(s)| ≥ γ} ≤ δ ∀s ∈ S.

Theorem 7.18 Suppose (7.2) holds uniformly on A and let s ∈ S. Then

Pr{|ε(s)− ε̂(s)| ≥ 2γ} ≤ m(K + 1)δ.

Proof. By Lemmas 7.14 and 7.17. �

Corollary 7.19 For any random variable with finite variance, s ∈ S,

Pr{|ε(s)− ε̂(s)| ≥ γ} ≤ 4|A|(K + 1)mσ2

nγ2
.

Corollary 7.20 For a random variable that is bounded between L and U, s ∈ S,

Pr{|ε(s)− ε̂(s)| ≥ γ} ≤ m|A|(K + 1) exp

{
− γ2n

2(U − L)2

}
.

For general applicability of the above result, I observe in the following simple propo-

sition that we can use them to bound a probability that a particular profile is a δ-Nash

equilibrium for a given δ.

Proposition 7.21 Let δ be given. Then, Pr{ε(r) ≤ δ} ≥ Pr{|ε(r)− ε̂(r)| ≤ δ − ε̂(r)}.

Proof. Pr{ε(r) ≤ δ} = Pr{ε(r)− ε̂(r) ≤ δ − ε̂(r)} ≥ Pr{|ε(r)− ε̂(r)| ≤ δ − ε̂(r)}. �
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7.7.2 Confidence Bounds for Finite Games with Normal Noise

Suppose that it is feasible to sample the entire payoff matrix of the game. To derive

a generic probabilistic bound for a pure strategy profile a ∈ A, suppose that we have an

improper prior on ui(a) for all a ∈ A, and the sampling noise is Gaussian with known

variance σ2. Notationally, I will use ūi(a) to indicate a sample mean estimate of ui(a)

based on ni(a) samples.

The results below build on the derivation of the distribution of the maximum of k vari-

ables based on samples of these with zero-mean additive Gaussian noise by [Chang and

Huang, 2000]. In this setting, [Chang and Huang, 2000] demonstrate that the posterior

distributions of ui(·)|ūi(·) are Gaussian random variables with mean ūi(·) and variance

σ2. Furthermore, if the payoffs are sampled independently, the actual payoffs ui(·) are

also independently distributed, conditional on ūi(·). Given these assumptions, the fol-

lowing general bound, which I already presented in Proposition 4.4, can derived (in the

sequel I omit conditioning on ūi(·) for brevity):

Proposition 7.22

Pr (ε(a) ≤ ε) =
∏
i∈I

∫
R

∏
b∈Ai\ai

Pr(ui(b, a−i) ≤ u+ ε)fui(a)(u)du,

where fui(a)(u) is the pdf of N(ūi(a), σi(a)).

The posterior distribution of the actual mean under the assumption of Gaussian noise

was derived in [Chang and Huang, 2000] and also presented in Section 4.10:

Pr (ui(a) ≤ c) = 1− Φ

[√
ni(a)(ūi(a)− c)

σi(a)

]
, (7.3)

where a ∈ A and Φ(·) is N(0, 1) distribution function. Applying Lemma 7.22, we get

Pr (ε(a) ≤ ε) =
∏
i∈I

∫
R

∏
b∈Ai\ai

Pr (ui(b, a−i) ≤ u+ ε) fui(a)(u)du = 1− α. (7.4)

Having derived bounds on pure strategy profiles, it is not difficult to extend the results
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to bounds on mixed strategy profiles, as we do in the following theorem:

Proposition 7.23 Let s ∈ S be a mixed strategy profile. Then,

Pr (ε(s) ≤ ε) =
∏
i∈I

∫
R

∏
b∈Ai

[Pr(Wi(b) ≤ u+ ε)] fW ∗
i
(u)du,

where

Pr(Wi(b) ≤ u+ ε) = 1− Φ

∑c∈A−i
ūi(b, c)s−i(c)− u− ε√∑

c∈A−i

σ2
i (b,c)s2

−i(c)

ni(b,c)


and

W ∗
i ∼ N

(∑
a∈A

ūi(a)s(a),
∑
a∈A

σ2(a)s2(a)

ni(a)

)
.

7.7.3 Confidence Bounds for Infinite Games That Use Finite Game

Approximations

Suppose that we are trying to estimate a Nash equilibrium for a game Γ = [I, R, u(·)]

with R infinite. Let Rk ⊂ R be finite and define Γk = [I, Rk, u(·)] to be a finite ap-

proximation of Γ. To draw any conclusions about Γ based on its finite approximation we

must make some assumptions about the structure of the actual payoff functions on the in-

finite domain. I assume that the payoff functions, ui(·) of all players satisfy the Lipschitz

condition with Lipschitz coefficient B.

Define d to be the maximum distance from a point in Rk,i to its closest neighbor in

Ri:

d = max
i∈I

sup
r∈Ri

inf
r′∈Rk,i

{|r − r′|} <∞.

Then if r is an ε-Nash of Γk with probability 1−α, then it is an (ε+Bd)-Nash of Γ with

probability at least 1− α. Consequently, we have the following bound:

Proposition 7.24

Pr

(
max
i∈I

sup
t∈Ri

ui(t, r−i)− ui(r) ≤ ε

)
≥

≥
∏
i∈I

∫
R

∏
t∈Rk,i

Pr(ui(t, r−i) ≤ u+ ε−Bd)fui(r)(u)du.
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7.7.4 Experimental Evaluation of Bounds

In this section I experimentally explore several questions about the quality of some

of our theoretical bounds for a fixed confidence level 1 − α. Define α̂ = #{r : ε(r) <

ε(r)}/#{r}.6 In words, α̂ is the proportion of profiles with probabilistic bound below

actual. Our first metric of quality of the bounds is accuracy, which we define to be

max{α̂ − α, 0}. This will indicate whether our empirical confidence level is below the

theoretical. The second metric is tightness, defined as |ε(r) − ε(r)|. In practice, tight

bounds would limit the number of samples we need for good equilibrium estimates.

My questions primarily attack scenarios in which the assumptions on which our

bounds are based do not hold. In finite games explored below, I compare the quality

of bounds I derived under normal and uniform additive noise. For this evaluation, I used

a finite game generation engine, GAMUT [Nudelman et al., 2004], to compare the results

across several classes of games. I bounded payoffs for games between 0 and 1000,000

and fixed variance of additive noise at 17,000,000. The confidence level was fixed at

95%. For each random game generated I randomly selected a pure profile in one set of

experiments and a symmetric mixed profile in another. I then proceeded to compute ε(r)

and ε(r) for the randomly selected profile r.

As a first sanity check, I experimentally verified that the quality of bounds for finite

games does not significantly vary with ε(r). Consequently, I report results in this section

solely in terms of tightness. From Figure 7.4 (a) we can see that the tightness of bounds

on pure strategy profiles does not appear to be affected by the size of the game. For

symmetric mixed profiles, however, the bounds become tighter as the size of the game

increases. This result is likely due to the fact that we uniformly randomly generated

weights on each strategy in the strategy set. From Figure 7.4 (b) we can see that Prisoner’s

Dilemma and Chicken seem to have a slightly higher bounds than random zero-sum and

2x2 games. In all cases mixed strategy profiles tend to have tighter bounds than pure

strategy profiles. Finally, uniform noise does not seem to have a significant impact on

tightness.

6Recall that ε(r) is the smallest ε for which the probabilistic bound for profile r holds with at least
(1− α)100% confidence.
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Figure 7.4: Comparison of tightness of bounds for 95% confidence level across (a)
random games (1.x=2x2; 2.x=3x3; 3.x=4x4; 4.x=5x5) and (b) several classes of 2x2
games (1.x=Prisoners Dilemma, 2.x=Chicken, 3.x=random 2-strategy zero sum game,
4.x=random 2x2 game). For both (a) and (b), y.0=pure, normal noise; y.25=pure, uni-
form noise; y.5=mixed, normal noise; y.75=mixed, uniform noise.

Accuracy (when noise was uniform) was not an issue in all but two games: random

4x4 (2% difference) and random 5x5 (15% difference). However, the average tightness

for profiles with bounds that fell below actual ε(r) was quite low, roughly 0.006 for the

4x4 game and 0.0075 for the 5x5 game, whereas the average tightness over all profiles

was 0.03 and 0.02 respectively. Thus, it does not appear that uniform (instead of normal)

noise would significantly impact results reported for these classes of games.

7.8 Maximum Likelihood Equilibrium Estimation

To this point, the techniques for estimating Nash equilibria based on empirical games

have involved using either Nash equilibria of the empirical game or profiles with low

empirical regret. Neither of these techniques, however, takes into account available dis-

tributional information about the game. Intuitively, such information could be of great

value, as we can use it to establish precise probabilistic bounds on the likelihood that

each profile is a Nash (or an ε-Nash equilibrium) of the underlying game, as shown in

Section 7.7. I now attempt to utilize such distributional information in defining another

equilibrium estimator, one which uses a profile most likely to be a Nash equilibrium of

the underlying game. While certainly not the only method for using distributional in-

formation in the empirical game to estimating Nash equilibria, this method has some
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appealing properties, which I demonstrate below.7

Under the assumption of an improper prior on actual payoffs and normal noise with

known finite variance, I derived above exact probabilistic bounds on ε-Nash equilibria

of pure and mixed strategy profiles. By setting the ε(r) in these expressions to 0, these

bounds describe the probability that a profile r is a Nash equilibrium. I now define the

maximum likelihood Nash equilibrium estimator (MLEE) r̂MLEE to be

r̂MLEE = arg max
r∈R

Pr{ε(r) = 0}. (7.5)

For this expression to be well-defined, we need to ensure that the maximum actually

exists. If R is finite, that is entirely obvious. Let us take a more general case where R is

the set of mixed strategy profiles S. The following lemma takes us most of the way.

Lemma 7.25 Pr{ε(r) = 0} is continuous.

Based on this result, we can now readily confirm that the expression for the MLE estima-

tor is well-defined.

Theorem 7.26 The maximum in Equation 7.5 exists when R = S.

Proof. By Lemma 7.25, Pr{ε(r) = 0} is continuous. Since S is an n-dimensional

simplex, it is compact in Rn. By Weierstrass theorem, the maximum exists on S. �

Corollary 7.27 The maximum in Equation 7.5 naturally also exists when R is a closed

subset of S, with the case of finite R being a (trivial) special case.

Proof. This follows because a closed subset of a compact set is compact. �

Having verified that the MLEE is well-defined, I demonstrate that the estimate which

it produces for a particular underlying game is essentially unique.

Definition 7.28 An estimator is essentially unique if it is unique with probability 1.

7An alternative, closely related method, was suggested by Jordan et al. [2008]. Their method uses
the profile which is most likely to have the smallest ε(r) as the estimate of the best approximate Nash
equilibrium.
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Suppose we have a game in which every profile has been sampled n times and let

P (r) = Pr{ε(r) = 0}. The following theorem states that with probability 1 there will

not be two profiles r, r′ ∈ S with the same value of P (r).

Theorem 7.29 P (r) is essentially unique in the mixed strategy space S.

Corollary 7.30 The estimate r̂MLEE is essentially unique.

Finally, I verify that the MLEE is consistent.

Definition 7.31 A Nash equilibrium estimator r̂n is consistent if ε(r̂n)→ 0 in probability

as the minimum number of samples n of each strategy profile in the game goes to infinity.

Note that the notion of estimator consistency that I use is somewhat weak in that I only

require it to be consistent in the ε quasi-metric. Nevertheless, this should be a satisfactory

guarantee for practical purposes.

I first show that the probability that a profile r is a Nash equilibrium computed

on a game in which every profile has been sampled at least n times (and denoted by

Prn(ε(r) = 0)) is consistent for every profile r. In other words, Prn(ε(r) = 0) is

(strongly) consistent pointwise on S.

Lemma 7.32 Suppose that the payoffs of the underlying payoff function u(·) has no ties.

Then Prn(ε(r) = 0)→ Pr(ε(r) = 0) for every r ∈ R, where Pr(ε(r) = 0) = 1 when r is

a Nash equilibrium of the underlying game and 0 otherwise.

This lemma implies the following theorem.

Theorem 7.33 If the game is generic, the MLEE 7.5 is consistent in the above sense.

It is intuitive that the Nash equilibria of sampled games are related to the profiles that

are most likely to be Nash equilibria of the underlying game (as number of samples goes

to infinity). Furthermore, equilibria of sampled games can also serve as Nash equilibrium

estimators, as discussed above. It is well known, however, that there could be, and often

is, a multitude of equilibria. Thus, the estimation problem that relies on Nash equilibria

of sampled games to estimate a sample Nash will need to select one of these, and there

169



a b
a (1,1) (2,1-ε)
b (1 - ε,2) (2 - ε,∞)

Figure 7.5: Example matrix game.

is, as yet, no principled way to do this. The essential uniqueness result above, then, is

useful as it eliminates the selection problem. One may perhaps indeed suggest using the

MLEE as a principled way of selecting an equilibrium from a sampled game. However,

as I now show, MLEE need not correspond to any equilibrium.

Theorem 7.34 The MLEE need not correspond to any Nash equilibrium of the sampled

game.

Proof. Consider the matrix game in Figure 7.5. We use the∞ as an indicator of a payoff

that is sufficiently high to make the below approximations close. Note that Pr(ε(a, a) =

0) ≈ 0.5∗0.5 = 0.25 and Pr(ε(b, b) = 0) ≈ 0.5∗1 = 0.5. It is clear that (b, b) has higher

likelihood of being a Nash equilibrium, but (a, a) is a strictly dominant (and therefore

unique) Nash equilibrium of the sampled game. �

Thus, MLE estimators, although closely related to equilibria of empirical games, are

fundamentally different estimators. Which estimation method is better in practice in

terms of quality of equilibrium approximation is an empirical question.

7.9 Comparative Statics

In the game theory literature, it is common to expect some analysis of the effect

of small changes to model parameters on the predictions. Insofar as the computational

analysis techniques based on simulation-based games would be applied to gain insights

about the practical applications, similar comparative statics analysis would be desirable.

I have already discussed comparative statics in the context of mechanism design in

Section 4.11, and the same ideas would in principle apply here. The deep practical prob-

lem of doing comparative statics computationally in the context of games—more acute

than in mechanism design—is non-uniqueness of solutions.

170



Recall that the procedure of comparative statics would approximate the derivative of

the solutions with respect to some model parameters (e.g., mechanism design choices).

To do this, we would have to approximate solutions at several points in some neighbor-

hood. If we could estimate all solutions or at least create ranges of outcomes as discussed

above, we would simply make evaluations based on these ranges. Insofar as we would

obtain sample approximate Nash equilibria, however, alternative design choices, even

very close, may yield very different approximate equilibrium solutions and, hence, very

different outcomes in games. These differences may, however, be almost entirely due to

the fact that we simply happened to compute a different approximate equilibrium. It is

not as yet clear to me exactly how severe the extent of this problem is, nor how to deal

with it in a principled way. The problem is, however, considerably alleviated if we focus

on computing belief distributions of play, rather than Nash equilibria, which I discuss in

Chapter 11: there, a distribution of play imposes uniqueness and may also have desirable

continuity properties for effective comparative statics analysis.

7.10 Conclusion

In this chapter I defined the notions of simulation-based and empirical games and

demonstrated how Nash equilibria can be estimated from empirical games. I used the ap-

plication to the analysis of strategic TAC/SCM day-0 procurement to demonstrate some

of the basic techniques, both in the case of small game stylized models and a model in

which player strategy spaces are infinite. The application presented considerable evi-

dence supporting the claim that tournament behavior was a result of strategic interactions

between players, rather than irrational outcome of heuristic approximations in which

players seem to typically engage.

To enhance the methodology of empirical game analysis, I derived in this chapter

probabilistic bounds on quality of Nash equilibrium estimates based on empirical games,

both of the distribution-free variety, and based on the assumption of Gaussian sampling

noise. Additionally, I presented convergence results about Nash equilibria computed

based on empirical game data.
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My final contribution in this chapter was to introduce a new estimator of Nash equi-

libria, which I termed maximum likelihood equilibrium estimator. The idea behind this

estimator is to use distributional assumptions of Gaussian noise and the resulting prob-

abilistic bounds derived earlier in assessing the likelihood that any particular profile is a

Nash equilibrium of the underlying game. The estimator then simply selects the profile

most likely to be an actual Nash equilibrium from some restricted set of strategy pro-

files which can be considered and may include the entire space of mixed strategies. I

demonstrate that this estimator is well-defined in the general setting of finite games, and

is, additionally, consistent and essentially unique.
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CHAPTER 8

Learning Payoff Functions in Infinite Games

IN WHICH I introduce and analyze statistical learning techniques for ap-

proximating payoff and regret functions in infinite games. My purpose for

doing so is to approximate game-theoretic solutions, as well as to learn the

functions themselves.1

In the previous chapter I focused primarily on Nash equilibrium approximation meth-

ods based on empirical regret. For the purposes of this chapter, I call this technique the

sample best method, having in mind Definition 7.7, since it selects the profile with the

lowest (best) empirical regret evaluated with respect to the empirical data (payoff sam-

ples) directly. In this chapter I present and evaluate alternative Nash equilibrium estima-

tion techniques for infinite games. The idea behind these techniques is to use regression

learning to estimate either payoff functions or actual regret functions based on empirical

game data. I investigate various regression model forms—low-degree polynomials, local

regression, and support vector machines (SVMs)—applied to infinite games with strategy

sets defined by real intervals. I explore two example games, both with incomplete infor-

mation and real-valued actions. First is the standard first-price sealed-bid auction, with

two players and symmetric value distributions. The solution to this game is well-known

[Krishna, 2002], and its availability in analytical form proves useful for benchmarking my

learning approaches. My second example is a five-player market-based scheduling game

1The material in this chapter is taken from Vorobeychik et al. [2007b].
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[Reeves et al., 2005], where time slots are allocated by simultaneous ascending auctions

[Cramton, 2006; Milgrom, 2000]. This game has no known solution, though previous

work has identified equilibria on discretized subsets of the strategy space [Reeves et al.,

2005].

8.1 Payoff Function Approximation

8.1.1 Problem Definition

We are given a set of data points (a, U), each describing an instance where agents

played a pure strategy profile a and realized value U = (U1, . . . , Um). For determin-

istic games of complete information, U is simply u(a). With incomplete information or

stochastic outcomes, U is a random variable, more specifically an independent draw from

a distribution function of a, with expected value u(a).

The payoff function approximation task is to select a function û from a candidate set

H minimizing some measure of deviation from the true payoff function u. Because the

true function u is unknown, of course, we must base our selection on evidence provided

by the given data points.

The goal in approximating payoff functions is typically not predicting payoffs them-

selves, but rather in evaluating strategic behavior. Therefore, for assessing my results, I

measure approximation quality not directly in terms of a distance between û and u, but

rather in terms of the strategies dictated by û evaluated with respect to u. For this I appeal

to the notion game-theoretic regret. Specifically, let r̂ be a (pure or mixed) approximate

Nash equilibrium of the game [I, R, {û(·)}] and let the regret function ε(r) be computed

with respect to the underlying game [I, R, {u(·)}]. Then the measure of approximation

quality of û is just ε(r̂). Since in general u will either be unknown or not amenable to

this analysis, I also developed a method for estimating ε(r̂) from data, described in some

detail below.

For the remainder of this chapter, I focus on a special case of the general problem,

where action sets are real-valued intervals, Ai = [0, 1]. Moreover, I restrict attention to
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symmetric games and introduce several forms of aggregation of other agents’ actions as

another knob for controlling model complexity.2 The assumption of symmetry allows

me to adopt the convention for the remainder of the paper that payoff u(ai, a−i) is to the

agent playing ai.

8.1.2 Polynomial Regression

One class of models I consider are the nth-degree separable polynomials:

u(ai, φ(a−i)) = bna
n
i + · · ·+ b1ai

+ cn · (φ(a−i))
n + · · ·+ c1 · φ(a−i) + e,

(8.1)

where φ(a−i) represents some aggregation of the strategies played by agents other than

i.3 For two-player games, φ is simply the identity function. We refer to polynomials of

the form (8.1) as separable, since they lack terms combining ai and a−i. We also consider

models with such terms, for example, the non-separable quadratic:

u(ai, φ(a−i)) = b2a
2
i + b1ai + c2 · (φ(a−i))

2

+ c1 · φ(a−i) + d · aiφ(a−i) + e.
(8.2)

Note that (8.2) and (8.1) coincide in the case n = 2 and d = 0. In the experiments

described below, we employ a simpler version of non-separable quadratic that takes c1 =

c2 = 0.

One advantage of the quadratic form is that we can analytically solve for Nash equilib-

rium. Given a general non-separable quadratic (8.2), the necessary first-order condition

for an interior solution is

ai = −b1 + d · φ(a−i)

2b2
.

2Although none of these restrictions are inherent in the approach, one must of course recognize the
tradeoffs in complexity of the hypothesis space and generalization performance. Thus, I strive to build in
symmetry to the hypothesis space whenever applicable.

3Note that φ(a−i) may be a vector, for example, when φ(a−i) = a−i. In this case, (φ(a−i))n would
be a vector in which every element of φ(a−i) is raised to the nth power.
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This reduces to

ai = − b1
2b2

in the separable case. For the non-separable case with additive aggregation, φsum(a−i) =∑
j 6=i aj , we can derive an explicit first-order condition for symmetric equilibrium:

ai = − b1
2b2 + (m− 1)d

.

It has been observed that any game in which ui(a) are continuous separable payoff

functions on compact strategy sets has a pure-strategy Nash equilibrium [Balder, 1996].

This result is quite intuitive, since the absence of interactions entails the existence of

dominant strategies and continuous functions are guaranteed to have maxima on compact

domains by the Weierstrass theorem [Luenberger, 1969]. However, a pure-strategy equi-

librium need not exist in non-separable games, even if payoff functions are quadratic.

In the experiments that follow, whenever the polynomial approximation yields no pure-

strategy Nash equilibrium, I randomly select a symmetric pure strategy profile from the

joint strategy set. If, on the other hand, I find multiple pure equilibria, a sample equilib-

rium is selected arbitrarily.

8.1.3 Local Regression

In addition to polynomial models, I explore learning using two local regression meth-

ods: locally weighted average and locally weighted quadratic regression [Atkeson et al.,

1997]. Unlike model-based methods such as polynomial regression, local methods do not

attempt to infer model coefficients from data. Instead, these methods weigh the training

data points by distance from the query point and estimate the answer—in our case, the

payoff at the strategy profile point—using some function of the weighted data set. I used

a Gaussian weight function:

w = e−k2

,

where k is the distance of the training data point from the query point and w is the weight

that is assigned to that training point.
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In the case of locally weighted average, I simply take the weighted average of the

payoffs of the training data points as the payoffs for a given strategy profile. Locally

weighted quadratic regression, on the other hand, fits a quadratic function to the weighted

data set for each query point.

8.1.4 Support Vector Machine Regression

The third category of learning methods I investigate is Support Vector Machines

(SVMs). For details regarding this learning method, I refer an interested reader to Vapnik

[1995]. In my experiments, I used the SVM light package [Joachims, 1999], which is an

open-source implementation of SVM classification and regression algorithms, and chose

Gaussian radial basis function of the form e−2||x−x′||2 as the kernel.

8.1.5 Finding Mixed-Strategy Equilibria

In the case of polynomial regression models, we are able to find either analytic or sim-

ple and robust numeric methods for computing pure Nash equilibria. With local regres-

sion and SVM learning we are not so fortunate, as we do not have access to a closed-form

description of the learned function.

When a particular learned model is not amenable to a closed-form solution, I use it

to approximate a Nash equilibrium of the underlying game as follows. First, I restrict the

learned function to a finite strategy subset. Since this restriction produces a finite game,

we can thereafter apply any generic finite game solver to find an approximate Nash equi-

librium of the learned game. For this task, I employ replicator dynamics [Fudenberg and

Levine, 1998], which searches for a symmetric mixed equilibrium using an iterative evo-

lutionary algorithm. I treat the result after a fixed number of iterations as an approximate

Nash equilibrium of the learned game.4

To summarize, I use the following procedure:

1. Randomly produce a training set of data points D in the empirical game in the
4Replicator dynamics does not necessarily converge, but when it does reach a locally asymptotically

stable fixed point the result is a Nash equilibrium [Friedman, 1991]. For cases where replicator dynamics
fails to converge, I still treat the final result as an approximate Nash equilibrium of the game.
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form (a, U), where a is a pure strategy profile and U is a sample of corresponding

payoffs to the players.

2. Run the learning algorithm on D to obtain a predictor of expected payoffs given

a pure strategy profile a (for example, we would thereby obtain the coefficients of

polynomial regression or the weights of the local learning methods and SVM)

3. Produce a grid of pure strategy profiles as a discrete approximation of the actual

continuous strategy sets.

4. Use the predictor of choice (e.g., SVM) trained as above to obtain the approximate

payoff matrix in the discrete strategy subset, thereby obtaining an approximation

of the learned game.

5. Apply replicator dynamics to the discretized approximation of the learned game to

approximate a Nash equilibrium.

8.1.6 Strategy Aggregation

As noted above, I consider payoff functions on two-dimensional strategy profiles in

the form u(ai, a−i) = f(ai, φ(a−i)). As long as φ(a−i) is invariant under permutation of

the strategies in a−i, the payoff function is symmetric. Since the actual payoff functions

for our example games are also known to be symmetric, I constrain that φ(a−i) preserve

the symmetry of the underlying game.

In my experiments, I compared three variants of φ(a−i). First and most compact is

the simple sum, φsum(a−i). Second is the ordered pair (φsum, φss), where φss(a−i) =∑
j 6=i(aj)

2. The third variant, φidentity(a−i) = a−i, simply takes the strategies in their

direct, unaggregated form. To enforce the symmetry requirement in this last case, I sort

the strategies in a−i.
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8.2 First-Price Sealed-Bid Auction

In the standard first-price sealed-bid (FPSB) auction game [Krishna, 2002], agents

have private valuations for the good for sale, and simultaneously choose a bid price rep-

resenting their offer to purchase the good. The bidder naming the highest price gets the

good and pays the offered price. Other agents receive and pay nothing. In the classic

setup first analyzed by Vickrey [1961], agents have identical valuation distributions, uni-

form on [0, 1], and these distributions are common knowledge. The unique (Bayesian)

Nash equilibrium of this game is for agent i to bid m−1
m
vi, where vi is i’s valuation for the

good.

Note that strategies in this game (and generally for games of incomplete informa-

tion), bi : [0, 1] → [0, 1], are functions of the agent’s private information. I consider a

restricted case, called “ray bidding” by Selten and Buchta [1994], where bid functions

are constrained to the form

bi(vi) = aivi, ai ∈ [0, 1].

This constraint transforms the action space to a real interval, corresponding to choice of

strategy parameter ai. Additionally, transformation simplifies representation of the game

in normal-form. One can easily see that the restricted strategy space includes the known

equilibrium of the full game, with ai = m−1
m

for all i, which is also an equilibrium of the

restricted game in which agents are constrained to strategies of the given form. While

the fact that our restricted strategy space happens to include the actual equilibrium seems

extremely fortunate, strategy spaces of this form are intuitively very natural: if we restrict

bidders to submit bids in the space of valuations, any valuation that they may wish to bid

is also some fraction of their actual value, and they will generally not wish to bid more

than the object is worth to them. However, a criticism still applies that we generally do

not a priori know if our restriction of the strategy space contains any equilibria of the

actual game, and it is certainly not difficult to construct cases in which it is not. Thus,

we will at best find an equilibrium of the restricted game, assuming generally that it is a

reasonable equilibrium approximation of the actual game. While the question of finding
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appropriate restrictions of games is an important one, it is beyond the scope of this work.

I further focus on the special case m = 2, with corresponding equilibrium at a1 =

a2 = 1/2. For the two-player FPSB, we can also derive a closed-form description of the

actual expected payoff function [Reeves, 2005]:5

u(a1, a2) =


0.25 if a1 = a2 = 0,
(a1−1)[(a2)2−3(a1)2]

6(a1)2
if a1 ≥ a2,

a1(1−a1)
3a2

otherwise.

(8.3)

The maximum benefit to deviation (ε) as a function of joint pure strategy profile a ∈

[0, 1]2 is shown in Figure 8.1.
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Figure 8.1: ε(a) surface in two-player First-Price Sealed-Bid auction.

The availability of known solutions for this example facilitates analysis of the learn-

ing approach. My first set of results is summarized in Figure 8.2. For each of the

learning methods (classes of functional forms), I measure average ε for varying training

set sizes. For instance, to evaluate the performance of separable quadratic approxima-

tion with training size N , I independently draw N strategies, {a1, . . . , aN}, uniformly

on [0, 1]. The corresponding training set comprises N2 points: ((ai, aj), u(ai, aj)), for

5Recall that u(a1, a2) = u1(a1, a2) and the payoff to the second player is symmetric.
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i, j ∈ {1, . . . , N}, with u(a) as given by (8.3). I find the best separable quadratic fit û to

these points, and find a Nash equilibrium corresponding to û. I then calculate the least ε

for which this strategy profile is an ε-Nash equilibrium with respect to the actual payoff

function u. I repeat this process 200 times, averaging the results over strategy draws, to

obtain each value plotted in Figure 8.2.
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Figure 8.2: Performance comparison of discrete (sample best) and polynomial function
approximation models trained on noiseless data sets of varying size in two-player First-
Price Sealed-Bid auction.

As we can see, both second-degree polynomial forms I tried performed quite well on

this game. For N < 20, quadratic regression outperformed in my experiments the model

labeled “sample best”, in which the payoff function is approximated by the discrete train-

ing set directly. The derived equilibrium in this model is simply a Nash equilibrium over

the discrete strategies in the training set. At first, the success of the quadratic model

may be surprising, since the actual payoff function (8.3) is only piecewise differentiable

and has a point of discontinuity. However, as we can see from Figure 8.3, it appears

quite smooth and well approximated by a quadratic polynomial. The higher-degree poly-

nomials apparently overfit the data, as indicated by their inferior learning performance

displayed in this game.

The results of this game provide an optimistic view of how well regression might
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Figure 8.3: Learned and actual payoff function in two-player First-Price Sealed-Bid auc-
tion when the other agent plays 0.5. The learned function is the separable quadratic, for
a particular sample with N = 5.

be expected to perform compared to discretization. This game is quite easy for learning

since the underlying payoff function is well captured by our lower-degree model.

The results thus far were based on a noiseless data set. In another set of experiments

I artificially added noise to the samples from (8.3) according to a zero-mean Normal

distribution. In order to test the effect of noise on the performance of function approxi-

mation, I used a control variable, k, such that variance of noise is 1/k2. For each value

of k and for each function approximation method, I randomly selected 5 strategies be-

tween 0 and 1. I then took noisy samples from (8.3) as described to produce a data set,

((ai, aj), U(ai, aj)), for i, j ∈ {1, . . . , 5} (where U = u(ai, aj)+η and η ∼ N(0, 1/k2)).

After the model was fit to the data set, I found the corresponding equilibrium, and eval-

uated its ε with respect to the actual payoff function. The results, averaged over 200

random draws of 5 strategies, are shown in Figure 8.4. It is interesting to observe that

when variance is very high, all methods performed extremely poorly, with non-separable

quadratic and sample best (discrete approximation) methods approximately tied for best

when variance was 1. However, as variance falls, we can see considerable improvement

of the quadratic methods compared to discrete approximation, whereas the third-degree
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Figure 8.4: Performance comparison of discrete (sample best) and polynomial function
approximation models in two-player First-Price Sealed-Bid auction as the variance of
noise in the data decreases.

polynomial fit remains on average quite poor. Additionally, including the strategy inter-

action term produced better results in my experiments, as the non-separable quadratic

outperformed other methods in most cases.

8.3 Market-Based Scheduling Game

The second game I investigate presents a significantly more difficult learning chal-

lenge. It is a five-player symmetric game, with no analytic characterization, and no (the-

oretically) known solution. The game hinges on incomplete information, and training

data is available only from a simulator that samples from the underlying distribution.

The game is based on a market-based scheduling scenario [Reeves et al., 2005], where

agents bid in simultaneous ascending auctions for time-indexed resources necessary to

perform their given jobs. Agents have private information about their job lengths, and

values for completing their jobs by various deadlines. Note that the full space of strategies

is quite complex—dependent on multi-dimensional private information about preferences

as well as price histories for all the time slots. As in the FPSB example, I transform

this policy space to a real interval by constraining strategies to a parametrized form.
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In particular, I start from a simple myopic policy—straightforward bidding [Milgrom,

2000], in which the agents choose the bundle of goods to bid on based on their current

perceived prices. Following Reeves et al. [2005], I generalize this strategy by introducing

a scalar parameter, ai ∈ [0, 1], called “sunk awareness”, which modifies the perceived-

price calculation for slots the agent is currently winning. Specifically, the agent treats

the effective price of such a slot as aiβ, where β is the current winning price. Playing

strategy ai = 1 is therefore the same as straightforward bidding, and ai = 0 treats the

goods as sunk costs. Intuitively, the appropriate value should be somewhat in between,

since the agent is committed and the cost is sunk if the current price prevails, but may be

let off the hook if another agent outbids it for this slot. Lower values of ai increase the

agent’s tendency to stick with slots that it is currently winning.

Though sunk awareness represents a crude approximation to a complex tradeoff, in-

cluding the parameter provides an agent with room for improvement over straightforward

bidding. Most significantly for our current purposes, the optimal setting of ai is generally

dependent on other agents’ behavior. This is precisely the relationship I aim to induce

through learning. Toward this end, I collected data for all strategy profiles over the dis-

crete set of values ai ∈ {0, 0.05, . . . , 1}. Accounting for symmetry, this represents 53,130

distinct strategy profiles. For evaluation purposes, I treat the sample averages for each

discrete profile as the true expected payoffs on this grid.

I again acknowledge that no guarantees can be made about the actual game (bidding

in simultaneous ascending auctions) based solely on analysis of the restricted setting

(straightforward bidding with variable sunk awareness). However, in this and many other

settings, analysis of the entire strategic space is hopeless, and one generally must rely on

restricted analysis to say anything about the actual game. Thus, I proceed to analyze the

restricted game, presuming that it sheds light on the strategic interactions in the actual

game.

The previous empirical study of this game by Reeves et al. [2005] estimated the pay-

off function over a discrete grid of profiles assembled from the set {0.8, 0.85, 0.9, 0.95, 1}

of strategies, computing an approximate Nash equilibrium using replicator dynamics. I

therefore used the training set based on the data for these strategies (300,000 samples per
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profile), regressed to the quadratic forms, and calculated empirical ε values with respect

to the entire data set of 53,130 profiles by computing the maximum benefit from devia-

tion within the data, which I already defined in Section 7.3 (Equation 7.1); I repeat the

definition here to keep the chapter reasonably self-contained:

εΓE = max
i∈I

max
ai∈Di

[ui(ai, â−i)− ui(â)] ,

where Di is the strategy set of player i represented within the data set.6 Since the game is

symmetric, the maximization over players can be dropped, and all the agent strategy sets

are identical.

If we compare the Nash equilibria of the learned functions presented in Table 8.1 to

the inner product between the restricted strategy set and the corresponding mixed strategy

produced using the discrete approximation (a kind of “expected” equilibrium strategy),

the results are quite close. However, the learning methods produced much better approx-

imations of Nash equilibria in terms of εΓE .7

Method Equilibrium ai ε
Separable quadratic 0.876 0.0027

Non-separable quadratic 0.876 0.0027
Discrete approximation (0,0.94,0.06,0,0) 0.0238

Table 8.1: Values of ε for the symmetric pure-strategy equilibria of games defined by
different payoff function approximation methods. The quadratic models were trained
on profiles confined to strategies in {0.8,0.85,0.9,0.95,1}. The mixed-strategy equilib-
rium of the discrete model is presented as the probabilities with which the corresponding
strategies are to be played.

In a more comprehensive trial, I collected 2.2 million additional samples for each

of 53,130 profiles, and ran the learning algorithms on 100 training sets, each uniformly

randomly selected from the discrete grid {0, 0.05, . . . , 1}. Each training set included all

profiles generated from between five and ten of the twenty-one agent strategies on the
6Observe that unlike the first-price sealed-bid auction game, the problem of computing the actual best

response in the market-based scheduling game is a computationally intractable POMDP due to both in-
complete and imperfect information (player types are private information, and the only observable feature
of other agents’ bids is the value of the highest for each good). Thus, for the purposes of this study, I treat
the data set of 53,130 profiles as the true game.

7Since 0.876 is not a grid point, I determined εΓE post hoc, by running further profile simulations with
all agents playing 0.876, and where one agent deviates to any of the strategies in {0, 0.05, . . . , 1}.
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grid. Since in this case an approximate equilibrium produced by a polynomial regres-

sion model does not typically appear in the complete data set, I developed a method for

estimating ε for pure symmetric approximate equilibria in symmetric games based on a

mixture of neighbor strategies that do appear in the test set. Let us designate a pure sym-

metric equilibrium strategy of the approximated game by â. I first determine the closest

neighbors to â in the symmetric pure strategy setD represented within the data. Let these

neighbors be denoted by a′ and a′′. I define a mixed strategy α over support {a′, a′′} as the

probability of playing a′, computed based on the relative distance of â from its neighbors:

α = 1− |â− a
′|

|a′ − a′′|
.

Note that symmetry allows a more compact representation of a payoff function if agents

other than i have a choice of only two strategies. Thus, I define U(ai, j) as the payoff to

a (symmetric) player for playing strategy ai ∈ D when j other agents play strategy a′. If

m − 1 agents each independently choose whether to play a′ with probability α, then the

probability that exactly j will choose a′ is given by

Pr(α, j) =

(
m− 1

j

)
αj(1− α)m−1−j.

We can thus approximate ε of the mixed strategy α by

max
ai∈D

m−1∑
j=0

Pr(α, j) [U(ai, j)− αU(a′, j)− (1− α)U(a′′, j)] .

Using this method of estimating ε on the complete data set, I compared results from

polynomial regression to the method which simply selects from the training set the pure-

strategy profile with the smallest value of ε. I differentiate between the case where we

only consider symmetric pure profiles (labeled “sample best (symmetric)”) and all pure

profiles (labeled “sample best (all)”).8

From Figure 8.5 we see that regression to a separable quadratic produced on average a

8Observe in Figures 8.5 and 8.6 that the method which restricted the search for a best pure strategy
profile to symmetric profiles on average did better in terms of ε then when this restriction was not imposed.
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Figure 8.5: Performance comparison of discrete and separable quadratic function approx-
imation models with several forms of strategy aggregation in the market-based scheduling
game.
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Figure 8.6: Performance comparison of discrete and non-separable quadratic function
approximation models with several forms of strategy aggregation in the market-based
scheduling game.
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considerably better approximate equilibria when the size of the training set was relatively

small. Figure 8.6 shows that the non-separable quadratic performed similarly. The results

appear relatively insensitive to the degree of aggregation applied to the representation of

other agents’ strategies.

The polynomial regression methods I employed yield pure-strategy Nash equilibria.

I further evaluated four methods that generally produce mixed-strategy equilibria: two

local regression learning methods, SVM with a Gaussian radial basis kernel, and direct

estimation using the training data. As discussed above, I compute mixed-strategy equilib-

ria by applying replicator dynamics to discrete approximations (using a fixed ten-strategy

grid) of the learned payoff functions. In the case of direct estimation from training data,

the data itself was used as input to the replicator dynamics algorithm. Since I ensure

that the support of any mixed-strategy equilibrium produced by these methods is in the

complete data set, I can compute ε of the equilibria directly.

As we can see in Figure 8.7, locally weighted average method performed better in

my experiments than the other three for most data sets that included between five and

ten strategies. Additionally, locally weighted regression performed better than discrete

approximation in our experiments on four of the six data set sizes I considered, and SVM

consistently beat discrete approximation for all six data set sizes.9

It is somewhat surprising to see how irregular our results appear for the local regres-

sion methods. I cannot explain this irregularity, although of course there is no reason

for us to expect otherwise: even though increasing the size of the training data set may

improve the quality of fit, improvement in quality of equilibrium approximation does not

necessarily follow.

In order to investigate the effect of noise on the function approximation methods as I

had done in the FPSB setting, I ran another set of experiments in which I used the original

data set of 300,000 samples per profiles as the training data set, and the data set of 2.5

million samples per profile as the evaluation data set. The remainder of the setup was as

9Note that I do not compare these results to those for the polynomial regression methods. Given noise in
the data set, mixed-strategy profiles with larger supports may exhibit lower ε simply due to the smoothing
effect of the mixtures. Thus, when any profile with the lowest ε is desired, mixed-strategy profiles would
likely be preferred. However, when pure strategy profiles are preferred, polynomial methods are more
desirable as they produce pure strategy approximate equilibria.
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Figure 8.7: Performance comparison of discrete approximation (with replicator dynam-
ics used to find an equilibrium) and local and SVM regression methods with strategy
aggregation of the form φ(a−i) = (φsum, φss) in the market-based scheduling game.

above.
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Figure 8.8: Performance comparison of discrete and separable quadratic function ap-
proximation models with several forms of strategy aggregation when noise is present in
training data in the market-based scheduling game.

Figures 8.8 and 8.9 show the performance of separable and non-separable quadratic
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Figure 8.9: Performance comparison of discrete and non-separable quadratic function
approximation models with several forms of strategy aggregation when noise is present
in training data in the market-based scheduling.
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Figure 8.10: Performance comparison of low-degree polynomial models trained on a
noisy data set in the market-based scheduling game. All use strategy aggregation of the
form φsum.

models with different forms of strategy aggregation, comparing them to simply selecting

the best symmetric and asymmetric pure strategy profiles. The quadratic methods still

significantly outperformed the methods based on discrete payoff function approximation
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Figure 8.11: Performance comparison of discrete approximation (with replicator dynam-
ics used to find an equilibrium) and local and SVM regression methods with strategy
aggregation of the form φ(a−i) = (φsum, φss) trained on noisy data in the market-based
scheduling game.

in our experiments, and we can again see little difference between the three forms of

strategy aggregation I tried.

Figure 8.10 suggests that the third order separable polynomial is relatively robust to

noise, having outperformed the quadratic methods in the experiments when training data

was more abundant.

The comparison of methods that yield mixed-strategy equilibrium approximations is

shown in Figure 8.11. As in the noiseless setting, learning methods tended to outperform

discrete approximation. SVM produced the best approximations for almost all training

data set sizes I had considered, while local learning methods were generally better than

discrete approximation.

Finally, I compared the approximation quality of the SVM model with and without

strategy aggregation in Figure 8.12. I used the noisy training data set for these com-

parisons. Unlike several comparisons between aggregation functions that we had seen

already, in this case we do see a distinct advantage to using the particular form of strat-

egy aggregation I chose here over using none at all.
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Figure 8.12: Performance comparison of SVM model without strategy aggregation (iden-
tity) and with aggregation of the form φ(a−i) = (φsum, φss) in the market-based schedul-
ing game.

8.4 Using ε in Model Selection

By using the ε metric in this study, I implicitly suggested that it may also be a useful

guide for selecting a learning model to guide the final choice of an approximate equilib-

rium. A standard method for model selection that has been studied extensively is mean

squared error computed on a test data set (see, for example, Hastie et al. [2001]). An

alternative I would like to suggest here is to select the model with lowest ε (as defined

above) estimated from the union of training and test data.

In the experiments here, I compared three model selection methods in the FPSB set-

ting: mean-squared error on test data and two methods based on ε of the model fit on the

union of training and test data. The mean-squared error method simply selects a model

that has the lowest error on the test data set. The first ε-based method (I refer to it as

“Best ε” in the experiments) finds the exact value of ε with respect to the restricted set

of deviations represented in training and test data. Since the equilibrium of the learned

model may not itself be contained in the training or the test data, we may need to take
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additional samples from the noisy payoff function.10

An alternative method estimates ε based only on the available training and test data

(requiring no additional payoff samples) by taking a mixture of neighborhood points in

the data set as a mixed-strategy candidate equilibrium profile in the place of the actual

equilibrium of the learned game, as I discussed in some detail in Section 8.3. I refer to

this method as “Best Approximate ε”.
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Figure 8.13: Comparison of model selection criteria in FPSB as variance of the noise in
the data decreases.

Figure 8.13 compares the three methods for model selection, varying the parameter,

k, of the noise distribution, N(0, 1/k2), and keeping the size of the training set fixed at 25

profiles, representing all profiles for a random draw of 5 strategies. The model choices are

restricted to separable and non-separable quadratics, as well as second- and third-degree

separable polynomials. As a baseline for comparisons, I chose the model with the lowest

actual ε in addition to applying the above selection criteria. This is referred to as “Actual

Best” in the figure.

As another comparison between the same model selection methods, I fixed the distri-

bution of noise to be N(0, 1) and varied the number of strategies in the training data set

between 5 and 10. The results of this comparison are shown in Figure 8.14.

10I add noise artificially to the known FPSB payoff function.
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Figure 8.14: Comparison of model selection criteria in FPSB for different training data
set sizes, fixing variance of noise at 1.

Both plots show that mean-squared error selection criterion consistently outperformed

the others. Additionally, we can see from Figure 8.13 that “Best Approximate ε” method

tended to outperform the other ε-based method in the experiments. This provides some

justification for my use of this as the estimate of actual ε in the experiments involving the

Market-Based Scheduling game.

8.5 Using ε as the Approximation Target

Until now, the target of my function approximation endeavors had been the players’

payoff functions. In this section, I would like to explore using ε(a) as defined in Sec-

tion 8.1.1 as an alternative target, restricting the domain of this function to pure strategy

profiles.

Since ε(a) ≥ 0 for all a ∈ A, and ε(a) = 0 in equilibrium, any pure-strategy equilib-

rium minimizes ε(a). Now, suppose that we have an approximation, ε̂(a) of ε(a). Then

we can take a minimizer of ε̂(a) to be an approximate Nash equilibrium.

There are several settings in which we may use ε(a) as a target. The most intuitive

involves a data set in the form (a, ε(a)) in place of the data set of payoff experience I had
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assumed thus far. This is a standard noiseless function approximation setting, and in my

experiments I refer to it as “Target: ε(a)”.

In general, obtaining a data set in the form (a, ε(a)) seems quite extraordinary. Typ-

ically, data representing payoff experience as I had supposed previously will be consid-

erably easier to come by. In such a setting, we can still use an approximate ε(a) for each

profile represented in the data set, as long as we restrict the strategy sets Ai to deviations

available in data.11 Making this empirical ε(a) as a target of function approximation is

the second setting, which provides a more direct comparison with payoff function ap-

proximation techniques I had already explored.

My first set of experiments, presented in Figure 8.15, compares the two function

approximation settings that employ ε(a) as the target to the setting of payoff function

approximation already explored, using either a noiseless data set of FPSB payoff data

points, (a, u(a)), or of data points (a, ε(a)), where appropriate. For all methods pre-

sented, I used the separable quadratic model described in Section 8.1.2. The remainder

of the setup involved randomly selecting N strategies, for N ranging between 5 and 20,

sampling all profiles over these strategies for either the data set of payoff experience or

samples from ε(s), and learning the model for the appropriate target function. I repeated

this process 200 times in each setting.

As we can see from Figure 8.15, ε(a) approximation target generally performed some-

what better than payoff function approximation. It is noteworthy that even using the ε(a)

approximated based on the payoff data as the target tended to produce better equilibrium

approximations than those based on learned payoff functions.

Most surprising, perhaps, is the result that the approximate ε(a) provided a better

target in my experiments than the actual ε(a). I propose several conjectures to explain

this phenomenon. One possibility is that this is a purely idiosyncratic result due to my

choice of model and my approximation setting, which manifests itself in a systematic

bias of the model that is learned based on the actual examples of ε(a). The fact that this

11We can, in effect, drop the assumption here that all profiles in the restricted strategy space of players
are available in data. Instead, I simply restrict my computation of ε to deviations available to the players
within data. Note that this approach gives a lower bound on empirical ε. For example, when no deviations
are available for some profile a, we can take ε(a) = 0. Nevertheless, I use data sets composed of all profiles
in the restricted strategy spaces of players in my experiments.
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Figure 8.15: Comparison of learning different targets on a noiseless FPSB data set of
varying size.

method still outperformed payoff function approximation may be evidence against this

conjecture.

Another possibility is that the worst-case nature of ε(a) may tend to introduce irreg-

ularities into a data set that make the learning task more difficult in terms of the goal of

subsequent equilibrium approximation, and restricting the set of possible deviations has

a smoothing effect that actually facilitates learning. From limited exploration, I found

some evidence supporting this conjecture. However, I can at this point say very little in

general about this phenomenon.

In another set of experiments, I added noise, η ∼ N(0, 1), to the payoff data, af-

fecting the learning of payoff functions and approximate ε(s). The remaining setup of

these experiments was as above, and I present the performance of learning ε(s) based

on noiseless samples from the actual function as a part of the plots for calibration. The

results are presented in Figures 8.16, 8.17, and 8.18 for the settings of k = 1, 4, and 10

respectively. According to these plots approximating Nash equilibria based on payoff

function approximation yielded results that showed generally better performance when

variance was relatively high than using the same data set to derive an ε(a) as the learning

target. On the other hand, when variance was small (Figure 8.18) or zero (Figure 8.15),
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Figure 8.16: Comparison of learning different targets in FPSB when data has additive
noise of the form N(0, 1).
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Figure 8.17: Comparison of learning different targets in FPSB when data has additive
noise of the form N(0, 0.0625).

approximate ε(a) became nearly as good or even better on average.

Overall, the results in this section provide a first limited exploration into the rela-

tive performance of learning the regret function, ε(a), suggesting that at least in certain

settings it could be reasonably effective.
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Figure 8.18: Comparison of learning different targets in FPSB when data has additive
noise of the form N(0, 0.01).

8.6 Future Work

8.6.1 Active Learning

In the next chapter I explore stochastic search methods for generating an empirical

game which can then be used as data for payoff function and subsequent Nash equilibrium

approximation. I note that my assumption is that the tasks of search and equilibrium

approximation are not tightly coupled. This assumption may well not be very good, and,

perhaps, particularly poor in the case of learning. Indeed, function approximation is often

enhanced when we can select data points to sample in order to minimize the variance

of the approximate function (thereby also reducing the mean squared error, since the

bias of the model space remains constant). A number of techniques had been developed

that leverage the specific properties of the model class under consideration in order to

selectively sample the function domain [Cohn et al., 1996]. These fall under the rubric

of active learning.

The primary goal of active learning is to improve the expected quality of function fit

in terms of mean squared error. Our goal, however, is somewhat different. We do not

necessary care whether the quality of function fit is improved, as long as we can extract a
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better approximation of a Nash equilibrium from the approximate payoff function. While

the two goals are intimately related (a poor function fit will generally not represent the

strategic interactions very well), the techniques for achieving each may well be different.

On the other hand, I have considered an alternative setting of approximating the ε(a)

function of the game, rather than the payoff functions of players, from data. In this set-

ting, the goals of active learning and equilibrium approximation are considerably closer

than in the setting of payoff function approximation. In the future, I intend to explore

such connections between the two active learning goals and expect to engage in an ex-

perimental study of the relative utility of different active learning methods with respect

to our end goals.

8.6.2 Learning Bayes-Nash Equilibria

Let us suppose that we have an extended data set of experience, (a, t, U), where t is

the vector of player types that play the strategy profile a and accrue the resulting payoffs,

U . Given such a data set, we can extend the input to our function approximation models to

include the players’ type vector, t as the additional set of inputs. A particularly appealing

model class is one studied by Reeves and Wellman [2004]. For any model in this class

Reeves and Wellman derived a method for computing a best response to a piecewise-

linear strategy function (of players’ types) exactly. This best-response finder can also be

used in an iterative best-response dynamic to find Bayes-Nash equilibria.

If we know the actual distribution of players’ types, we can use it directly in an equi-

librium computation tool, whereas an unknown type distribution can be estimated from

the data.

8.7 Conclusion

The results in both the FPSB and market-based scheduling games suggest that when

data is sparse, regression methods can provide better approximations of the underlying

game than direct estimation of a discrete model from the given data set. I observed this
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in cases where data points corresponded to actual or supposed actual payoff values, as

well as cases where the given data comprises noisy samples of such payoffs. In the FPSB

setting, I was able to artificially control for the amount of noise present in the data set,

observing the dynamics of the payoff function approximation methods as the noise in

the system decreased. A particularly interesting result in this case was that low-degree

polynomial models exhibited an increasing advantage over discrete approximation as the

variance of noise decreased.

In the market-based scheduling setting, I obtained two sets of training data with vary-

ing number of samples per profile. As a result, I was able to test my methods both in a

noiseless setting, by using the data with the same number of samples per profile for both

training and testing, and in a noisy setting, by using data with fewer samples per profile

as the training set. I found that local regression and SVM learning methods generally

outperformed discrete approximation in my experiments, both on noiseless and noisy

training data. While locally weighted average shined when training data contained no

noise, SVM model yielded better performance when noise was present.

I also introduced strategy aggregation as a way to control regression model com-

plexity. The comparison between the various degrees of strategy aggregation provided

mixed conclusions. In several settings, with and without noise, aggregating the strategies

of other players appeared to provide no advantage in function approximation. In one

setting, however, I did observe improved quality of equilibrium approximation when a

particular form of strategy aggregation was used, as compared to no aggregation at all.

Having used the quality of the approximate equilibrium, ε, as a metric for the success

of functional fit, I felt it natural to consider it explicitly as a model selection criterion. I

evaluated it in comparison to model selection based on mean squared error of the payoffs

on a test data set. My results in the FPSB setting, however, were not favorable, as model

selection based on the more direct measure of function accuracy provided better average

performance.

Finally, I considered the possibility of learning ε(a) directly, rather than deriving it

from a learned payoff-function model. In a series of experiments using FPSB as the

game of choice, I observed mixed results. Whereas the noisy environment favored payoff
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function approximation, ε(a) performed relatively well when the data contained little or

no noise.

In summary, I performed a series of experiments comparing several methods of payoff

function regression, an alternative approach of learning ε(a), and exploring the possibility

of using ε as a model selection criterion. Regression or other generalization methods

offer the potential to extend game-theoretic analysis to strategy spaces (even infinite sets)

beyond directly available experience. By selecting target functions that support tractable

equilibrium calculations, I render such analysis analytically convenient. By adopting

functional forms that capture known structure of the payoff function (e.g., symmetry

or strategy aggregation), I facilitate learnability. By using ε(a) as a target of function

approximation, we may in some cases be able to exploit structure that may not be as

apparent in the more direct payoff function. This chapter provides some evidence of the

efficacy of the different methods that I considered and the tradeoffs between them that

emerge in different environments.
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CHAPTER 9

Stochastic Search Methods for Approximating Equilibria

in Infinite Games

IN WHICH I describe a convergent algorithm based on a hierarchical ap-

plication of simulated annealing for approximating Nash equilibria (if they

exist) in simulation-based games with finite-dimensional strategy sets. Ad-

ditionally, I present alternative algorithms for best response and Nash equi-

librium approximation, with a particular focus on one-shot infinite games of

incomplete information.1

In this chapter, I introduce several general-purpose techniques for search in the profile

space of infinite games, with a particular focus on one-shot infinite games of incomplete

information. The ultimate goal of these techniques is to produce an empirical game which

yields (via empirical regret minimization) good approximations of Nash equilibria. All

of my techniques rely on a best response approximation subroutine, as I schematically

show in Figure 9.1. The methods that I describe all take as input a black-box specifi-

cation of the players’ payoff functions (and type distributions, if we are dealing with a

game of incomplete information) and output an empirical game which can then be used

to approximate a Nash equilibrium. In a fairly general setting, I am able to demonstrate

theoretical convergence (in the regret metric) of one of the methods to an actual Nash

equilibrium. Additionally, I experimentally demonstrate efficacy of all methods I study.
1The material in this chapter is taken from Vorobeychik and Wellman [2008].
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The experimental evidence focuses on relatively simple auction settings, with most ex-

amples involving only one-dimensional types, and, consequently, allowing the use of

low-dimensional strategy spaces. It is as yet unclear how my approaches will fare on

considerably more complex games, as such games are not easily amenable to an experi-

mental evaluation.

Nash Equilibrium 

Approximation 

Algorithm

Best Response 

Approximation

Figure 9.1: Approximation of Nash equilibria using a best response approximation sub-
routine.

For all the results that follow, I assume that strategy sets Ri of each player i are

restricted to be finite-dimensional, that is, Ri ⊂ Rn for each i.

9.1 Best Response Approximation

Best-response approximation is a subroutine in all the methods for equilibrium ap-

proximation I discuss below. Thus, I first describe this problem in some detail and present

a globally convergent method for tackling it.

9.1.1 Continuous Stochastic Search for Black-Box Optimization

At the core of my algorithms for best response approximation lies a stochastic search

subroutine which can find an approximate maximizer of a black-box objective function

on continuous domains. The topic of black-box continuous optimization has been well-

explored in the literature [Spall, 2003]. In this work, I utilize two algorithms: stochastic

approximation and simulated annealing. The overall approach, of course, admits any

satisfactory black-box optimization tool that can be effective in continuous settings. A

part of my goal is to assess the relative performance of a local and a global search routine.
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Stochastic Approximation

Stochastic approximation [Spall, 2003] is one of the early algorithms for continuous

stochastic search. The idea of stochastic approximation is to implement gradient descent

algorithms in the context of a noisy response function. While the application of gradient

descent techniques to noiseless numeric optimization has very old roots, its application

to domains with noise was first studied by Robbins and Monro [1951] and Kiefer and

Wolfowitz [1952]. The work by Kiefer and Wolfowitz is particularly interesting, as it

demonstrates convergence in the case where the gradient is approximated using a finite-

difference method (i.e., the difference of function value at neighboring points serves as

the approximate gradient at a query point). As with all gradient descent algorithms,

convergence is guaranteed only to a local optimum. However, together with random

restarts and other enhancements, stochastic approximation can perform reasonably well

even in global optimization settings.

Simulated Annealing

Simulated annealing is a well-known black-box optimization routine [Spall, 2003]

with provable global convergence [Ghate and Smith, 2008]. Simulated annealing takes

as input an oracle, f , that evaluates candidate solutions, a set X of feasible solutions,

a candidate kernel K(Xk, ·) which generates the next candidate solution given the cur-

rent one, Xk, and the temperature schedule tk that governs the Metropolis acceptance

probability pk(f(x), f(y)) at iteration k, defined as

pk(f(x), f(y)) =

 exp[−f(y)−f(x)
tk

] if f(y) < f(x),

1 if f(y) ≥ f(x),

where f(·) is the (possibly noisy) evaluation of the function to be maximized, x is the

current candidate, and y is the next candidate. It then follows a 3-step algorithm, iterating

steps 2 and 3:

1. Start with X0 ∈ X .
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2. Generate Yk+1 using candidate kernel K(Xk, ·).

3. Set Xk+1 = Yk+1 with Metropolis acceptance probability pk(f(Xk), f(Yk+1)), and

Xk+1 = Xk otherwise.

In my applications of the simulated annealing routine, I define the solution space to be

X = [0, 1]. My candidate kernel is a modified normal distribution with support contracted

to [0,1]. I set the initial variance to be 0.5, and decrease it at every iteration.2

9.1.2 Globally Convergent Best Response Approximation

I present the application of simulated annealing search to the problem of best response

in games in Algorithm 1, where tk be a schedule of temperatures, and nk be a schedule

of the number of samples used to evaluate the candidate solutions at iteration k.

Algorithm 1 BR(O, Ri, r−i, K(·, ·), tk, nk)
1: Start with a0 ∈ Ri

2: For k > 0, generate bk+1 ∈ Ri using K(ak, ·)
3: Generate U1 = ûnk,i(ak, r−i) and U2 = ûnk,i(bk+1, r−i) from O
4: Set ak+1 ← bk+1 w.p. pk(U1, U2) and ak+1 ← ak o.w.

For the analysis below, I need to formalize the notion of a candidate Markov kernel,

K(·), which defines the distribution over the next candidate given the current:

Definition 9.1 A function K : A × B → [0, 1] is a candidate Markov kernel if A ⊂ Rn

and B is a Borel σ-field over A. The first argument of K(·, ·) is the current candidate,

and the second is a subset of candidates, for which K gives the probability measure.

In order for simulated annealing to have any chance to converge, the kernel must satisfy

several properties, in which case I refer to it as an admissible kernel.

Definition 9.2 A kernel K : A× B → [0, 1] is admissible if

• K is absolutely continuous in second argument

2For the convergence result below, I assume that this variance is constant, but a decreasing schedule has
been shown better in practice [Spall, 2003].
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• Its density is uniformly bounded away from 0, that is K(x,B) =
∫

B
g(x, y)dy with

infx,y∈A g(x, y) > 0, and

• For every open B ⊂ A, K(x,G) is continuous in x.

To gain some intuition about the admissibility criterion, let’s look at an example of an

admissible kernel.

Example 9.3 Suppose A = [a, b]n with −∞ < a < b <∞. Define the kernel to be

K(x,B) =

∫
B
g(x, y)n

∏n
j=1 dyj∫

[a,b]n
g(x, y)n

∏n
j=1 dyj

. (9.1)

where

g(x, y) =
1√

2πσ2
exp

{
−(x− y)2

2σ2

}
with σ2 denoting the variance. Clearly, since the interval is bounded, the Normal density

is everywhere positive for any mean x. Since the density is continuous in x, so is K, and

absolute continuity is trivial since Lebesgue measure zero sets integrate to 0.

The following conditions map directly to the sufficient conditions for global conver-

gence of simulated annealing observed by Ghate and Smith [2008]:

1. EXISTENCE holds if Ri is closed and bounded and the payoff function ui(ri, r−i)

is continuous on Ri. This condition is so named because it implies that the best

response exists by the Weierstrass theorem.

2. ACCESSIBILITY holds if for every maximal a∗ ∈ Ri and for any ε > 0, the set

{a ∈ Ri : ‖a− a∗‖ < ε} has positive Lebesgue measure.

3. DECREASING TEMPERATURES (DT) holds if the sequence tk of temperatures

converges to 0.

4. CONVERGENCE OF RELATIVE ERRORS (CRE) holds if the sequences

|ũnk,i(ak, r−i)− ui(ak, r−i)|
tk
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and
|ũnk,i(bk+1, r−i)− ui(bk+1, r−i)|

tk
,

where bk+1 is the next candidate generated by the kernel, converge to 0 in proba-

bility.

The first two conditions ensures that the global optimum actually exists and can be

reached by random search with positive probability. The third and fourth conditions

ensure that the iterates stabilize around optima, but do so slowly enough so that the noise

does not lead the search to stabilize in suboptimal neighborhoods.

Theorem 9.4 (Ghate and Smith [2008]) If the problem satisfies EXISTENCE and AC-

CESSIBILITY, and the algorithm parameters satisfy DT, and CRE, Algorithm 1 utilizing

an admissible candidate kernel converges in probability to u∗i (r−i) = maxa∈Ri
ui(a, r−i).

Proof. All the conditions map directly to the sufficient conditions for convergence of

simulated annealing in a stochastic setting shown by Ghate and Smith [2008]. �

Let ûi,k(r−i) to be the answer produced when Algorithm 1 is run for k iterations. This

will be the estimate of u∗i (r−i), which, by Theorem 9.4, is consistent.

9.2 Nash Equilibrium Approximation

My goal in this chapter is to take a simulation-based game as an input and return

a profile constituting an approximate Nash equilibrium in the underlying game—that

is, the game constructed from expected payoffs in the simulation-based game. More

formally, I take as input a specification of a simulation-based game, [I, {Ri},O] and

the maximum number of allotted queries from the oracle, Q, and output r̂ ∈ R, such

that ε(r̂) is small (as evaluated with respect to the underlying game). Below, I present

two general approaches to Nash equilibrium approximation: a well-known iterative best

response approach, as well as my own algorithm based on simulated annealing. Both of

these can use any best response approximation algorithm as a subroutine.

Since I take Q as input, I am faced with a general problem of dividing up the stock of

queries between taking multiple samples to improve the estimate of u(r) and exploring
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the profile space to obtain sufficient information about the game to effectively approxi-

mate a Nash equilibrium. I do not address this “division” problem in a principled way

in this chapter, but rather heuristically allocate samples. In the convergence analysis,

I simply ensure that samples are taken at a sufficiently increasing rate, whereas in my

experiments, I merely keep this rate fixed.

9.2.1 Equilibrium Approximation via Iterated Best Response

While the problem of best-response approximation is interesting in its own right, it

may also be used iteratively to approximate a Nash equilibrium. The procedure of itera-

tive best response, which I describe in Section 6.4.1 in the context where best response

can be computed exactly, can be applied directly by iterating approximate best responses.

When the procedure terminates after a finite number of steps K, I return the final iterate

rK as an approximate Bayes-Nash equilibrium. The presumption is that after enough

steps the best response dynamics roughly converges, although in Chapter 6 I had already

observed that there are few general convergence guarantees for iterative best response

even when the best response is computed exactly at each step.

9.2.2 A Globally Convergent Algorithm for Equilibrium Approxi-

mation

In this section I develop a globally convergent algorithm for computing approximate

Nash equilibria in infinite games. The approach I take, visualized in Figure 9.2, is to

minimize the approximate regret, ε̂(r), where approximations are produced by running

Algorithm 1. For the task of minimizing regret I again use an adaptation of simulated

a*

s* s

!(s)
si

ui

Figure 9.2: A diagrammatic view of my algorithm based on approximate regret mini-
mization.
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annealing, but now need to establish the convergence conditions for this meta-problem.

First, let me define a candidate kernel for this problem as a combination of admissible

kernels for each agent i:

K(x,B) =

∫
B

∏
i∈I

gi(x, yi)
∏
i∈I

dyi, (9.2)

where Ki(x,C) =
∫

C
gi(x, y)dy, where gi(·) denotes the Kernel density used by the sim-

ulated annealing routine for player i. I now confirm that the resulting kernel is admissible,

a result that will allow us to focus only on defining an admissible kernel on each player’s

strategy set.

Lemma 9.5 The candidate kernel defined in Equation 9.2 is admissible.

Proof. Since each gi(x, yi) is positive everywhere, so is the product. Furthermore, it is

clear that if B is of measure-zero, then so is K(x,B). Finally, K(x,B) is continuous on

x since each gi(x, yi) is continuous and therefore so is the product. �

Given the candidate kernels for each player and the constructed candidate kernel for

the regret minimization problem, I present a meta-algorithm—Algorithm 2—for approx-

imating Nash equilibria in infinite games.

Algorithm 2 EQEstimate(O, S,K(·, ·), Ki(·, ·), tl, nl, t
i
k, n

i
k)

1: Start with r0 ∈ Ri

2: Generate ql+1 ∈ Ri using K(rl, ·)
3: Generate ûnl,i(rl) and ûnl,i(ql+1) from O
4: Let ûi,l(r−i,l)← BR(O, r−i,l, Ri, K

i(·, ·), tik, ni
k)

5: Let ûi,l(q−i,l+1)← BR(O, q−i,l, Ri, K
i(·, ·), tik, ni

k)
6: Set rl+1 ← ql+1 w.p. pl(rl, ql+1) and rl+1 ← sl o.w.

I now present the sufficient conditions for convergence of Algorithm 2. First, I verify

what properties on the underlying game are needed for continuity of ε(r).

Lemma 9.6 If ui(r) are uniformly continuous on R for every i, then ε(r) is continuous

on R.

Based on Lemma 9.6, we need to modify the EXISTENCE criterion slightly as fol-

lows:
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EXISTENCE* holds if Ri is closed and bounded and the payoff function

ui(ri, r−i) is uniformly continuous on Ri for every player i. This condition

is so named because it implies that the minimum exists by the Weierstrass

theorem.

Since I am concerned about every player now and, furthermore, need to avoid “unde-

tectable” minima in ε(r), I also modify the ACCESSIBILITY condition:

ACCESSIBILITY* holds if for any δ > 0, for every profile r, for every

player i, and for every maximal a∗ ∈ Ri the set {a ∈ Ri : ‖a − a∗‖ < δ}

has positive Lebesgue measure; furthermore for every minimal r∗ ∈ R the

set {r ∈ R : ‖r − r∗‖ < δ} has positive Lebesgue measure.

We also need to augment the conditions on algorithm parameters to include both the

conditions on the parameters for the problem of minimizing ε(r), as well as the conditions

on parameters for finding each player’s best response. For clarity, I will let l denote

the iteration number of the meta-problem of minimizing ε(r) and k denote the iteration

number of the best response subroutine.

• DECREASING TEMPERATURES* (DT*) holds if for every agent i the sequence

tik of temperatures converges to 0, and the sequence tl of temperatures converges to

0

• CONVERGENCE OF RELATIVE PAYOFF ERRORS (CRPE) holds if for every

agent i the sequences of ratios

|ûni
k,i(ak, r−i)− ui(ak, r−i)|

tik

and
|ûni

k,i(bk+1, r−i)− ui(bk+1, r−i)|
tik

,
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where bk+1 is the next candidate generated by the kernel, converge to 0 in proba-

bility.

Now, define

ε̂l(r) = max
i∈I

[ûi,nl
(r−i)− ûi,nl

(r)].

Lemma 9.7 If EXISTENCE*, ACCESSIBILITY*, DT*, and CRPE hold, ε̂l(r) con-

verges to ε(r) in probability for every r ∈ R.

I need one more condition on the algorithm parameters before proving convergence:

CONVERGENCE OF RELATIVE EPSILON ERRORS (CREE) holds if the

sequences of ratios

|ε̂l,i(rk, r−i,k)− εi(rk, r−i,k)|
tk

and
|ε̂nk,i(rk+1, r−i,k)− εi(rk+1, r−i,k)|

tk
,

where rk+1 is the next candidate generated by the kernel, converge to 0 in

probability.

Theorem 9.8 Under the conditions EXISTENCE*, ACCESSIBILITY*, DT*, CRPE,

and CREE, Algorithm 2 converges to ε̄ = minr∈R ε(r).

Proof. While Ghate and Smith [2008] prove convergence for functions which are ex-

pectations of the noisy realizations, their proof goes through unchanged under the above

sufficient conditions, as long as we ascertain that ε̂l → ε(r) for every r ∈ R. This I

showed in Lemma 9.7. �

Corollary 9.9 If there exists a Nash equilibrium on R, Algorithm 2 converges to a Nash

equilibrium when the conditions EXISTENCE*, ACCESSIBILITY*, DT*, CRPE, and

CREE obtain.
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9.3 Examples

9.3.1 Mixed Strategy Equilibria in Finite Games

Consider finite normal form games with exact payoff realizations for every pure strat-

egy profile a ∈ A. Since the payoff functions are uniformly continuous on the mixed

strategy space (see Claim E.2 in the appendix), and since we can find ε(s) exactly for

any mixed strategy s if the strategy sets are small enough, convergence only requires a

proper choice of the kernel and the choice of a temperature schedule which converges to

0. Algorithm 2 will then converge to a Nash equilibrium for an arbitrary finite game in

normal form. A similar idea for this domain that had at its root an optimization routine

was AMOEBA, which uses the Nedler-Mead non-linear optimization technique [Reeves,

2005], and the Liapunov minimization method described in Section 6.3.2. However,

Nedler-Mead has few known convergence guarantees [Spall, 2003], although it does per-

form well in many practical settings, and the Liapunov method has typically been im-

plemented using algorithms which only guarantee local convergence. Of course, many

other very effective convergent algorithms exist for finding or approximating equilibria

in finite games. Thus, application of my methods to finite games is interesting mostly

academically, but may well be less effective than the best known methods.

9.3.2 Symmetric Games

Most solution tools available do not account for symmetry in games. My algorithm

can be easily modified to be considerably more effective in games that are symmetric if

we restrict our focus to symmetric equilibria. In this case, we can restrict the domain of

ε(r) to be the strategy set of one player and only look at one player’s unilateral deviations.

Running time for this modified algorithm in symmetric games is then independent of the

number of players, which is an exponential win for Nash computation.

212



9.4 Infinite Games of Incomplete Information

Perhaps the most important application of the methods I have discussed is to infinite

games of incomplete information. In what follows, I define one-shot games of incomplete

information and adapt my methods to this domain. Additionally, I introduce another best

response approximation method specifically designed for strategies that are functions of

private information.

9.4.1 Best Response Approximation

Given a best response approximation subroutine, Algorithm 2 can be applied to the

infinite games of incomplete information, although convergence can be guaranteed only

when best response is approximating using Algorithm 1. Below, I describe two methods

for approximating best response functions: the first is a direct adaptation of the tech-

niques I described above; the second is based on regression. I note that both methods rely

on an assumption that we can define a relatively low-dimensional hypothesis class for

each player which contains good approximations of the actual best response. Later, I ex-

perimentally verify that this is indeed possible for a number of interesting and non-trivial

games. More generally, an analyst may need to hand-craft low-dimensional restricted

strategy sets in order to effectively apply my techniques.

9.4.2 Strategy Set Restrictions

Since I restrict the strategy sets to be subsets of Rn, I cannot represent games of

incomplete information perfectly in this restricted normal form. What I can do, however,

is restrict the sets of strategies allowed for each player to a finite-dimensional function

space on reals, and thereby parametrize each strategy using a vector θi ∈ Θi ⊂ Rn.

Let me denote the joint parameter space thus created by Θ = Θ1 × · · · × Θm, and

denote the restricted space of the incomplete information game by Hi for each player

i. Then, hθi,i(t) ∈ Hi is a particular type-conditional strategy of player i. I aggregate

over all players to obtain hθ(t) = (hθ1,1, . . . , hθm,m). I then describe a restricted game
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of incomplete information by [I, {Hi}, {Ti}, F (·), {ui(·)}], where Ti is the set of player

i’s types and F (·) is the joint distribution over player types. This game can be mapped

into the normal form, as I described in Chapter 2, by letting Ai = Θi and defining

ũi(θ) = EFui(hθ(t)) for any θ ∈ Θ. Thus, the transformed game is [I, {Θi}, {ũi(θ)}].

Now, Algorithm 2 is directly applicable and will guarantee convergence to a strategy

profile with the smallest expected regret.

Direct Method My first method for approximating best response functions in infinite

games is simply an application of Algorithm 1. Here, the oracle O performs two steps:

first, generate a type t ∈ T from the black-box type distribution; and next, generate a

payoff from the simulation-based payoff function for the strategy profile evaluated at t.

As I have noted above, convergence to global best response function can be guaranteed

in the finite-dimensional hypothesis class Hi; indeed convergence obtains even for an

arbitrary black-box specification of the strategies of other players.

Regression to Pointwise Best Response My second method takes an indirect route

to approximating the best response, approximating best response actions for each of a

subset of player types, and thereafter fitting a regression to these. The outline of this

algorithm is as follows:

1. Draw L types, {t1, . . . , tL}, from the black-box type distribution

2. Use simulated annealing to approximate a pointwise best response for each tj , ŝj

3. Fit a regression ŝ(t) to the data set of points {tj, ŝj}

The regression ŝ(t) is the resulting approximation of the best response function.

9.5 Experimental Evaluation of Best Response Quality

9.5.1 Experimental Setup

In this section, I explore the effectiveness of the two methods I introduced as best-

response routines for infinite one-shot games of incomplete information. The best re-
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sponse methods were both allowed 5000 queries to the payoff function oracle for each

iteration, and a total of 150 iterations. For both, the total running time was consistently

under 4 seconds. I compared my methods using both stochastic approximation (indicated

by “ stochApprox ” in the plots) and the simulated annealing stochastic search subrou-

tines. Besides comparing the methods to each other, I include as a reference the results

of randomly selecting the slope parameter of the linear best response. This method sets

the intercept to zero, since many of the best response strategies, and particularly equilib-

ria, in the games I consider have a zero-intercept. I want to emphasize that my goal is

not merely to beat the random method, but to use it as calibration for the approximation

quality of the other two.

I test my methods on three infinite auction games. The first is the famed Vickrey,

or second-price sealed-bid, auction [Krishna, 2002], with payoff function specified in

Equation 9.3, wherem denotes the number of players and v the number of ties for highest

bid.

ui(ai, a−i, ti, t−i) =


1
v
(ti −maxj 6=i aj) if ai = maxj 6=i aj ,

ti −maxj 6=i aj if ai > maxj 6=i aj ,

0 otherwise.

(9.3)

The second is first-price sealed-bid auction [Krishna, 2002], with payoff function speci-

fied in Equation 9.4.

ui(ai, a−i, ti, t−i) =


1
v
(ti − ai) if ai = maxj 6=i aj ,

ti − ai if ai > maxj 6=i aj ,

0 otherwise.

(9.4)

The final game to which I apply my techniques is a shared-good auction, with payoff
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function specified in Equation 9.5.

ui(ai, a−i, ti, t−i) =



1
v
(ti − m−1

m
ai + 1

m
maxj 6=i aj)

if ai = maxj 6=i aj ,

ti − m−1
m
ai if ai > maxj 6=i aj ,

1
m

maxj 6=i aj otherwise.

(9.5)

I experimented with two- and five-player games with uniform type distributions, noting

that the best-response finder proposed by Reeves and Wellman [2004] cannot be directly

applied to games with more than two players. In my experiments with these auctions, I

focus on the hypothesis class H of linear functions, with θ = (α, β) such that hθ(ti) =

αti + β, which includes an actual best response in many auction domains. In all best-

response experiments, I sought a best response to a linear strategy of the form s(t) = kt,

with k generated uniformly randomly in [0, 1].

The results were evaluated based on regret, ε(s), computed on the underlying game. I

took the average value of ε(s) over 100–1000 trials and based the statistical tests on these

samples. Statistically significant difference at the 99% confidence level between my two

methods when both use simulated annealing was indicated by a “*”. In the plots, I also

include 99% confidence intervals for further statistical comparisons.

9.5.2 Two-Player One-Item Auctions

My first experiment is largely a sanity check, as there is an exact best response finder

for all three auction games I consider here [2004].3 The results are shown in Figure 9.3. I

group the initial results into two categories. The first category is comprised of settings in

which there is a linear best response function. This is satisfied by Vickrey for any value

of k, first-price sealed-bid auction (fpsb) with k ≥ 1/2, and shared-good auction (sga)

with k ≥ 2/3.4 In all of these settings, my best response approximations are orders of

magnitude better than random. Indeed, in every auction I study, the difference between all

3There is not a significant difference in running times between the exact best response finder and my
approximators.

4Recall that k is the randomly generated slope of the line to which I am approximating a best response
function.
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Figure 9.3: Comparison of best response methods in 2-player games with reserve price =
0.

of my methods (using stochastic approximation or simulated annealing) and random is

quite statistically significant (p-value < 10−10). Therefore, I omit the results for random

from the subsequent figures. Additionally, in all but Vickrey, the regression-based method

is better than direct, most likely because this method is particularly sample-efficient went

the actual best response is linear and there are not many alternative best response op-

tions. This may seem surprising given that my evaluation metric favors the direct method.

However, in such settings, fitting regression to pointwise best responses allows, perhaps,

a more efficient use samples, particularly when the number of iterations is not too large.

This observation, however, does not hold true for the Vickrey auction. I conjecture that

the reason that the direct method outperformed the regression-based method here is that

there is an infinite set of best response functions, and all but one are non-linear. Thus, the

results of pointwise best responses need not in tandem produce the desired line.

The settings in the second category yield non-linear best response functions. All the

remaining comparisons in Figure 9.3 fall into this category. As expected, the performance

of linear best response approximation is somewhat worse here, although in all cases far

better than random. It is worth noting that in all of these the direct method performs statis-

tically no worse, and in several cases much better than the regression-based method. The

result is intuitive, since the direct method seeks the most profitable linear best response,
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whereas regression presumes that linearity is a good fit for the actual best response, and

may not do well when this assumption does not hold.

While it is good to see the effectiveness of my methods in settings for which exact nu-

merical solvers exist, my goal is to apply them to problems for which no general-purpose

numerical solver exists. My first such examples are two-player Vickrey and first-price

sealed-bid auctions with reserve prices, denoted by vickrey rp and fpsb rp respectively

(Figure 9.4).5 In both of these, the direct method far outperforms the regression-based
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Figure 9.4: Comparison of best response methods in 2-player games with reserve price
> 0. The reserve price for Vickrey is 0.5, while it is 0.25 for the first-price sealed-bid
auction.

method. It appears, then, that the regression-based best response approximation method

is at a considerable disadvantage by my evaluation metric when the actual best response is

non-linear or when there are many best response functions, most of which are non-linear.

In nearly all cases simulated annealing yielded statistically significant improvement

over stochastic approximation. Indeed, at times it was better by more than a factor

of magnitude. The reason, I believe, is that stochastic approximation expends much

of its computing budget estimating gradients, while simulated annealing can guide and

make use of all the function evaluations it generates along the search path. Addition-

ally, stochastic approximation is a local search method (even with random restarts, which

5Of course, both of these are analytically tractable. My study, however, is solely concerned with nu-
merical methods for solving games.
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considerably enhance its performance), and the problems at hand appear more suited to

global search.

9.5.3 Five-Player One-Item Auctions

Since there is no general-purpose best response finder for five-player infinite games

of incomplete information, the only viable comparison of my results is to each other.

As we can see from Figure 9.5, in the five-player setting the direct method tends to
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Figure 9.5: Comparison of best response methods in 5-player games with uniform type
distribution.

produce substantially better approximate best response than the regression-based method.

Additionally, in two of the three auctions in this setting, simulated annealing showed

substantial advantage over stochastic approximation. Since these results echo those in

smaller games, the reasons are likely to be the same.

9.5.4 Sampling and Iteration Efficiency

In this section, I compare the “regression” and “direct” methods in terms of efficiency

in their use of both samples from the payoff function and iterations of the optimization al-

gorithm. The results below are roughly representative of the entire set of results involving

several auction games with varying numbers of players.
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First, I consider sampling efficiency. As Figure 9.6 suggests, the “direct” method
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Figure 9.6: Comparison of sampling efficiency of best response methods in two-player
first-price sealed-bid auctions.

seems no worse and at times substantially better than the “regression”-based method for

various sample sizes I consider: when very few samples are taken, both methods seem

to perform almost equally poorly, but as the number of samples per iteration increases,

“direct” method quickly surpasses “regression”.
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Figure 9.7: Comparison of iteration efficiency of best response methods in two-player
first-price sealed-bid auctions.

Iteration efficiency results are presented in Figure 9.7. Interestingly, these results ap-

pear somewhat different from those for sampling efficiency: the “direct” method seems
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particularly affected by a dearth of iterations, while “regression” is quite robust. Note,

however, that even in the case of sampling efficiency, regression is quite robust across

different sample sizes; its flaw is that it fails to take sufficient advantage of additional

sampling. I conjecture that the robustness of regression is partly because linear approxi-

mation of actual best response is somewhat reasonable in this setting, and, if so, regres-

sion smoothes out the noise much better when iterations are few.

9.6 Experimental Evaluation of Equilibrium Quality

9.6.1 Experimental Setup

I now turn to an application of best response techniques to Bayes-Nash equilibrium

approximation in infinite one-shot games of incomplete information. Since the games I

consider are all symmetric, I focus on approximating symmetric equilibria, that is, equi-

libria in which all agents adopt the same strategy. If we can compute a best response

to a particular strategy, we can use iterated best response dynamics to find equilibria,

assuming, of course, that the dynamics converge. Here, I will avoid the issue of conver-

gence by taking the last result of five best response iterations as the final approximation

of the Bayes-Nash equilibrium. In all cases, I seed the iterative best response algorithm

with truthful bidding, i.e., s(t) = t. All other elements of experimental setup are iden-

tical to the previous section. As before, in every application the difference between both

of my methods and random is quite statistically significant and the actual experimental

difference is always several orders of magnitude.

9.6.2 Two-Player One-Item Auctions

I first consider three two-player games for which we can numerically find the exact

best response and two for which we cannot. I present the results in Figure 9.8. In all three

games that can be solved exactly (vickrey, fpsb, and sga), the regression-based method

outperforms the direct method. In the case of Vickrey auction with reserve price of 0.5,

this result is reversed, and the performance of the two methods on first-price sealed-bid
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Figure 9.8: Comparison of equilibrium approximation quality in two-player games.

auction with reserve price of 0.25 is not statistically different. Since in the first three cases

the best response to truthful bidding is the linear equilibrium bid function, we may again

be observing a more efficient use of samples on the part of the regression-based method.

When the reserve price is introduced, there is a large set of types indifferent between an

infinite number of best response strategies (since they will not get the good anyway), and

we have previously seen such settings to be advantageous to the direct method. As I have

observed previously, simulated annealing tends to be considerably better than stochastic

approximation.

9.6.3 Five-Player One-Item Auctions

Now I consider five-player games, for which no general-purpose numerical tool exists

to compute a Bayes-Nash equilibrium or even a best response. The results are presented

in Figure 9.9. While the two methods are statistically indistinguishable from one another,

the direct method was considerably better than the regression-based method in Vickrey

auction experiments, and the opposite was true in the experiments involving the first-

price sealed-bid auction. Interestingly, we can observe here considerable advantage from

using simulated annealing, as compared to stochastic approximation, in all instances for

both the regression-based and the direct methods.
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uniform type distribution.

9.6.4 Two-Player Two-Item First-Price Combinatorial Auction

In all the experiments above I faced auctions with one-dimensional player types.

Here, I apply my methods to a first-price combinatorial auction—a considerably more

complex domain—although I restrict the auction to two players and two items. I allocate

the items between the two bidders according to the prescription of winner determination

problem [2006], which takes a particularly simple form in this case. I further restrict the

problem to bidders with complementary valuations. Specifically, each bidder draws a

value vi for each item i from a uniform distribution on [0,1] and draws the value for the

bundle of both items vb from the uniform distribution on [v1 + v2, 2]. I let each player’s

value vector be denoted by v = {v1, v2, vb}.

Since the game is symmetric, I seek a symmetric approximate equilibrium. Since the

joint strategy space is an intractable function space, I restrict the hypothesis class to the

functions of the form:

b1(v) = k1v
1; b2(v) = k2v

2; bb(v) = b1 + b2 + k3(v
b − b1 − b2).

Unlike the experiments above, verifying the approximation quality with respect to ac-

tual best responses is extremely difficult in this case. Thus, I instead measure the quality
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of the approximations against the best possible in the restricted strategy space. Finally, I

use here the direct method with simulated annealing as the best response approximation

tool. As we can see from Figure 9.10, the best response dynamics appears to converge
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Figure 9.10: Iterations of approximate best response dynamics in the combinatorial auc-
tion.

quite quickly on the restricted strategy space. Thus, at least according to this limited

criterion, the direct method is quite effective in approximating equilibria even in this

somewhat complicated case for which no general analytic solution is known to date.

9.7 Experimental Comparison of Equilibrium Approxi-

mation Methods

In this section I compare the approximation quality of best response dynamics and

Algorithm 2—using simulated annealing in one case, and stochastic approximation in

another.6 In this setup, both best response dynamics and Algorithm 2 use the direct

approximate best response method as a subroutine, and I only look at the five-player first-

price sealed-bid auction (although I do not expect the results to be very different for the

other auction domains above). As we can see from Figure 9.11, while not guaranteed to

converge in general, best response dynamics seems more effective than Algorithm 2; thus,
6Naturally, when stochastic approximation is used, we lose the global convergence properties.
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while convergence is guaranteed, it appears somewhat slow. Additionally, we can observe

that simulated annealing is significantly better than stochastic approximation even in the

capacity of stochastic regret minimization.

9.8 Conclusion

I study Nash equilibrium approximation techniques for games that are specified using

simulations. My algorithmic contributions are a set of methods, including convergent

algorithms, for best response and Nash equilibrium approximation. On the experimental

side, I demonstrate that all methods that I introduce can effectively be used to approx-

imate best responses and Nash equilibria. However, there is considerable evidence in

favor of using simulated annealing rather than a gradient descent-based algorithm as a

black-box optimization workhorse.

Of the two methods for approximating best response in games of incomplete informa-

tion which I described, I found that the method that directly optimized the parameters of

the best response function outperformed a regression-based method on the more difficult

problems, and was generally not very much inferior on others. Thus, faced with a new

problem, the direct method seems preferable. There is a caveat, however: the regression-
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based method appears more robust when the number of iterations is not very large. My

final result shows that, in spite of weak convergence guarantees, best response dynam-

ics outperforms the globally convergent algorithm in the first-price sealed-bid auction

setting.

While my results are generally very optimistic, the experimental work was restricted

to relatively simple games. To be applicable to more difficult problems, particularly

those with high-dimensional strategy sets, the techniques will likely require the analyst

to hand-craft restricted strategy sets given some knowledge of the problem structure.
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CHAPTER 10

Analysis of Dynamic Bidding Strategies in Sponsored

Search Auctions

IN WHICH I analyze symmetric pure strategy equilibria in dynamic spon-

sored search auction games. I show that a convergent strategy also exhibits

high stability to deviations. On the other hand, a strategy which yields high

payoffs to all players is not sustainable in equilibrium play. Finally, I demon-

strate how collusion between bidders can be asymptotically achieved even

under incomplete information.1

In previous chapters I presented a number of techniques for analyzing games which

are not analytically tractable and applied them to the strategic analysis of a supply-chain

simulation. In this chapter, I present simulation-based analysis of another application, one

which has generated considerable interest in recent years: sponsored search auctions.

10.1 Motivation

Sponsored search—the placement of advertisements along with search results—is

currently a multi-billion dollar industry, with Google and Yahoo! the key players [Lahaie,

2006]. In the academic literature, much progress has been made in modeling sponsored

search auctions as one-shot games of complete information, in which the players’ values
1The material in this chapter is taken from Vorobeychik and Reeves [2008].
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per click and click-through-rates are common knowledge. A typical justification for such

an approach is the abundance of information in the system, since the advertisers have

ample opportunity to explore, submitting and resubmitting bids at will. As the complexity

of modeling the full dynamic game between advertisers that is actually taking place is

quite intractable, static models provide a good first approximation. However, it ultimately

pays to understand how relevant the dynamics really are to strategic choices of players.

One question which has been addressed in the dynamic setting is whether it is rea-

sonable to expect simple dynamic strategies to converge to Nash equilibria. Cary et al.

[2007] explored several greedy bidding strategies, that is, strategies under which players

submit bids with the goal of obtaining the most profitable slot given that other players’

bids are fixed. One of these strategies, balanced bidding, provably converges to a min-

imum revenue symmetric Nash equilibrium of the static game of complete information.

This solution concept happens to be analytically tractable and has therefore received spe-

cial attention in the literature [Varian, 2007; Lahaie and Pennock, 2007; Edelman et al.,

2007].

Convergence of dynamic bidding strategies is only one of many relevant questions

that arise if we try to account for the dynamic nature of the sponsored search game. An-

other is whether we can identify Nash equilibrium strategies in the dynamic game. This

problem in general is quite hard as there are infinitely many actions and ways to account

for the changing information structure. One approach, taken by Feng and Zhang [2007],

is to model the dynamic process using a Markovian framework. My approach focuses on

the set of greedy bidding strategies from Cary et al. [2007]. In motivating greedy bid-

ding strategies, Cary et al. have argued that advertisers are unlikely to engage in highly

fine-grained strategic reasoning and will rather prefer to follow relatively straightforward

strategies. This motivation, however, only restricts attention to a set of plausible can-

didates. To identify which are likely to be selected by advertisers, we need to assess

their relative stability to profitable deviations. For example, while we would perhaps like

advertisers to follow a convergent strategy like balanced bidding, it is unclear whether

players will find it more profitable to follow a non-convergent strategy.

My goal is to provide some initial information about stability of a small set of greedy
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bidding strategies under incomplete information. Specifically, I use simulations to esti-

mate the gain any advertiser can accrue by deviating from pure strategy symmetric equi-

libria in greedy bidding strategies. The results are promising: the convergent balanced

bidding strategy is typically the most stable of the strategies I study.

To complement the analysis above, I examine the incentives when joint valuations are

common knowledge, but the game is repeated indefinitely. Folk theorems [Mas-Colell et

al., 1995] suggest that players may be able to increase individual profits (and decrease

search engine revenue) by colluding. I demonstrate several such collusion strategies and

show them to be effective over a range of sponsored search auction environments. My

analysis complements other approaches to studying collusion in auctions, both in the

dynamic sponsored search context [Feng and Zhang, 2007] and in a general one-shot

context [Krishna, 2002]. Finally, I extend the collusion result to the case of incomplete

information.

10.2 Modeling Sponsored Search Auctions

A traditional model of sponsored search auctions specifies a ranking rule, which ranks

advertisers based on their bid and some information about their relevance to the user

query, click-through-rates for each player and slot, and players’ valuations or distribu-

tions of valuations per click. Let a player i’s click-through-rate in slot s be denoted by

cis and his value per click by vi. Like many models in the literature (e.g., [Lahaie, 2006;

Lahaie and Pennock, 2007]) I assume that the click-through-rate can be factored into

eics for every player i and every slot s. If a player i pays ps
i in slot s, then his utility is

ui = eics(vi − ps
i ). The parameter ei is often referred to as relevance of the advertiser i,

and cs is the slot-specific click-through-rate. I assume that the search engine has K slots

with slot-specific click-through-rates c1 > c2 > . . . > cK .

Lahaie and Pennock [2007] discuss a family of ranking strategies which rank bidders

in order of the product of their bids bi and some weight function wi. They study in

some depth a particular weight function w(ei) = eq
i , where q is a real number. In the

simulation analysis below, I consider two settings of q: 0 and 1. The former corresponds
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to rank-by-bid, bi, whereas the latter is typically called rank-by-revenue, eibi.

When players are ranked by their bids, two alternative pricing schemes have been

studied: first-price (set price equal to player’s bid) and generalized second-price (set

price equal to next highest bid). For more than one slot, neither is incentive compati-

ble. However, stability issues have induced the major search engines to use generalized

second-price auctions. These have been generalized further to ranking by weighted bid

schemes by using the price rule ps
i = ws+1bs+1

wi
. The interpretation is that the bidder i pays

the amount of the lowest bid sufficient to win slot s.

10.3 Dynamic Bidding Strategies

In much of this work I restrict the strategy space of players to four dynamic strate-

gies.2 While this is a dramatic restriction, it allows us to gain some insight into the

stability properties of the dynamic game and to identify particularly interesting candi-

dates for further analysis in the future. Additionally, it has been argued as unlikely that

players will engage in full-fledged strategic reasoning and will rather follow relatively

straightforward dynamic strategies [Cary et al., 2007] such as the ones we consider. We

now define a simple class of dynamic bidding strategies.

Definition 10.1 (Greedy Bidding Strategies [Cary et al., 2007]) A greedy bidding strat-

egy for a player i is to choose a bid for the next round of a repeated keyword auction that

obtains a slot which maximizes its utility ui assuming the bids of all other players remain

fixed.

If the player bids so as to win slot s which it is selecting according to a greedy bidding

strategy, any bid in the interval (ps
i , p

s−1
i ) will win that slot at the same price. The par-

ticular rule which chooses a bid in this interval defines a member of the class of greedy

bidding strategies. I analyze strategic behavior of agents who can select from four greedy

bidding strategies specified below. For all of these, let s∗ designate the slot which myopi-

cally maximizes player i’s utility as long as other players’ bids are fixed.
2By dynamic strategies, I mean strategies which are functions of history. A dynamic game would then

be a game which admits dynamic strategies and allows non-null and non-terminal histories.
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Definition 10.2 (Balanced Bidding [Cary et al., 2007]) The Balanced Bidding strategy

BB chooses the bid b which solves cs∗(vi − ps∗
i ) = cs∗−1(vi − b). If s∗ is the top slot,

choose b = (vi + p1
i )/2.

The Balanced Bidding strategy bids what the next higher slot would have to be priced to

make the player indifferent about switching to it.

Definition 10.3 (Competitor Busting [Cary et al., 2007]) The Competitor Busting strat-

egy CB selects the bid b = min{vi, p
s∗−1
i − ε}.

Thus the CB strategy tries to cause the player that receives the slot immediately above s∗

to pay as much as possible.

Definition 10.4 (Altruistic Bidding [Cary et al., 2007]) The Altruistic Bidding strategy

AB chooses the bid b = min{vi, p
s∗
i + ε}.

This strategy ensures the highest payoff (lowest price) of the player receiving the slot

immediately above s∗.

Definition 10.5 (Random Bidding) The Random strategy RAND selects the bid b uni-

formly randomly in the interval (ps
i , p

s−1
i ).

10.4 Empirical Bayesian Game Analysis

In this section I construct and analyze a Bayesian game played between advertisers

(alternatively, bidders or players) who may choose one of four greedy bidding strategies

described above. It may be helpful for this analysis to envision that each dynamic strategy

is implemented by a proxy agent. The players may select exactly one proxy agent and

inform it of their preferences (in this context, value per click). The proxies thereafter

participate on the behalf of each player, submitting bids based on the predefined strategies

and player preferences.

Being a one-shot game of incomplete information, the bidders can condition their

strategic (proxy) choices only on their own valuations. I do not allow conditioning based
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on relevances, as these are assumed to be a priori unknown both to the search engine and

to the bidders.

In order to construct the game, we need to define player payoffs for every joint real-

ization of values and relevances, as well as the corresponding choice of dynamic strate-

gies. As is common for dynamic interactions, I define the payoff in the meta-game as

the discounted sum of stage payoffs. In each stage, exactly one bidder, selected uni-

formly randomly, is allowed to modify its bid according to its choice of dynamic bidding

strategy.3 The corresponding stage payoff is an expected payoff given the ranking and

payments of players as a function of joint bids, as defined in Section 10.2. I model the

entire dynamic process—once relevances, values, and strategies are determined—using a

simulator, which outputs a sample payoff at the end of a run of 100 stages. The discount

factor is set to 0.95.4 With this discount factor, the total contribution from stage 101 to

infinity is 0.006, and I thus presume that the history thereafter is negligible.

Expected payoff to a particular player for a fixed value per click, relevance, and strat-

egy is estimated using a sample average of payoffs based on 1000 draws from the distri-

bution of valuations and relevances of other players. The metric for quality with which

a particular strategy profile s approximates a Bayes-Nash equilibrium is the estimate of

ε(s), which is the sample average gain from playing a best response to s over 100 draws

from the player’s value and relevance distributions. For each of these 100 draws, the

gain from playing a best response to s is computed as the difference between the highest

expected payoff for any strategy in the restricted set and the expected payoff from si,

estimated as described above.

Since the meta-game is constructed numerically for every choice of values, rele-

vances, and strategies of all players, an in-depth analysis of all strategies in the game

is hopeless. Instead, I focus much of my attention on four pure symmetric strategy pro-

files, in which each player chooses the same dynamic strategy for any valuation. While

this seems an enormous restriction, it turns out to be sufficient for our purposes, as these

3This condition ensures the convergence of balanced bidding dynamics [Cary et al., 2007].
4While this is a very conservative discount for each bidding stage, our offline experiments suggest that

our results are not particularly sensitive to it (for example, results which use average payoff per round as
long-term utility seem to be qualitatively similar).
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happen to contain near-equilibria.

10.4.1 Equal Relevances

In this section I focus on the setting in which all players’ relevances are equal and

assume that values per click are distributed normally with mean 500 and standard devi-

ation 200.5 Three sponsored search auction games are considered: in one, 5 advertisers

compete for 2 slots; in the others, 20 and 50 advertisers respectively compete for 8 slots.

Figure 10.1 presents average ε(s) and payoffs for all four pure symmetric profiles in

strategies which are constant functions of player values per click. The first observation we

can make is that BB has a very low ε(s) in every case, suggesting that it has considerable

strategic stability in the restricted strategy space. This result can also be claimed with

high statistical confidence, as 99% confidence intervals are so small that they are not

visible in the figure. In contrast, AB manifests very high ε(s) in the plot and we can be

reasonably certain that it is not sustainable as an equilibrium. The picture that emerges

is most appealing to the search engine: AB, which yields the greatest payoffs to players

(and least to the auctioneer), is unlikely to be played, whereas BB yields the lowest player

payoffs in the restricted strategy space.

10.4.2 Independently Distributed Values and Relevances

I now consider the setting in which relevances of players are not identical, but are

rather identically distributed—and independently from values per click—according to a

uniform distribution on the interval [0,1]. Since now the particulars of the bid ranking

scheme come into play, I present results for the two schemes that have received the most

attention: rank-by-bid (q = 0) and rank-by-revenue (q = 1).

Figures 10.2a and b present the results on stability of each symmetric pure strategy

profile to deviations for q = 0 and q = 1 respectively. We can see that there are really

no qualitative differences between the two settings, and indeed between the setting of

5For this and subsequent settings we repeated the experiments with an arguably more realistic lognormal
distribution and found the results to be qualitatively unchanged.
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Figure 10.1: (a) Experimental ε(s) and (b) symmetric payoff for every pure symmetric
profile in constant strategies with associated 99% confidence bounds.
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Figure 10.2: Experimental ε(s) (a) when q = 0 (b) when q = 1 for every pure symmetric
profile; experimental payoff (c) when q = 0 (d) when q = 1 for every pure symmetric
profile.
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independently distributed values and relevances and the previous one in which relevances

were set to a constant for all players. A possible slight difference is that RAND and CB

strategies appear to have better stability properties when q = 0. However, this could

be misleading since the payoffs to players are also generally lower when q = 0. The

most notable quality we previously observed, however, remains unchanged: BB is an

equilibrium (or nearly so) in all games for both advertiser ranking schemes, and AB is

highly unstable, whereas BB yields a considerably lower payoff to advertisers than AB

in all settings.

10.4.3 Correlated Values and Relevances

In the final set of experiments I draw values and relevances from a joint distribution

with a correlation coefficient of 0.5. As may by now be expected, BB remains a near-

equilibrium both when we set q = 0 and q = 1 (Figures 10.3a and b). However, when

q = 0, RAND and CB are now also near-equilibria when the number of players and

slots is relatively large—and, indeed, more so as the number of players grows from 20 to

50. As a designer, this fact may be somewhat disconcerting, as BB remains the strategy

with the lowest payoffs to players (and, consequently, will likely yield the highest search

engine payoffs) when q = 0; by comparison, payoffs to players when RAND is played

are considerably higher than BB (Figure 10.3c). In all the cases, however, altruistic

bidding remains highly unstable, to the bidders’ great chagrin, as it is uniformly more

advantageous in terms of payoffs (Figures 10.3c and d).

10.4.4 Truthfulness in Balanced Bidding

Thus far, I presented considerable evidence for the stability of the balanced bidding

strategy in the face of deviations to the other four greedy bidding strategies under con-

sideration. One question that now arises, however, is whether there is any incentive for

a bidders to misrepresent their valuations. In the context of balanced bidding, this would

mean that a bidder submits bids as if it had a valuation other than its own. Myopically this

should not be the case since each bidder submits bids that greedily maximize his utility.
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Figure 10.3: Experimental ε(s) (a) when q = 0 (b) when q = 1 for every pure symmetric
profile; experimental payoff (c) when q = 0 (d) when q = 1 for every pure symmetric
profile.
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In the long term, however, perhaps such deception would pay off. That untruthfulness in

this sense is unprofitable at a fixed point seems a foregone conclusion, since balanced bid-

ding is guaranteed to converge in our settings to a symmetric equilibrium. However, there

may well be an asymmetric equilibrium with the resulting allocation and bids. Below, I

show that this is impossible if the fixed point is a minimum symmetric equilibrium. Par-

ticularly, I now show that at a fixed point of balanced bidding the utility of an untruthful

bidder is no higher than if it were truthful (and converged to the truthful fixed point). For

convenience, I restrict the remainder of the analysis in this section to a setting in which

all relevances are constant, although the analysis would remain qualitatively unchanged

if I had not.

Lemma 10.6 Consider a situation in which all but one player is bidding according to

balanced bidding dynamics, and one, the deviant, is considering whether to bid truthfully.

The utility of the deviant in a truthful fixed point is no lower than in a fixed point reached

when it is playing balanced bidding as if it had another value per click. Furthermore,

bidding in order to get a higher slot yields a strictly lower utility in a fixed point for

generic values per click.

The proof of this and other results is in the appendix. Considering Lemma 10.6 and

the fact that balanced bidding is greedy and, consequently, a player cannot obtain imme-

diate gain by deviating suggests that the only gain from an untruthful variant of balanced

bidding is through transient payoffs—that is, as a side-effect of responses by agents who

follow balanced bidding honestly. Such effects are difficult to study analytically; thus, I

use simulations to gauge regret from truthful balanced bidding. In Figure 10.4 I present

results for constant relevances, as well as settings when relevances and values are inde-

pendent and correlated. The sponsored search settings considered are as above. In the

experiments, I allowed deviations to be factors k = {0, 0.5, 1.5, 2} of the player’s valua-

tion. That is, a player i would submit kvi rather than vi to the balanced bidding proxy as

his value per click. Thus, for example, a player with k = 0.5 and value per click of 200

would play balanced bidding as if its value were 100. As the figure suggests, when there

are few players, gains from bidding as if you are someone else appear relatively high:
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when values and relevances are correlated the results suggest that regret can be as high as

90 (roughly 22% of total payoff). However, regret drops off considerably as the number

of players increases, down to about 10% of payoff with 50 players. Regret is lower when

relevances are drawn independently of values or when they are constant.

Overall, we can observe that balanced bidding seems to be somewhat less stable when

we consider the possibility that bidders may play untruthfully, that is, play as if they their

value per click was different from what it actually is. Note, however, that the discount

factor of 0.95 that I use is actually extremely conservative: while reasonable as an annual

rate, it is unlikely to be so low per bidding round. As such, the importance of the result in

Lemma 10.6 is likely to be considerably greater than our empirical results suggest. In any

case, whether the observed incentives to deviate are strong enough or not would depend

on other factors, such as the cost of determining a deviation that carries substantial gain.

As a final piece of evidence for the efficacy of truthful balanced bidding, I compare its

regret to that from playing several variants of untruthful bidding. Figure 10.5 displays the

regret for several symmetric profiles with varying degrees of untruthfulness exhibited by

the players in a game with 5 players and 2 slots. As we can see, the regret from truthful

balanced bidding (k = 1) is far overshadowed by that from untruthful profiles.

10.5 Repeated Game

10.5.1 Common Knowledge of Values

It is common in the sponsored search auction literature to assume that the player

valuations and click-through-rates are common knowledge, suggesting that the resulting

equilibria are rest points of natural bidder adjustment dynamics. The justification offered

alludes to the repeated nature of the agent interactions. Yet, the equilibrium concept used

is a static one. If a game is infinitely repeated, the space of Nash equilibrium strategies

expands considerably [Mas-Colell et al., 1995]. Thus, if we take the dynamic story se-

riously, it pays to seek subgame perfect equilibria in the repeated game, particularly if

they may offer considerably better payoffs to players than the corresponding static Nash
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equilibria.

As typical analysis of repeated interactions goes, the subgame perfect equilibrium

consists of two parts: the main path, and the deviation-punishment path. The main path

has players jointly follow an agreed-upon profitable strategy profile, whereas the devi-

ation path punishes any deviant. The trick, of course, is that for the equilibrium to be

subgame perfect, the punishment subgame must itself be in equilibrium, yet must be

sufficiently bad to discourage deviation.

A natural candidate for punishment is the worst (in terms of player payoffs) Nash

equilibrium in the static game. Clearly, such a path would be in equilibrium, and is

likely to offer considerable discouragement to deviants. A desirable main path would

have players pay as little as possible, but needs to nevertheless discourage bidders who

do not receive slots from outbidding those who do. Furthermore, all “slotless” bidders

should remain slotless in the deviation subgame, since it is then clear that no incentives to

deviate exist among such bidders, and we need only consider bidders who occupy some

slot.

For the remainder of this section, I assume that the valuations are generic and bidders

are indexed by the number of the slot they obtain in a symmetric Nash equilibrium.6

Define the dynamic strategy profile COLLUSION as follows:

• Main path: ∀s > K, bs = vs. For all others, bs = wK+1

ws
vK+1 +(K−s+1)ε, where

ε is some very small (negligible) number. Note that this yields the same ordering

of bidders who receive slots as any symmetric Nash equilibrium of the game.

• Deviation path: play the maximum revenue symmetric Nash equilibrium strategies

in every stage game. This yields the maximum revenue to the auctioneer and the

lowest utilities to the players of any Nash equilibrium in the stage game [Varian,

2007].

Whether the delineated strategy constitutes a subgame perfect Nash equilibrium de-

pends on the magnitude of the discount factor, γi, of every player i. The relevant question

6Via a simple extension of the results by Varian [2007] we can show that in a symmetric Nash equilib-
rium, bidders are ranked by wsbs.
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is then how large do γi need to be to enable enforcement of COLLUSION. For example,

γi = 0 will deter nothing, since there are no consequences for deviation (the game is

effectively a one-stage game). Below, I give the general result to this effect.

Theorem 10.7 The COLLUSION strategy profile is a subgame perfect Nash equilibrium

if, for all players i,

γi ≥ max
s≤K,t≤s

(ct − cs)(vs − wK+1vK+1

ws
)− (ct

wt

ws
(K − t+ 1)− cs(K − s))ε

ct(vs − wK+1vK+1

ws
)− csvs − ct wt

ws
(K − t+ 1)ε+ Vsum

, (10.1)

where Vsum =
∑K

t=s+1wt−1vt−1(ct−1 − ct) + wKvKcK .

The lower bound on the discount factor in Equation 10.1 depends on the particular

valuation vector, the relative merits of slots, and the total number of slots, and it is not

immediately clear whether there actually are reasonable discount factors for which devi-

ations can be discouraged. To get a sense of how sustainable such an equilibrium could

be, I study the effect of these parameters on the lower bound of the discount factor. To

do this, I let the relevances of all players be constant, fix the number of players at 20 and

take 100 draws of their valuations from the normal distribution with mean 500 and stan-

dard deviation 200. I vary the number of slots between 2 and 15, recording the average,

minimum, and maximum values of the lower bound. Furthermore, I normalize c1 to 1

and let cs

cs+1
= δ for all s ≤ K − 1. The results are displayed in Figure 10.6 for different

values of δ.

First, focus on Figure 10.6c which shows the results for δ = 1.428, an empirically

observed click-through-rate ratio [Lahaie and Pennock, 2007]. As the figure suggests,

when the number of slots is between 0 and 5, it seems likely that COLLUSION can obtain

as a subgame perfect equilibrium, as the requirements on the discount factor are not too

strong. When the number of slots grows, however, the incentives to deviate increase,

and when the number of slots is above 11, such a collusive equilibrium no longer seems

likely.

Figures 10.6a, b, and d display similar plots for other settings of δ. These suggest that

as δ rises, incentives to deviate rise, since when there is a greater dropoff in slot quality
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Figure 10.6: Lower bounds on the discount factor as the number of available slots varies
when (a) δ = 1.1, (b) δ = 1.3, (c) δ = 1.428, and (d) δ = 1.9.
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for lower slots, players have more to gain by moving to a higher slot even for a one-shot

payoff.

Above, the punishment path involved bidders playing a maximum symmetric equilib-

rium. Such a punishment path is quite strong, since, as I mentioned, it yields the lowest

utilities to the players of any Nash equilibrium in the stage game. An alternative and

considerably weaker punishment would be to play a minimum symmetric equilibrium.

Define the dynamic strategy profile COLLUSION2 as follows:

• Main path: ∀s > K, bs = vs. For all others, bs = vK+1 + (K − s + 1)ε, where

ε is some very small (negligible) number. Again, this yields the same ordering of

bidders who receive slots as any symmetric Nash equilibrium of the game.

• Deviation path: play the minimum revenue symmetric Nash equilibrium strategies

in every stage game.

One may wonder why I would ever stipulate a weaker punishment. The answer is that a

maximum revenue symmetric equilibrium deviation path actually requires the common

knowledge of values, which in the generalized price auction will be different from bids

for all players who receive slots. As we will see below, there is considerable value in

being able to relax this assumption. Particularly, it is convenient that balanced bidding

converges to a minimum symmetric Nash equilibrium as its unique fixed point. Thus,

if we assume that all bidders follow this strategy (and do so truthfully), we can simply

punish by stipulating that bidders revert to their fixed point bids, making COLLUSION2

a much more plausible strategy.

We can easily extend Theorem 10.7 to COLLUSION2:

Theorem 10.8 The COLLUSION2 strategy profile is a subgame perfect Nash equilib-

rium if, for all players i,

γi ≥ max
s≤K,t≤s

(ct − cs)(vs − wK+1vK+1

ws
)− (ct

wt

ws
(K − t+ 1)− cs(K − s))ε

ct(vs − wK+1vK+1

ws
)− csvs − ct wt

ws
(K − t+ 1)ε+ Vsum

, (10.2)

where Vsum =
∑K

t=s+1wtvt(ct−1 − ct) + wK+1vK+1cK .
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Naturally, we would like to know how much weaker COLLUSION2 is than COLLU-

SION. The answer can be observed in Figure 10.7: it does appear substantially weaker.

While collusion still seems likely when the number of slots is below about 8, even with

few slots there are instances when collusion is not feasible, as the higher range of bounds

on γ seem very near 1.

A final question I would like to raise here is whether the choice of ranking function

affects feasibility of collusion and, if so, how much. I study this in the cases when values

and relevances are distributed independently and when they are correlated. Otherwise, the

setup is as above. The results are presented in Figure 10.8. As the plots suggest, increas-

ing q from 0 to 1 (that is, increasingly emphasizing relevances in the ranking) does reduce

incentives to collude somewhat. However, the reduction is not all that significant—the

bound on γ increases by at most 5%. It does appear, however, that with higher settings of

q there are more instances in which collusion is not feasible at all, with higher ranges of

γ near 1 for most slot configurations.

10.5.2 Incomplete Information

I now consider the question of whether there exists a collusive strategy for agents

who do not initially know each other’s valuations. Since players will not have incentive

to reveal these to each other honestly, they will need to be induced. The idea is to let

players play a symmetric Nash equilibrium for as many stages as necessary so that, given

the discount factor, it will not pay for players to misrepresent themselves initially in order

to exploit their fellow colluders later. After these initial stages playing a symmetric equi-

librium, the players will be able to infer each other’s valuations and play COLLUSION2

from then on.

Lemma 10.9 For generic valuations, a deviation from a minimum symmetric equilibrium

bid to a bid that obtains a higher slot yields a strictly lower than equilibrium utility.

Proof. For generic values, in a minimum symmetric equilibrium wj+1bj+1 < wjbj . Thus

ci(vi − pi) ≥ cj(vi − wj+1bj+1

wi
) > cj(vi − wjbj

wi
). �
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Theorem 10.10 Let bsym be a vector of symmetric equilibrium bids and suppose that the

COLLUSION2 subgame is in equilibrium for a particular vector of γi. Then there exists

an L > 0 such that the following is an SPNE:

1. Play bsym for L stages.

2. Play COLLUSION2 from stage L+ 1 to∞.

Now, consider the following dynamic strategy:

1. Play balanced bidding until a fixed point is reached.

2. Play fixed point for L stages.

3. Play COLLUSION2 from stage L+ 1 to∞.

I just showed that if COLLUSION2 itself is in equilibrium, we can find L large enough

such that the subgame comprised of steps 2 and 3 above is also. I have also experimentally

demonstrated that balanced bidding may itself be nearly a Bayes-Nash equilibrium in an

array of settings when deviations to several other greedy bidding strategies are allowed.

When incentives to lie are small, we expect the entire dynamic strategy in steps 1-3 to

have relatively low regret, as long as the COLLUSION subgame does.

10.6 Conclusion

I analyzed a set of greedy bidding strategies in a dynamic sponsored search auction

setting. Many of the results are more favorable for search engines than advertisers: a

high-payoff strategy profile is not sustainable in equilibrium, whereas a low-payoff profile

is reasonably stable. On the other hand, when complete information about valuations and

click-through-rates is available, there are possibilities for collusion that yield high payoffs

to players, sustainable over a range of settings. In the case of incomplete information, a

three-stage profile may be employed in which for some number of rounds depending on

the discount factors bidders play a minimum symmetric equilibrium and then switch to

a collusive strategy once the valuations become known. This strategy profile is expected
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to be reasonably stable to deviations, so long as the discount factors are small enough to

support the ultimate collusion.

246



0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0 2 4 6 8 10 12 14 16

# slots

G
a
m

m
a
 L

o
w

e
r
 B

o
u

n
d

Figure 10.7: Lower bounds on the discount factor as the number of available slots varies
when δ = 1.428.
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Figure 10.8: Lower bounds on the discount factor as the number of available slots varies
when (a) and (b) values and relevances are independent; and (c) and (d) when values and
relevances are correlated. The figures on the left (a) and (c) correspond to q = 0, while
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Part III

Convergence of Simulation-Based

Mechanism Design and Conceptual

Issues

CHAPTER 11

Beyond Nash Equilibria: Belief Distributions of Play

IN WHICH I discuss the notion of belief distributions of play, which are the

designer’s predictions (beliefs) of the outcomes of strategic interactions for a

given mechanism choice. I compare belief distributions of play to the tradi-

tional equilibrium solution concepts and suggest several ways for construct-

ing these heuristically in practice. I also provide probabilistic confidence

bounds for the approximation quality of the introduced solution concepts.1

Generally, mechanism design theory has focused on very rigid solution concepts, such

as Bayes-Nash and dominant strategy equilibria, presuming (usually implicitly) that these

are ideal predictors of play, or, rather, that a profile that is not a solution will certainly
1Some of the material in this chapter is taken from Vorobeychik and Wellman [2006].
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not be played. Thus far, the methods I had proposed have all appealed to these solution

concepts or approximations thereof.

The traditional approach runs up against two significant practical hurdles. First, in

the world of boundedly rational agents and considerable complexity that will generally

not be accounted for in models, relying on specific solutions (e.g., Nash equilibria) as

the sole predictions of play seems somewhat impractical. Additionally, the equilibrium

solution concepts have come under considerable scrutiny from experimental economists,

and have in a number of cases shown to be poor predictors of actual play [Selten, 1991;

Erev and Roth, 1998]. Second, even if we can believe that agents will indeed play a

prescribed solution, we would still like to know which one. Even if we follow the typi-

cal approach within game theory and seek refinements [Kreps, 1990], we still generally

fail to achieve point predictions. Typical treatment within the mechanism design litera-

ture has either made the optimistic assumption that agents will play the most favorable

equilibrium (weak implementation), or has approached the problem pessimistically, de-

signing for the worst possible equilibrium outcome (strict implementation) [Mas-Colell

et al., 1995; Osborne and Rubinstein, 1994]. The former relies on the designer’s ability to

persuade the agents to play the desirable strategies. The latter allows agents to choose a

solution arbitrarily, but as a result may sacrifice good design choices. To sum up, few will

argue that a mechanism designer is primarily concerned with predicting agent play given

a particular mechanism choice, but perfectly accurate point predictions seem elusive both

in theory and in practice, while multiplicity of predictions introduces ambiguity into the

design process that is not easily resolved.

In this chapter, I suggest that unique prediction of play is undesirable. Instead, I be-

lieve that the designer should formulate a belief distribution of agent play that leverages

a flexible solution concept. By using distributions of agent play, we move away from

the rigidity of relying on a particular solution concept as the prediction, allowing rather

that agents may play a non-solution (non-equilibrium) profile with some positive prob-

ability, albeit perhaps very small. We can, if needed, still fall back upon the traditional

weak or strong implementation by setting the probability that agents play the desirable

equilibrium to one in the former case, and setting the probability of the least desirable
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equilibrium (conditional on the design choice) to one in the latter. We can also restrict

distributions to put positive probabilities of play exclusively on solutions. This would put

complete faith in a solution concept of choice, but allow the designer to retain flexibility

in dealing with multiplicity of solutions.

However, in order to fully take advantage of the flexibility offered by my approach,

one would need solution concepts that provide “hooks” upon which probabilities of play

could hinge. I suggest a number of such concepts, many of which are relaxations of the

traditional ones such as Nash and dominant-strategy equilibria.

An important element of mechanism design is the actual modeling of strategic inter-

actions between agents, as well as the effect that mechanism choice has upon it. Any

modeling effort will generally have some uncertainty in regards to the agent preferences

or preference distributions, insofar as the designer may have made mistaken assumptions

or failed to account for important secondary elements that influence agent play. Such

uncertainty may be expressed as a distribution of agent payoffs around an estimate ex-

pressed by the model. If the designer has developed a belief distribution of agent play

based on his model, he would necessarily need to subsequently adjust it to account for

this uncertainty. One approach would have the designer merely specify the distribution

of play as a function of the game model—akin to the meta-strategies described by Kiek-

intveld and Wellman [2008]. He would then simply integrate this function to obtain a

posterior distribution of agent play with respect to the noise in the model. The difficulty

with this approach is that it may require the designer to find a solution correspondence,

which is a formidable task in general. Furthermore, in real settings, the designer may have

considerable trouble formalizing his beliefs even so simply as above. To address these

problems, albeit very imperfectly from the theoretical perspective, I introduce heuristic

beliefs, that is, beliefs that are derived heuristically from probabilistic indicators of par-

ticular game theoretic solutions. This approach allows the designer to rely on systematic

analysis, while avoiding explicit modeling of much of what he understands “intuitively”.

Furthermore, it allows considerable flexibility in selecting the solution concept most ap-

plicable to the setting at hand.
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The idea of using multiple sources of evidence to derive a distribution of play in

a strategic setting has recently been studied by Duong et al. [2008], while the entire

notion of forming predictions in strategic contexts using distributions of play rather than

formulating solution concepts is extensively discussed by Wolpert [2008].

11.1 Preliminaries

Recall that the goal of the designer is to optimize the value of some welfare function,

W (r, θ), dependent on the mechanism parameter and resulting play, r. Since I allow for

many possible outcomes of agent play, I can evaluate the objective function for a given

game abstractly as follows. I define WT (R̂, θ) = TR̂W (r, θ), where T is some func-

tional acting on W (r, θ). Several examples of T commonly found in the literature are

infR̂ (representing strict implementation) and supR̂ (representing weak implementation).

I have already argued that both of these are somewhat extreme. Instead, I will concen-

trate on an alternative: I let TF,R̂ to be the expectation with respect to some probability

distribution F over R̂. Then, WTF,R̂
(R̂, θ) = EF,R̂W (r, θ). Given a description of the

solution correspondenceN (θ) and WT (N (θ), θ), the designer faces a standard optimiza-

tion problem.

11.2 Solution Concepts

In evaluating the welfare function with respect to the distribution of agent play, I re-

lied until now on a specification of a solution concept which in effect provides the support

of the distribution of play. In this section, I explore a number of ideas about how solution

concepts can be defined. I begin with a standard Nash equilibrium concept and its imme-

diate relaxation to approximate Nash equilibria, and go on to relax several other solution

concepts in a similar fashion with the hope that one can thereby incorporate all strategy

profiles that the designer may find to be plausible agent play. I then describe a comple-

mentary solution concept that may serve as an additional hook to deriving distributions

of play by allowing the designer to indirectly model risk aversion of agents. Indeed, all of
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the solution concepts I propose have relaxation parameters which can serve the designer

in defining probabilities of play for various profiles.

11.2.1 Nash and Approximate Nash Equilibria

Perhaps the most common solution concept for games is Nash equilibrium, which I

define formally in Chapter 2. A closely related concept is an approximate or ε-Nash equi-

librium, where ε is the maximum benefit to any agent for deviating from the prescribed

strategy (also defined formally in Chapter 2).

One reason for relaxing the Nash equilibrium solution concept is so that we can ex-

press the likelihood that a particular profile will be played in terms of its proximity to

being a Nash equilibrium (that is, if agents have considerable incentives to deviate from

a particular profile, we deem such a profile an unlikely outcome of play). An example of

this would be to posit that a profile r is played with probability proportional to exp−ε(r),

where ε(r) is the regret of profile r (that is, r is an ε(r)-Nash equilibrium). Since the

choice of Nash equilibrium for such relaxation is somewhat arbitrary, I introduce similar

relaxations to other solution concepts in the sections that follow.

11.2.2 Alternatives to (ε)-Nash Equilibria

While Nash equilibrium has long been the primary solution concept for games, many

have expressed dissatisfaction with it in the context of real mechanism design problems

and agent strategic considerations. For example, Erev and Roth [1998] provide experi-

mental evidence that a reinforcement learning algorithm tends to be a better predictor of

actual play in games with a unique equilibrium. In a similar vein, Selten [1991] presents

a series of arguments against the Bayesian rationality as a reasonable predictor and, even,

as an effective normative system. One appealing alternative that has been proposed is

rules of thumb [Rosenthal, 1993b,a], that is, strategies that are essentially simple rules

or series of rules conditioned on context that have proven effective over time. A similar

notion of heuristic strategies has been studied by Walsh et al. [2002], and there has been

work to find a Nash equilibrium in a relatively small set of heuristic strategies [Walsh et
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al., 2002; Reeves et al., 2005].

In this section, I describe several concepts that allow one to consider strategic choices

of agents that have appealing properties that may qualify them as reasonable rules of

thumb.2 Thus, I expand the set of solutions that a designer may consider as plausible

agent play, and thereby allow the mechanism designer to make the most appropriate

choice for a particular problem.

Nearly Dominant Profiles

An intuitive property of a rule of thumb is that it usually works reasonably well.

The way we can translate this idea into a solution concept is by introducing ε-dominant

strategies.

Definition 11.1 A profile, r is ε-dominant if ∀i ∈ I, ∀t ∈ R−i,

ui(ri, t) + ε ≥ ui(r
′, t), ∀r′ ∈ Ri.

While dominant strategies are rare, strategies that are nearly dominant may be more com-

mon, and may indeed provide a solid basis for certain rules of thumb. Of course, there

will always be an ε-dominant strategy if we set ε to be high enough (as long as the payoff

functions are bounded). However, once ε is large, such strategies are no longer nearly

dominant in any meaningful way. Still, this solution concept may be a useful and reason-

ably compelling way to model agent play without appealing to the hyperrational Nash

equilibrium. From the players’ viewpoint, nearly dominant pure strategies are easy to

find with respect to a given game, although the algorithmic question of finding the entire

set of (pure and mixed) nearly dominant profiles may be a bit more involved. From a

designer’s viewpoint, they are reasonable things to expect agents to play, since no player

has much to gain by deviating no matter what the other players do.

2Note that often rules of thumb have been used to restrict the strategic landscape [Walsh et al., 2002;
Reeves et al., 2005]. Here I assume that any such restrictions have been made, if appropriate, and concen-
trate rather on narrowing down the set of profiles that may plausibly be played in order to subsequently
derive distributions of agent play.
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As in the case of ε-Nash equilibria, an important advantage of this relaxation of the

dominant strategy profiles is that we can derive distributions of play based on “how dom-

inant” a particular profile is. That is, we can assess a relatively low likelihood of play

to profiles in which at least one agent may be significantly better off by playing another

strategy for some deviation of other agents. Alternatively, we may fix ε and assess zero

probability of play to profiles which are not ε-dominant (assuming, of course, that there

is at least one strategy profile that is).

Treating ε-dominance as a solution concept, we can also derive probabilistic confi-

dence bounds (under the standard normality assumption) on any profile in an empirical

game:

Theorem 11.2 Suppose that the payoffs for all profiles are independently sampled. Fur-

ther, suppose that the sampling noise for every profile is Gaussian with known variance.

Then,

Pr (r is ε-dominant) =
∏
i∈I

∏
t∈R−i

∫
R

∏
r′∈Ri\ri

Pr{ui(r
′, t) ≤ u+ ε}fui(ri,t)(u)du.

Nearly Undominated Profiles

In his seminal work, Pearce [1984] describes the notion of rationalizable strategies.

While the set of all rationalizable strategies is not always identical to the set of strictly

undominated strategies, the two concepts are closely related, and are indeed appealing on

similar grounds. The argument of Pearce was that the Nash equilibrium concept was too

strong to describe actual behavior. By weakening it to a set of plausible strategy profiles

that may be observed, actual behavior may be explained, although no longer modeled

precisely.

While the idea that players are unlikely to play a profile that is strictly dominated

(or not rationalizable) is very intuitive, there is experimental evidence to suggest that

dominated strategies (for example, cooperative play in Prisoner’s Dilemma) may indeed

be played in practice [Cooper and Ross, 1996]. As a consequence, I introduce here an

even weaker concept of nearly undominated or ε-undominated strategies, which include
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strategies that, while dominated, are very close to being optimal for some strategy profile

that other agents may play.

Definition 11.3 A profile, r, is ε-undominated if ∀i ∈ I, ∃t ∈ R−i, such that

ui(ri, t) + ε ≥ ui(r
′, t), ∀r′ ∈ Ri.

This concept is not entirely new: Cheng and Wellman [2007] actually explored iterative

elimination of ε-dominated strategies as a computational tool to facilitate Nash equilib-

rium approximation in large finite games.

Since this solution concept is very weak, it allows the designer to retain most strategy

profiles in a game as plausible rules of thumb, eliminating only those that are clearly

extremely harmful to at least one agent. The assumption that a very poorly perform-

ing strategy would never be played is quite plausible in real situations. For example, a

strategy that consistently loses the agent one million dollars, as compared to any other

strategy that incurs no loss, carries considerable appeal of being assessed probability zero

of play.

Given a set of nearly undominated strategies, we can also imagine that a likelihood of

nearly dominant or nearly Nash profiles would be greater based on their nearness to the

corresponding solution concept. Thus, we can actually combine all three of the relaxed

solution concepts we have so far discussed to obtain a distribution of agent play.

If we treat ε-undominatedness as a solution concept in its own right, we can, as be-

fore, derive probabilistic confidence bounds describing the likelihood that a profile in an

empirical game is ε-undominated for a fixed ε. I present an expression for such a bound

under the assumption of normal noise in Theorem 11.4.

Theorem 11.4 Suppose that the payoffs for all profiles are independently sampled. Fur-

ther, suppose that the sampling noise for every profile is Gaussian with known variance.
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Then,

Pr (r is ε-undominated) =

=
∏
i∈I

1−
∏

t∈R−i

∫
R

1−
∏

r′∈Ri\ri

Pr{ui(r
′, t) ≤ u+ ε}

 fui(ri,t)(u)du

 .
Safety of Pure and Mixed Profiles

Risk aversion has been a topic of much economic research, and it is wise for the

designer to expect that the players will be risk averse to some degree. However, the

precise models of risk aversion may not be easy to come by. Instead, I introduce a concept

that allows the designer to avoid precise modeling, while still capturing some of the

intuition behind risk aversion. To that end, I define the notion of δ-safety.

Definition 11.5 Let R−i be the joint space of deviations of agents other than i. A profile

r is δi-safe for agent i if

δi(r) ≥ max
t∈R−i

(ui(r)− ui(ri, t)).

A profile r is then δ-safe if it is δi-safe for all agents, that is, if

δ(r) ≥ max
i∈I

max
t∈R−i

(ui(r)− ui(ri, t)).

Alternatively, r is δ-safe if, for every player i ∈ I ,

ui(r) ≤ ui(ri, t) + δ, ∀t ∈ R−i.

Again, for completeness, I present the probabilistic confidence bound on the δ-safety

of profiles in an empirical game.

Theorem 11.6 Suppose that the payoffs for all profiles are independently sampled. Fur-

ther, suppose that the sampling noise for every profile is Gaussian with known variance.
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Then,

Pr

(
max
i∈I

max
t∈R−i

(ui(r)− ui(ri, t)) ≤ δ

)
=

=
∏
i∈I

∫
R

∏
t∈R−i

[1− Pr(ui(ri, t) ≤ u− δ)] fui(r)(u)du.

The theorem and proof are analogous to cases already discussed, with r a pure or a mixed

profile.

I do not see the notion of δ-safety as having much independent value. Instead, I view it

as a useful way to distinguish particular types of rule-of-thumb strategies that players may

consider. For example, we can imagine that in a set of approximate Nash equilibria, there

may be profiles that would be extremely sensitive to deviations by players, and, therefore,

have a higher bound on δ-safety. The notion of δ-safety thus provides a mechanism

designer with an additional assessment of likelihood of play by indirectly accounting for

risk aversion of agents without having to quantify it.

As for the other solution concepts, we may need a way to answer questions about

probability of a particular profile being a δ-safe ε-equilibrium for a given δ and ε, as well

as similar questions about other solution notions I have developed. I present the corre-

sponding probabilistic confidence bounds below. First, I present a bound on probability

that a profile r is a δ-safe ε-Nash equilibrium.

Theorem 11.7 Suppose that the payoffs for all profiles are independently sampled. Fur-

ther, suppose that the sampling noise for every profile is Gaussian with known variance.

Then,

Pr(r is δ-safe, ε-Nash) =

Pr([max
i∈I

max
t∈R−i

(ui(r)− ui(ri, t)) ≤ δ]&[max
i∈I

max
r′∈Ri

(ui(r
′, r−i)− ui(r)) ≤ ε]) =

∏
i∈I

∫
R

(∏
t∈Rı

Pr{ui(ri, t) ≥ u− δ}

) ∏
r′∈Ri\ri

Pr{ui(r
′, r−i) ≤ u+ ε}

 dFui(r)(u).

We can combine δ-safety and ε-dominance or ε-undominatedness analogously, although

in these cases the derivations are somewhat more laborious. The former bound is pre-
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sented in Theorem 11.8 and the latter in Theorem 11.9.

Theorem 11.8 Suppose that the payoffs for all profiles are independently sampled. Fur-

ther, suppose that the sampling noise for every profile is Gaussian with known variance.

Then,

Pr{r is δ-safe, ε-dominant} =

Pr{max
i∈I

max
t∈R−i

[ui(r)− ui(ri, t)] ≤ δ & max
i∈I

max
t∈R−i

max
r′∈Ri

[ui(r
′, t)− ui(ri, t)] ≤ ε} ≥

∏
i∈I

∫
R

 ∏
t∈R−i

Pr{ui(ri, t) ≥ u− δ}

 ∏
r′∈Ri\ri

Pr{ui(r
′, t) ≤ u+ ε− δ}

 dFui(r).

Theorem 11.9 Suppose that the payoffs for all profiles are independently sampled. Fur-

ther, suppose that the sampling noise for every profile is Gaussian with known variance.

Then,

Pr{r is δ-safe, ε-undominated} =

Pr{max
i∈I

max
t∈R−i\r−i

[ui(r)− ui(ri, t)] ≤ δ & max
i∈I

min
t∈R−i

max
r′∈Ri\ri

[ui(r
′, t)− ui(ri, t)] ≤ ε} =

∏
i∈I

∫
R

 ∏
t∈R−i\r−i

Pr{ui(ri, t) ≥ u− δ}

×
×

1−

1−
∏

r′∈Ri\ri

Pr{ui(r
′, r−i) ≤ ε+ u}

×
×

 ∏
t∈R−i\r−i

∫∞
u−δ
{1−

∏
r′∈Ri\ri

Pr(ui(r
′, t) ≤ ε+ v)}fui(ri,t)(v)dv∫∞

u−δ
fui(ri,t)(v)dv

 dFui(r)(u).

11.3 Constructing Distributions of Agent Play

My goal in this section is to give several ideas about constructing belief distributions

of agent play that rely on game-theoretic solution concepts (thus taking the players’ in-

centives seriously), but do not necessarily “commit” to them.

The first approach is for the designer to decide exactly which solution concept is the

best model for the strategic behavior of the agent pool. The designer may choose a very
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weak concept and make as few assumptions as possible about agent rationality and com-

mon knowledge, and we provided some guidance about such choices in the preceding

section. Once the solution concept is chosen, the designer will need to assess the rel-

ative likelihood of solutions, for example, modeling each solution as equally likely to

be played. Alternatively, the designer may wish combine a solution concept with some

notion of δ-safety as I previously defined, and thereafter devise a distribution that puts

higher probability on solutions with low δ. Note that inherent in this approach is the

assumption that any profile that is not a solution will be played with probability zero.

Yet another approach is to develop a distribution of play based on the relaxation pa-

rameter within a solution concept. Previously, I defined several ε- and δ-concepts (ε-Nash,

ε-dominant, ε-undominated, δ-safe). Each pure strategy profile in the game will most cer-

tainly be any such ε-concept for some value of ε (the same is true of δ-safety). One could

then assess the probability of play for a particular profile to be inversely proportional

to its value of ε or δ for the selected solution concept. One could also develop similar

probabilistic models of agent play based on combinations of these solution concepts. The

advantage of this method is that the assessment of probability of play will be positive for

every pure strategy profile in the game. Thus, in a way, the designer will be hedging.

Thus far, I presumed that the designer is certain about his model of the players’ util-

ities. This, of course, is suspect, and indeed some effort has been made within the game

theory community to assess the quality of particular solution concepts based on how well

they survive such modeling noise [Fudenberg et al., 1988]. Here, I will take another

approach. I assume that payoffs specified by the designer are samples from a Normal

distribution with some variance. This could reasonably be the case, for example, when

the payoffs in the game are sample averages based on simulation data, as I discussed

in preceding chapters. Variance here would need to be specified by the designer, again

calling forward his modeling prowess, but hopefully this would not be a very difficult

exercise. If the designer is only slightly uncertain about his model, he would specify a

small variance, whereas if his uncertainty is great, so would be the variance.

The distributions of play that I described above are all conditional on a particular

game. Thus, in order to find the distribution of play in the face of uncertainty about the
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actual game, the designer would need to take the expectation of this conditional distribu-

tion with respect to the distribution of games. I now state this in a somewhat more formal

language. Suppose we fix the game, Γ, that the agents will play, and choose a solution

concept, C. I designate the distribution of agent play conditional on Γ and the solution

concept by

PΓ,C(r) = Pr{r is played|Γ, C},

where r is a pure strategy profile. This may be specified by the designer as I suggested

above. Now, in order to derive the probability of agents playing a pure strategy profile

r given only a particular solution concept, one would simply take the expectation with

respect to the distribution of games:

PC(r) = Pr{r is played|C} = EΓ[PΓ,C].

This can be done for every pure strategy profile to obtain a distribution of agent play.

There are several important shortcomings in the approach I just suggested. The first is

simply that it requires numerical integration, as we do not have a closed-form expression

of this expectation for any solution concept that I have discussed. This happens to be a

relatively significant problem, since numerical techniques here would require computing

the entire set of solutions for each of some finite set of games, which may quickly become

impractical when the game is relatively large. Another limitation is that the designer is

still required to specify a model of his beliefs given a game, even though he may be

uncertain about his model of the players’ payoffs. Often, the designer may find himself

incapable of doing even that very sensibly, but would instead like to have a more heuristic,

though systematic, approach to modeling agent play. To this end, I propose a heuristic

distribution of play, which does not require any modeling on designer’s part, except his

choice of a solution concept.

Observe that the distribution over agent payoff functions induces a probability that

each pure strategy profile r is a solution C. I derived expressions for these probabilities

in Chapter 7 in the case of approximate Nash equilibria, and analogous expressions for

several other solution concepts are presented above. We can use these to obtain a very
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simple heuristic distribution over play by normalizing as follows:

Pr{r is played|C} =
Pr{r is C}∑

r′∈R Pr{r′ is C}
.

Since we have an expression for Pr{r′ is C}, computation is greatly simplified.3

11.4 Conclusion

In this chapter, I focused on an important practical shortcoming of mechanism design

theory: lack of effective methods for point predictions of actual play. Indeed, I believe

that making very precise predictions of agent play is undesirable, as complexity of real

strategic settings will generally make models imperfect enough that even the most ap-

propriate solution concept will not necessarily make a good predictor of play. Instead, I

argued for the need to evaluate mechanism choices with respect to belief distributions of

play based on flexible solution concepts. Thus, game-theoretic notions may eagerly enter

the distributions of play, but need not define them entirely.

It seems most useful in devising distributions of agent play to have solution concepts

with relaxation parameters that allow relative assessment of the likelihood of play of

different strategy profiles. I suggested the degree of approximation of a solution concept

as an example of such a parameter. Additionally, I suggested a complementary solution

concept which may be used to incorporate the designer’s beliefs about the risk aversion of

agents in the distribution of play. Finally, I presented examples of how solution concepts

that I suggested may be used in deriving distributions of agent play.

My approaches can be easily extended to incorporate uncertainty about the designer’s

model of the strategic scenario, although incurring considerable computational effort. To

alleviate this difficulty, as well as to consider yet another alternative sensible way to de-

velop distributions of play, I introduced heuristic distributions, which are based on a prob-

abilistic assessment—with respect to the distribution of payoffs in the game model—of

3While we may still need to do numerical integration, we are now free from the burden of computing
solutions for every game on the integration path, which will almost always yield substantial numerical
savings.
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the closeness of every profile to a solution. This closeness, it must be noted, is not evalu-

ated based on Euclidean distance, but is rather determined by the value of the relaxation

parameter of the chosen solution concept (say, ε in an approximate Nash equilibrium).

I believe that there is still a considerable gap between theoretical mechanism design

and its practical applications. In this chapter, I suggested that this gap may be narrowed if

the designer has effective ways to determine the distribution of agent play based on game-

theoretic notions. While I proposed a number of methods to this end, much work needs to

be done to verify whether these are truly effective in practical settings, or whether others

need to be developed in their place.
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CHAPTER 12

Convergence of Optimal Mechanisms on Finite

Simulation-Based Games Using Belief Distributions of

Play

IN WHICH I present strong consistency results about approximately optimal

mechanisms based on empirical games and distribution-based solution con-

cepts.

In this chapter I present sufficient conditions for convergence of nearly-optimal mech-

anisms in the simulation-based game setting. Since convergence of mechanism design

choices requires that the corresponding solution concept is also convergent, I proceed

to demonstrate convergence of several solution concepts based on specific forms of the

belief distributions of play.

As we will see, requirements for convergence are quite strong. In the case of the Nash

equilibrium solution concept, the results requires that there is a unique Nash equilibrium

in every game induced by a feasible design choice. With belief distributions of play, the

requirement is that the support of the distribution be finite and fixed for all empirical

games.

Before proceeding with the technical part of this chapter, let me review some relevant

notation. Recall that R denotes a set of strategy profiles (pure or mixed). I use S to refer

to the set of mixed strategy profiles and A to refer to the set of pure strategy profiles.
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Recall that W (r, θ) denotes the designer’s objective function, Θ the design space, θ ∈

Θ a particular design choice, and r ∈ R a strategy profile (analogously, a ∈ A and

s ∈ S denote pure and mixed strategy profiles respectively). Additionally, recall from

the previous chapter that WT (R̂, θ) = TR̂W (r, θ), where T is a functional acting on W .

Here, I deal with the case where T is the expectation with respect to a belief distribution

of play. Henceforth, I will also use R in place of R̂ where I mean it to be some restricted

subset of the joint strategy space.

12.1 Convergence of Mechanism Design Based on Nash

Equilibria in Empirical Games

I first show that in the special case when Θ and A are finite and each Γθ has a unique

Nash equilibrium, the estimates θ̂ of an optimal mechanism almost surely converge to an

actual optimizer.

Let Nn(θ) denote the set of Nash equilibria of an empirical game induced by θ in

which the payoffs for every strategy profile have been sampled at least n times. Define θ̂

to be

θ̂ = arg max
θ∈Θ

W (Nn(θ), θ),

and let θ∗ be defined by

θ∗ = arg max
θ∈Θ

W (N (θ), θ).

Theorem 12.1 Suppose |N (θ)| = 1 for all θ ∈ Θ and suppose that Θ and A are finite.

Let W (s, θ) be continuous at the unique s∗(θ) ∈ N (θ) for each θ ∈ Θ. Then θ̂ is a

consistent estimator of θ∗ if W (N (θ), θ) is defined as a supremum, infimum, or expecta-

tion (with respect to any probability distribution) over the set of Nash equilibria. In fact,

θ̂ → θ∗a.s. in each of these cases.

The shortcoming of the above result is that, within my framework, the designer has

no way of knowing or ensuring that Γθ do, indeed, have unique equilibria. However, it

does lend some theoretical justification for pursuing design based on Nash equilibrium
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estimates formed on empirical games, and, perhaps, will serve as a guide for more general

results in the future.

12.2 Convergence of Mechanism Design Based on Heuris-

tic Distributions of Play

Suppose that R is finite. Let P (r, θ) be the distribution of play in the actual game1

and let Pn(r, θ) be the distribution of play in the empirical game which contains at least

n payoff samples for every profile. I assume that both P and Pn have their support in R.

Define the actual expected objective value of the designer with respect toR as follows:

W (R, θ) =
∑
r∈R

W (r, θ)P (r, θ). (12.1)

Similarly, for a game in which every profile is sampled at least n times,

Wn(R, θ) =
∑
r∈R

W (r, θ)Pn(r, θ). (12.2)

I first demonstrate some basic convergence properties of the objective function de-

fined with respect to a finite support R. Specifically (and intuitively), as long as the

distribution of play Pn converges to P almost surely and pointwise on R and Θ, then the

objective function estimate Wn converges to the actual objective W almost surely.2

Lemma 12.2 Suppose Pn(r, θ) → P (r, θ) a.s. for every r ∈ R and for every θ ∈ Θ.

ThenWn(R, θ)→ W (R, θ) a.s. for every θ ∈ Θ. If furthermore Θ is compact, W (r, θ) is

continuous in θ, and Pn(r, θ)→ P (r, θ) a.s. uniformly on Θ, then Wn(R, θ)→ W (R, θ)

a.s. uniformly on Θ.

Next, I present the intuitive result that as long as P and W (r, θ) are continuous, so

is W (R, θ). This result in combination with the Weierstrass theorem will ensure the

1For example, distributions constructed from game-theoretic solution concepts as described in the pre-
vious chapter; some specific examples distributions of play are presented below

2Analogous results can be obtained for convergence in probability.
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existence of the optimal mechanism on compact Θ, which is stated in the theorem that

follows.

Lemma 12.3 Suppose P (r, θ) and W (r, θ) are continuous in θ. Then W (R, θ) is contin-

uous in θ.

Proof. Follows since product of continuous functions is continuous, and a finite sum of

continuous functions is continuous. �

Theorem 12.4 Suppose P (r, θ) andW (r, θ) are continuous in θ and Θ is compact. Then

∃ θ∗ ∈ Θ such that W (R, θ∗) = maxθ∈ΘW (R, θ).

Proof. By Lemma 12.3, W (R, θ) is continuous. Since Θ is compact, the result follows

from the Weierstrass theorem. �

Above I showed that the objective values converge. What I am really interested in,

however, is the convergence of the estimates of optimal objective values obtained from

simulation data. This is be the subject of the main result below. Towards this end, I state

one more useful lemma, which takes as a precondition convergence of Wn to W and

demonstrates how it implies convergence in terms of optimal objective values.

Lemma 12.5 Suppose Wn(R, θ) → W (R, θ) a.s. uniformly on Θ, W (R, θ) is continu-

ous on Θ, and Wn(R, θ) is continuous on Θ for every n. Let θ̂ = arg maxθ∈ΘWn(R, θ),

θ∗ = arg maxθ∈ΘW (R, θ). Then W (R, θ̂)→ W (R, θ∗) a.s.

Combining the partial results, I can now state my main convergence result.

Theorem 12.6 (Main MD Convergence Result) Suppose W (r, θ) and P (r, θ) are con-

tinuous on Θ, Pn(r, θ) is continuous on Θ for all n. Suppose further that Θ is compact,

and Pn(r, θ) → P (r, θ) a.s. for every r ∈ R and uniformly on Θ. Then, W (R, θ̂) →

W (R, θ∗) a.s., where θ̂ = arg maxθ∈ΘWn(R, θ), θ∗ = arg maxθ∈ΘW (R, θ).

Proof. By Lemma 12.3, W (R, θ) is continuous, and Wn(R, θ) is continuous for every n.

By Lemma 12.2, Wn(R, θ) → W (R, θ) a.s. uniformly on Θ. Combining these results

with Lemma 12.5 gives us the desired result. �
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When Θ is finite, pointwise and uniform convergence are equivalent and continuity

of Pn(r, θ) on Θ is unnecessary,3 implying the following corollary.

Corollary 12.7 Suppose Θ is finite and Pn(r, θ)→ P (r, θ) a.s. for every r ∈ R and for

every θ ∈ Θ. Then, W (R, θ̂)→ W (R, θ∗) a.s.

Proof. Since Θ is finite, it is compact, and since it is discrete, every function of θ is

continuous in θ, since every subset of Θ is both open and closed. �

I have now distilled convergence of mechanism design based on simulation data into

the problem of satisfying the basic preconditions in the main result of this section. Let

me review these again for clarity:

• W (r, θ) and P (r, θ) are continuous on Θ

• Pn(r, θ) is continuous on Θ for all n

• Θ is compact

• Pn(r, θ)→ P (r, θ) a.s. for every r ∈ R and uniformly on Θ

One key item on this list that would generally be non-trivial to show is the last, that is,

convergence of Pn(r, θ) → P (r, θ). In the sections which follow I demonstrate conver-

gence for several techniques of constructing distributions of play in the sense of Chap-

ter 11.

12.3 Convergence of Heuristic Distributions of Play

In this section, I study some distributions of agent play which satisfy the last sufficient

condition above, useful in establishing convergence of approximately optimal mecha-

nisms to actual optima.

3More precisely, continuity in a topological sense is guaranteed if Θ is finite.
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12.3.1 Proportion-Based Distributions of Play

Let m(r) ≥ 0 be some function which maps strategy profiles to non-negative real

values. Suppose R is finite and assume that there is r ∈ R such that m(r) > 0. I define a

heuristic distribution of play based on the relative magnitudes of m(r) for profiles r ∈ R

as follows:

P p(r) =
m(r)∑
t∈Rm(t)

. (12.3)

That is, the probability that any profile r ∈ R is played is proportional to its weight

m(r). The following general result demonstrates convergence of any distribution of play

constructed in such a manner, as long as the corresponding weight function mn(r) con-

verges to m(r) with respect to the underlying game.

Theorem 12.8 Suppose R is finite and ∃r ∈ R s.t. m(r) > 0. Suppose, forthermore,

that mn(r) → m(r) a.s. for every r ∈ R. Then P p
n(r, θ) → P p(r, θ) a.s. ∀ θ uniformly

on R.

Below, I present several convergence results for specific examples of weight functions

m(r), representing the relative likelihood of profiles under the belief distribution of play.

12.3.2 Proportions Based on ε(r)

Let m(r) = exp{−ε(r)}. Intuitively, exponentially lower likelihood is assigned to

profiles with higher game-theoretic regret. First, I restate a convergence theorem from

Chapter 7.

Theorem 7.9 Suppose that we have a finite game with joint mixed strategy set S. Then

εn(s)→ ε(s) a.s. uniformly on S.

Corollary 12.9 Let R ⊂ S. Then mn(r)→ m(r) a.s. uniformly on R.

Proof. The result follows by the continuity of the exponential function. �
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12.3.3 Proportions Based on Probability Distribution over ε(r)

Suppose again that the game is finite with R a finite subset of the mixed strategy

profile space (e.g., the set of all pure strategy profiles) Let m(r) = Pr{ε(r) = 0|Γ} and

mn(r) = Pr{ε(r) = 0|Γn}, where Γ is the underlying game and Γn is the game in which

payoffs are estimated based on n samples. Note that m(r) = 1 if r is a Nash equilibrium

and m(r) = 0 otherwise.

Theorem 12.10 Suppose the payoffs of Γ have no ties. Then mn(r) → m(r) a.s. for

every r ∈ R.

12.3.4 Proportions Based on Approximate Equilibria

Definition 12.11 r is a strict δ-Nash equilibrium if ε(r) < δ.

Let m(r) = I(r), where I(r) = 1 if r is an ε̄-Nash equilibrium, and I(r) = 0

otherwise. Assume also that ε̄ partitions R into {R1, R2}, R1 and R2 non-empty, where

all r ∈ R1 are strict ε̄-Nash equilibria and all r ∈ R2 are not ε̄-Nash equilibria. First, let

us ascertain that such an ε̄ always exists if R is finite and not all profiles have the same

ε(r).

Lemma 12.12 If R is finite and there are r, t ∈ R such that ε(r) 6= ε(t), there is ε̄ that

partitionsR into {R1, R2}, both non-empty, where all r ∈ R1 are strict ε̄-Nash equilibria

and all r ∈ R2 are not ε̄-Nash equilibria.

Proof. Let us order all profiles by ε(r). Suppose without loss of generality that ε(r) <

ε(t). Then, pick any ε̄ ∈ (ε(r), ε(t)). �

Now I can prove convergence of In(r) to I(r) for every r ∈ R (and, thus, uniformly

on R).

Theorem 12.13 In(r)→ I(r) a.s. for every r ∈ R.
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12.4 Conclusion

This chapter addresses convergence of mechanism design choices made based on

simulation-based games. My main result yields a set of sufficient conditions in terms of

problem characteristics as well as the characteristics of the belief distributions of play

used to evaluate the designer’s objective. A key condition that must be satisfied is that

the distributions of play are themselves convergent. I thus complement the main result

with a series of positive examples of convergence of heuristic distributions of play.

271



CHAPTER 13

Conclusion and Future Work

13.1 Summary of Contributions

As the fields of mechanism design and game theory mature, both in the theoretical

literature and in practical applications, the boundary of analytic tractability is increasingly

being tested. Many applications have emerged for which theory provides relatively little

guidance because no analytic characterization of the solutions can be obtained.

In my thesis, I propose a series of computational techniques for mechanism design

and game-theoretic analysis applicable when analytical approaches become intractable.

My work is divided into two main parts, corresponding to the two key questions that

arise from a fairly natural one-shot two-stage mechanism design model.1 In the first part,

I tackle the mechanism design search problem, assuming that a subroutine for predicting

game-theoretic outcomes for given mechanism choices is available. The second part is

devoted to game-theoretic analysis, which corresponds to the problem of predicting the

outcomes of strategic interactions between players for a fixed mechanism.

By combining the techniques which I describe in the first two parts of my thesis, I

obtain a complete framework for mechanism design when the payoff functions of players,

as well as the objective and constraints of the designer, are all specified algorithmically.

As such, I provide the first (to my knowledge) complete methodology for performing

1The third part addresses some broad conceptual questions and convergence of simulation-based mech-
anism design. It does not introduce new computational techniques.
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mechanism design in highly complex settings.

The ultimate goal of my methodology is not merely in producing some candidate

mechanism given a particular problem, although that is certainly a necessary capabil-

ity. Rather, the computational mechanism design techniques can be used to provide

insight into problems that have until now been addressed using intuition and back-of-

the-envelope calculations. For example, I was able to systematically demonstrate above

that the design flaw in the supply-chain simulation could not be satisfactorily addressed

by simple parameter tweaking. While I do not completely close the loop in computational

analysis of simulation-based models, I provide some of the necessary means and make

initial strides by the way of applications.

In the sections that follow, I summarize some of the specific contributions that I make

towards the overall simulation-based mechanism design goal.

13.1.1 The Simulation-Based Mechanism Design Framework

At the root of my simulation-based mechanism design framework lies a simulated

annealing stochastic search technique, which uses a game analysis tool as a subroutine.

The framework allows algorithmic specification of the designer objective and constraints,

as well as the player payoff functions (and type distributions, when relevant).

Instantiating my framework on one-shot Bayesian games, I present several approaches

to evaluate the designer’s objective with respect to the type distribution for specific design

choices, and introduce a principled method for relaxing constraints in order to evaluate

them based on a finite number of draws from the infinite space of joint player types. I

demonstrate the effectiveness of the entire framework in the context of several non-trivial

mechanism design problems. Finally, I provide some convergence guarantees in certain

simulation-based mechanism design settings.

13.1.2 Solving Games Specified by Simulations

Much of my work aims to develop numerical tools to approximate solutions to games

which are specified using simulations. The purpose is to form predictions of play for a
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fixed mechanism design choice, and then use the methods as a subroutine in the mech-

anism design framework above. In complete generality the problem is, of course, quite

difficult. Thus, many of my tools attempt to exploit structure inherent in games (but un-

known a priori). Additionally, since many interesting games possess strategy spaces that

render numerical analysis intractable, appropriate choice of strategy space restriction is

crucial to successful analysis. Some theoretical foundation for game-theoretic solution

approximation via strategic restriction have been developed by Armantier et al. [2007].

My work builds on these to a limited degree, mostly borrowing inspiration and tools from

the operation research and machine learning communities.

Methods and Sensitivity Analysis for Finite Games I begin my foray into solving

simulation-based games by considering game models which have relatively small sets of

players and strategies, but yield noisy payoff samples when queried with specific strategy

profiles. In this setting, there is a straightforward approach to estimating Nash equilibria:

first, estimate the payoff matrices of all players by taking samples from the simulator,

and second, apply any finite-game solver to the estimated game. I extend this method

to large games by appropriately generalizing the Nash equilibrium estimator based on an

incompletely specified payoff matrix.

In the analysis of simulations it is standard to expect a report of probabilistic error

bounds on the results. These would come, for example, in the form of confidence intervals

around the reported means. It is natural, therefore, to expect that equilibrium results

based on noisy simulations would be reported together with some confidence bounds.

With this motivation in mind and armed with some convenient (and standard) normality

assumptions, I derive a closed-form expression for the probability distribution of game-

theoretic regret for pure and mixed strategy profiles in finite games based on simulation

samples. Extensions to infinite games are straightforward when a Lipschitz continuity

assumption is added.

Stochastic Search for Nash Equilibria An important question in the context of games

specified using simulations is how to best collect samples to generate a data set of payoff
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experience which is most amenable to equilibrium approximation techniques.

In this thesis, I explore a set of techniques based on stochastic black-box optimization,

which are geared specifically towards the Nash equilibrium approximation problem. I

utilize the black-box optimization techniques from operations research by observing that

Nash equilibrium approximation can be viewed as a two-tiered optimization problem: at

the first (main loop) tier, we need to minimize the game-theoretic regret function, whereas

at the second (subroutine) tier, we evaluate regret by approximating best responses for all

players. I prove that an algorithm which uses simulated annealing in both the main loop

and the subroutine is globally convergent in a black-box setting, even if the function is

highly non-linear, payoff samples are stochastic, and the strategy profile space is infinite.

As a result, the method is quite broadly applicable, and I demonstrate its effectiveness in

the context of infinite one-shot Bayesian games.

While the two-tiered equilibrium approximation method is convergent and performs

quite well in practice, I show empirically that it is outperformed by approximate best-

response dynamics. The latter is not generally convergent, but will often reach very good

Nash equilibrium approximations very quickly.

Nash Equilibrium Approximation in Infinite Games Using Machine Learning Since

I allow games to be specified using simulations, I cannot make any assumptions on the

structure of the game directly. Nevertheless, I can hypothesize a structure; that is, I can

posit a hypothesis class of functions which contains good approximations of the underly-

ing payoff function, and then perform regression learning based on the data set obtained

from simulation experiments—for example, the data trail of the stochastic search tech-

niques I just described.

The techniques in supervised learning typically focus on optimal generalization abil-

ity of the regression. My purpose for using them, however, is a different sort of gener-

alization: I would like to obtain good approximations of Nash equilibria based on the

learned payoff function. Thus, I empirically evaluate the performance of learning al-

gorithms with respect to game-theoretic regret. Additionally, I contrast the techniques

that use the payoff function as the learning target with those using as target (empirical)

275



game-theoretic regret.

In the end, I demonstrate that machine learning techniques provide substantial im-

provement as compared to selecting the best approximate Nash equilibrium (that is, a

profile with lowest empirical regret) based on the empirical game data alone, and pro-

vide some empirical guidance in choosing the appropriate learning target for the purpose

of Nash equilibrium approximation based on a data set obtained from simulation-based

games.

13.1.3 Applications

While much of my work has focused on the development of analysis tools, much

of it was performed in the context of particular applications. One such application was

the strategic and mechanism design analysis of the Supply-Chain scenario in the Trad-

ing Agent Competition, where I demonstrated that a well-recognized problem with the

supply-chain simulation design could not be fixed by parameter tweaking alone. Another

was in the analysis of dynamic strategies in sponsored search auctions. In this domain I

explore the stability and payoff properties of several greedy bidding strategies, demon-

strating that the one which is convergent is also the most stable. In this work, I also study

collusive bidding strategies, both in the context of complete and incomplete information

in the repeated game setting. One of the main results is to demonstrate, using both the-

oretical and simulation-based evidence, that players can construct strategies which result

in collusion after a finite number of rounds.

13.2 Future Work

In my thesis, I have built the groundwork for addressing complex mechanism design

and game-theoretic analysis problems. Below, I describe some of the applications which

may now be tackled using the techniques presented above.
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13.2.1 Strategic Analysis of Electricity Markets

Electricity markets have been very actively studied in recent years, both by academics

and policy-makers. What makes this domain particularly interesting from my perspec-

tive is the fact that, while many electricity markets are run as uniform-price auctions,

relatively little is understood about these in general. Indeed, the broader problem of

auctioning divisible goods has proven very difficult to grapple analytically in many set-

tings. One consequence of this has been the increasing importance of empirical research.

Another, I hope, will be the great value of computational tools in providing additional

insights about the problem, both from the strategic bidding and the mechanism design

perspectives.

I expect to begin by analyzing uniform-price multi-unit auctions to obtain better in-

sight about the shape of bidding strategies and the magnitude of economic inefficiency,

and the relationship of these to various parameters which characterize the auction envi-

ronment. I believe that the results will then be generalizable to settings with infinitely

divisible goods (such as electricity), and will proceed thereafter to study the effect of

additional complications, such as interactions between spot and futures markets.

13.2.2 Healthcare Economics: Analysis Using Simulations

My agenda for studying the Economics of healthcare and, particularly, the incentives

in the healthcare system, is fairly ambitious: I hope to make use of and enhance health-

care system simulations, focusing particularly on the strategic interactions between the

important players (healthcare providers, insurers, etc). A venue that may facilitate con-

siderably the development of an appropriate simulation environment is the International

Trading Agent Competition (TAC). TAC is an annual competition which features a se-

ries of simulation scenarios developed specifically to engage competition of autonomous

agents designed by various independent research groups. Perhaps a healthcare scenario

which features competition between large healthcare providers (e.g., hospitals) or health

insurers would be feasible as another TAC game and would be of interest to the com-

munity. The ultimate goal of this simulation environment is to provide a testbed for
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healthcare policy analysis.

13.2.3 Other Applications

Besides the applications to electricity markets and healthcare policy analysis, numer-

ous other problems can provide fertile ground for applications of my thesis research. My

work already features applications to a supply-chain simulation, albeit somewhat focused

on the particulars of the simulation for very restricted agent strategy spaces. The actual

strategies of agents trading as a part of supply chains—even in the simplified simula-

tion setting—are extremely complex, and it may be fruitful to distill and analyze a richer

game than had thus far been considered. Additionally, I am interested in the problem of

efficient resource sharing in large distributed systems, such as GRID computing.
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APPENDIX A

Glossary of Acronyms

• AMD: automated mechanism design

• BMD: Bayesian mechanism design

• BNIC: Bayes-Nash incentive compatible

• DSIC: dominant strategy incentive compatible (strategyproof)

• DSMD: dominant strategy mechanism design

• EIIR: ex interim individually rational

• EPE: ex post efficient

• EPIR: ex post individually rational

• LCP: linear complementarity problem

• MIP: mixed integer program

• PRM: partial revelation mechanism

• SCF: social choice function

• SWF: social welfare function(al)

• VCG: Vickrey-Clarke-Groves mechanism
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APPENDIX B

Trading Agent Competition and the Supply-Chain Game

B.1 Trading Agent Competition (TAC)

Many a year ago, in an Artificial Intelligence Laboratory far, far away, an idea was

born to create a simulation environment in which autonomous trading agents can com-

pete. The brain-child of an adventurous Computer Science professor and his faithful stu-

dents, the idea matured quickly and in year 2000 burgeoned into the first annual Trading

Agent Competition.

The first TAC featured a travel shopping scenario, in which trading agents compete to

satisfy customer orders given the limited hotel and entertainment resources, and unlimited

(but, in later versions, progressively more expensive) flights. After several successful

years, and having attracted considerable international attention, the competition expanded

to include a new game, in which trading agents compete as manufacturers in a supply

chain. Since the supply-chain game is of particular relevance to this work, I proceed with

a detailed description below.
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B.2 The TAC Supply-Chain Game

In the TAC/SCM scenario,1 six agents representing PC (personal computer) assem-

blers operate in a common market environment, over a simulated production horizon.

The environment constitutes a supply chain, in that agents trade simultaneously in mar-

kets for supplies (PC components) and the market for finished PCs. Agents may assemble

for sale 16 different models of PCs, defined by the compatible combinations of the four

component types: CPU, motherboard, memory, and hard disk.

Figure B.1 diagrams the basic configuration of the supply chain. The six agents (ar-

rayed vertically in the middle of the figure and to be supplied by the competing teams)

procure components from the eight suppliers on the left, and sell PCs to the entity rep-

resenting customers, on the right. Trades at both levels are negotiated through a request-

for-quote (RFQ) mechanism, which proceeds in three steps:

1. Buyer issues RFQs to one or more sellers.

2. Sellers respond to RFQs with offers.

3. Buyers accept or reject offers. An accepted offer becomes an order.

The suppliers and customer implement fixed negotiation policies, defined in the game

specification, and discussed in detail below where applicable.

The game runs for 220 simulated days. On each day, the agent may receive offers and

component delivery notices from suppliers and RFQs and offer acceptance notifications

from customers. It then must make several decisions:

1. What RFQs to issue to component suppliers.

2. Given offers from suppliers (based on the previous day’s RFQs), which to accept.

3. Given component inventory and factory capacity, what PCs to manufacture.

4. Given inventory of finished PCs, which customer orders to ship.

1For more details and latest information, see http://www.sics.se/tac. Below, we follow with
a specifications of the game for the 2003 and 2004 competitions.
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Figure B.1: TAC/SCM supply chain.

5. Given RFQs from customers, to which to respond and with what offers.

In the simulation, the agent has 15 seconds to compute and communicate its daily deci-

sions to the game server. At the end of the game, agents are evaluated by total profit, with

any outstanding component or PC inventory valued at zero.

A key stochastic feature of the game environment is level of demand for PCs. The

underlying demand level is defined by an integer parameter Q (called RFQavg in the

specification document [Arunachalam et al., 2003, Section 6]). Each day, the customer

issues a set of Q̂ RFQs, where Q̂ is drawn from a Poisson distribution with mean value

defined by the parameter Q for that day. Since the order quantity, PC model, and reserve

price are set independently for each customer RFQ, the number of RFQs serves as a

sufficient statistic for the overall demand, which in turn is a major determinant of the

potential profits available to the agents.

The demand parameter Q evolves according to a given stochastic process. In the

TAC/SCM 2003 specification, the process was defined as follows. In each game instance,
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an initial value, Q0, is drawn uniformly from [80,320]. If Qd is the value of Q on day d,

then its value on the next day is given by [Arunachalam et al., 2003, Section 6]:

Qd+1 = min(320,max(80, τdQd)), (B.1)

where τ is a trend parameter that also evolves stochastically. The initial trend is neutral,

τ0 = 1, with subsequent trends updated by a perturbation ε ∼ U [−0.01, 0.01]:

τd+1 = max(0.95,min(1/0.95, τd + ε)). (B.2)

In a given game, the demand may stay at predominantly high or low levels, or oscillate

back and forth. As it turns out, the resulting distribution of average RFQs per day (Fig-

ure B.2) has spikes at the low and high levels; indeed, we can see that games are most

likely to have average demand in the low ranges. As this was considered anomalous
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Figure B.2: Probability density for average RFQs per day (Q̄) in TAC/SCM 2003.

and undesirable by the game masters, the demand process was modified for TAC/SCM

2004 to make the average demand unimodal, with medium-range values occuring with

the highest probability.
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In the TAC/SCM 2003/04 market, suppliers set prices for components based on an

analysis of their available capacity. Conceptually, there exist separate prices for each

type of component, from each supplier. Moreover, these prices vary over time: both the

time that the deal is struck, and time that the component is promised for delivery.

The TAC/SCM 2003 component catalog [Arunachalam et al., 2003, Figure 3] asso-

ciates every component c with a base price, bc. The correspondence between price and

quantity for component supplies is defined by the suppliers’ pricing formula [Arunacha-

lam et al., 2003, Section 5.5]. The price offered by a supplier at day d for an order to be

delivered on day d+ i is

pc(d+ i) = bc − 0.5bc
κc(d+ i)

500i
, (B.3)

where for any j, κc(j) denotes the cumulative capacity for c the supplier projects to have

available from the current day through day j. The denominator, 500i, represents the

nominal capacity controlled by the supplier over i days, not accounting for any capacity

committed to existing orders.

Supplier prices according to Eq. (B.3) are date-specific, depending on the particular

pattern of capacity commitments in place at the time the supplier evaluates the given

RFQ. A key observation is that component prices are never lower than at the start of

the game (d = 0), when κc(i) = 500i and therefore pc(i) = 0.5bc, for all c and i.2 As

the supplier approaches fully committed capacity (κc(d+ i)→ 0), pc(d+ i) approaches

bc. While some changes were made to the supplier model for TAC/SCM 2004, this key

design aspect was retained.

In general, one would expect that procuring components at half their base price would

be profitable, up to the limits of production capacity. Customer reserve prices range be-

tween 0.75 and 1.25 the base price of PCs, defined as the sum of base prices of compo-

nents. Therefore, unless there is a significant oversupply, prices for PCs should easily

exceed the component cost, based on day-0 prices.

2As discussed below, this creates a powerful incentive for early procurement, with significant conse-
quences for game balance. In retrospect, the supplier pricing rule was generally considered a design flaw
in the game, and has been substantially revised for the 2003 TAC/SCM tournament.
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An agent’s procurement strategy must also take into account the specific TAC/SCM

RFQ process. Each day, agents may submit up to 10 RFQs, ordered by priority, to each

supplier. The suppliers then repeatedly execute the following, until all RFQs are ex-

hausted: (1) randomly choose an agent,3 (2) take the highest-priority RFQ remaining on

its list, (3) generate a corresponding offer, if possible. In responding to an RFQ, if the

supplier has sufficient available capacity to meet the requested quantity and due date, it

offers to do so according to its pricing function. If it does not, the supplier instead offers

a partial quantity at the requested date and/or the full quantity at a later date, to the best

of its ability given its existing commitments. In all cases, the supplier quotes prices based

on Eq. (B.3), and reserves sufficient capacity to meet the quantity and date offered.

Although it necessarily simplifies the PC market and manufacturing process to a great

extent, the TAC/SCM game does introduce several realistic elements not typically incor-

porated in trading games. Specifically, it embeds trading in a concrete production context,

and incorporates stochastic (and partially observable) exogenous effects. Like actors on

real supply chains, TAC/SCM agents make decisions under uncertainty over time, deal-

ing with both suppliers and customers, in a competitive market environment. Negotiation

concerns several facets of a deal (price, quantity, delivery time, penalty), and takes place

simultaneously at multiple tiers.

B.2.1 TAC/SCM 2003: Preemptive Strategy

The Deep Maize preemptive strategy operates by submitting a large RFQ to each

supplier for each component produced. The preemptive RFQ requests 85000 units—

representing 170 days’ worth of supplier capacity—to be delivered by day 30. See Fig-

ure B.3. It is of course impossible for the supplier to actually fulfill this request. Instead,

the supplier will offer us both a partial delivery on day 30 of the components they can

offer by that date (if any), and an earliest-complete offer fulfilling the entire quantity

(unless the supplier has already committed 50 days of capacity). With these offers, the

3At the start of the game, suppliers select among agents with equal probability. Thereafter, suppliers
employ a reputation mechanism whereby the probability of agent choice depends on its record of accepting
previous offers. We discuss the operation and effectiveness of this mechanism below.
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supplier reserves necessary capacity. This has the effect of preempting subsequent RFQs,

since we can be sure that the supplier will have committed capacity at least through day

172. (The extra two days account for negotiation and shipment time.) We will accept

the partial-delivery offer, if any (and thereby reject the earliest-complete), giving us at

most 14000 component units to be delivered on day 30, a large but feasible number of

components to use up by the end of the game.

0 30 172 219
Figure B.3: Deep Maize’s preemptive RFQ.

In the situation that our preemptive RFQ gets considered after the supplier has com-

mitted 50 days of production to other agents, we will not receive an offer, and our pre-

emption is unsuccessful. For this reason, we also submit backup RFQs of 35000 to be

delivered on day 50, and 15000 to be delivered on day 70.

The effect of a preemptive RFQ clearly depends on the random order by which its

target supplier selects agents to consider. On each selection, Deep Maize will be picked

with probability 1/6, which means that with probability 1 − 5
6

k it is selected within the

first k RFQs. For example, the preemptive RFQ appears among the first four 51.8%

of the time. Given these orderings are also generated independently for each supplier-

component combination, with high probability Deep Maize is expected to successfully

preempt a significant number of the other agents’ day-0 RFQs.

The TAC/SCM designers anticipated the possibility of preemptive RFQ generation,

(there was much discussion about it in the original design correspondence), and took steps

to inhibit it. The designers instated a reputation mechanism, in which refusing offers from

suppliers reduces the priority of an agent’s RFQs being considered in the future. This is

accomplished by adjusting agent i’s selection probability πi as follows [Arunachalam et
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al., 2003, Section 5.1]:

weighti = max
(

0.5,
QuantityPurchasedi

QuantityRequestedi

)
,

πi =
weighti∑
x weightx

.

Even with this deterrent, we felt our preemptive strategy would be worthwhile. Since

most agents were focusing strongly on day 0, priority for RFQ selection on subsequent

days might not turn out to be crucial. In any event, we did not seem to have viable

alternatives.

We deployed the preemptive strategy in the semifinal rounds of TAC/SCM 2003. Al-

though none had anticipated it explicitly, it turned out that most agents playing in the

finals were individually flexible enough to recover from day-0 preemption. By preempt-

ing, it seemed that Deep Maize had leveled the playing field, but RedAgent’s apparent

adaptivity in procurement and sales [Keller et al., 2004] earned it the top spot in the

competition rankings.

288



APPENDIX C

Proofs for Chapter 4

C.1 Proof of Proposition 4.5

First, let us suppose that some function, f(x) defined on [ai, bi], satisfy Lipschitz

condition on (ai, bi] with Lipschitz constant Ai. Then the following claim holds:

Claim C.1 infx∈(ai,bi] f(x) ≥ 0.5(f(ai) + f(bi)− Ai(bi − ai).

To prove this claim, note that the intersection of lines at f(ai) and f(bi) with slopes

−Ai and Ai respectively will determine the lower bound on the minimum of f(x) on

[ai, bi] (which is a lower bound on infimum of f(x) on (ai, bj]). The line at f(ai) is

determined by f(ai) = −Aiai + cL and the line at f(bi) is determined by f(bi) = Aibi +

cR. Thus, the intercepts are cL = f(ai) + Aiai and cR = f(bi) + Aibi respectively. Let

x∗ be the point at which these lines intersect. Then,

x∗ = −f(x∗)− cR
A

=
f(x∗)− cL

A
.

By substituting the expressions for cR and cL, we get the desired result.

Now, subadditivity gives us

Pr{
∨
θ∈Θ

sup{φ∗(θ)} ≤ α} ≤
5∑

j=1

Pr{
∨

θ∈Θj

sup{φ∗(θ)} ≤ α},
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and, by the claim,

Pr{
∨

θ∈Θj

sup{φ∗(θ)} ≤ α} = 1− Pr{
∧

θ∈Θj

sup{φ∗(θ)} > α} =

= 1− Pr{ inf
θ∈Θj

sup{φ∗(θ)} > α} ≤ Pr{sup{φ∗(aj)}+ sup{φ∗(bj)} ≤

≤ 2α+ Aj(bj − aj)}.

Since we have a finite number of points in the data set for each θ, we can obtain the

following expression:

Pr{sup{φ∗(aj)}+ sup{φ∗(bj)} ≤ cj} =D∑
y,z∈D:y+z≤cj

Pr{sup{φ∗(bj)} = y}Pr{sup{φ∗(aj)} = z}.

We can now restrict attention to deriving an upper bound on Pr{sup{φ∗(θ)} = y} for

a fixed θ. To do this, observe that

Pr{sup{φ∗(θ)} = y} ≤D Pr{
∨

a∈D :φ(a)=y

ε(a) = 0} ≤
∑

a∈D :φ(a)=y

Pr{ε(a) = 0}

by subadditivity and the fact that a profile a is a Nash equilibrium if and only if ε(a) = 0.

Putting everything together yields the desired result.
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APPENDIX D

Proofs for Chapter 5

D.1 Proof of Theorem 5.1

Note that α is just the probability that the actual measure r of set B is above p if none

of n i.i.d. samples Xi from the type distribution violated the constraint:

α = Pr{r ≥ p | ∀i = 1, . . . , n,Xi /∈ B} =
Pr{∀i = 1, . . . , n,Xi /∈ B&r ≥ p}

Pr{∀i = 1, . . . , n,Xi /∈ B}
.

Since the samples are i.i.d.,

Pr{∀i = 1, . . . , n,Xi /∈ B | r} = (1− r)n,

and since we assumed a uniform prior on r, we get

Pr{∀i = 1, . . . , n,Xi /∈ B} =

∫ 1

0

(1− r)ndr =
1

n+ 1

and

Pr{∀i = 1, . . . , n,Xi /∈ B&r ≤ p} =

∫ 1

p

(1− r)ndr =
(1− p)n+1

n+ 1
.

Consequently, we obtain the following relationship between α, p, and n:

α = (1− p)n+1.
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Solving for n, we get

n =
logα

log(1− p)
− 1.

D.2 Proof of Theorem 5.6

Suppose p is the probability measure of TA and suppose we select the best θi of

{θ1, . . . , θL}. Suppose further that we take n samples for each θj , and let T n be the set

of n type realizations. We will also use the notation θ ∈ G to indicate an event that for a

particular θ, mint∈T n W (r, t, θ) > inft∈T\TA
W (r, t, θ).

We would like to compute the number of samples n for each of these samples such

that P{θi /∈ G} ≥ 1− α.

Note that

P{θi /∈ G} ≥ P{θ1 /∈ G& · · ·&θL /∈ G} = P{θj /∈ G}L.

Now,

P{θj ∈ G} = P{t1 /∈ TA& · · ·&tn /∈ TA} = P{ti /∈ TA}n = (1− p)n.

Thus,

P{θi /∈ G} ≥ (1− (1− p)n)L = 1− α.

Solving for n, we obtain the desired answer.

D.3 Proof of Theorem 5.8

We show that for the two-player game with types U [A,B] and payoff function

u(t, a, t′, a′) =


t− ha− ka′ if a > a′

t−ha−ka′+ha′+ka
2

if a = a′

ha′ + ka if a < a′,
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with h, k ≥ 0 and B ≥ A+ 1 that the following is a symmetric Bayes-Nash equilibrium

strategy:
t

3(h+ k)
+
hA+ kB

6(h+ k)2
. (D.1)

Consider first the special case that h = k = 0. Equation D.1 prescribes a strategy of

bidding∞ and it is clear that this is a dominant strategy in a game where the winner is

the high bidder with no payments required.1 We will now assume that h+ k > 0.

Definem ≡ 1
3(h+k)

and c ≡ hA+kB
6(h+k)2

and let T be a random U [A,B] variable giving the

opponent’s type. Noting that the tie-breaking case (a = a′) happens with zero probability

given that (D.1) is a continuous function of a uniform random variable, we write the

expected utility for an agent of type t playing action a as

EU(t, a) = ET [u(t, a, T,mT + c)]

= E[t− ha− k(mT + c) | a > mT + c] Pr(a > mT + c)]

+ E[h(mT + c) + ka | a < mT + c] Pr(a < mT + c)

= E

[
t− ha− kmT − kc

∣∣∣∣ T <
a− c
m

]
Pr

(
T <

a− c
m

)
+ E

[
hmT + hc+ ka

∣∣∣∣ T >
a− c
m

]
Pr

(
T >

a− c
m

)
(D.2)

We consider three cases on the range of a and find the optimal action a∗i for each case

i.

Case 1: a ≤ Am+ c. ( =⇒ a−c
m
≤ A)

The probabilities in (D.2) are zero and one, respectively, and so the expected utility

is:

EU(t, a) = hm
A+B

2
+ hc+ ka.

This is an increasing function in a, implying an optimal action at the right boundary:

1This assumes that the space of possible bids includes∞. More generally, the dominant strategy is the
supremum of the bid space but if this is not itself a member of the bid space (as is the case if the bid space
is R) then there is in fact no Nash equilibrium of the game.
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a∗1 = Am+ c. Thus the best expected utility for case 1 is

EU(t, a∗1) =
2A+B

6
.

Case 2: a ≥ Bm+ c. ( =⇒ a−c
m
≤ B)

The probabilities in (D.2) are one and zero, respectively, and so the expected utility

is:

EU(t, a) = t− ha− kmA+B

2
− kc.

This is a decreasing function in a, implying an optimal action at the left boundary: a∗2 =

Bm+ c. Thus the best expected utility for case 2 is

EU(t, a∗2) = t− A+ 2B

6
.

Case 3: Am+ c < a < Bm+ c.

Knowing that a−c
m

is between A and B it is straightforward to compute the probabili-

ties in (D.2) and the conditional expectation of T . So we write EU(t, a) as:

(
t− ha− km

A+ a−c
m

2
− kc

)(
a− c
m
− A

)
+

(
hm

B + a−c
m

2
+ hc+ ka

)(
B − a− c

m

)
=(−108a2h4 − 432a2kh3 − 648a2k2h2 − 432a2k3h−

− 108a2k4 + 36aAh3 + 72ath3 + A2h2 + 4B2h2+

+ 4ABh2 + 72aAkh2 + 36aBkh2 − 36Ath2 + 216akth2+

+ 36aAk2h+ 72aBk2h+ 8A2kh+ 8B2kh+ 2ABkh+

+ 216ak2th− 60Akth− 12Bkth+ 36aBk3 + 4A2k2 +B2k2

+ 4ABk2 + 72ak3t− 24Ak2t− 12Bk2t)/(24(h+ k)2).

Since this is a concave function of a the maximum is where the derivative with respect to
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a is zero, that is (skipping the tedious algebra for which we used Mathematica):

∂ EU(t, a)

∂a
= 0

=⇒ a∗3 =
t

3(h+ k)
+
hA+ kB

6(h+ k)2
.

Since A ≤ t ≤ B =⇒ Am+ c ≤ a∗3 ≤ Bm+ c, a∗3 is in fact in the allowable range for

case 3. The expected utility for case 3 is then

EU(t, a∗3) =
3t2 + A2 +B2 + A(B − 6t)

6
.

It now remains to show that neither EU(t, a∗1) nor EU(t, a∗2) is greater than EU(t, a∗3)

for any t.

Since t ≥ A there exists a δ ≥ 0 such that t = A + δ. And since B ≥ A + 1 there

exists an ε ≥ 0 such that B = A+ 1 + ε. First, EU(t, a∗3) ≥ EU(t, a∗2) because

(δ − 1)2 ≥ 0

=⇒ δ2 − 2δ + 1 ≥ 0

=⇒ δ2 + 1 ≥ 2δ

=⇒ (A+ δ − A)2 + 2A+ 1 ≥ 2A+ 2δ

=⇒ (t− A)2 + 2A+ 1 ≥ 2t

=⇒ t2 + A2 + 2A+ 1 ≥ 2At+ 2t

=⇒ 3t2 + 3A2 + 6A+ 3 + (3Aε+ ε2 + 4ε) ≥ 6At+ 6t

=⇒ 3t2 + A2 + (A2 + 2A+ 2Aε+ ε2 + 2ε+ 1)+

+ (A2 + A+ Aε)− 6At ≥ 6t− A− 2A− 2− 2ε

=⇒ 3t2 + A2 + (A+ 1 + ε)2 + A(A+ 1 + ε)− 6At

≥ 6t− A− 2(A+ 1 + ε)

=⇒ 3t2 + A2 +B2 + AB − 6At ≥ 6t− A− 2B.
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Finally, EU(t, a∗3) ≥ EU(t, a∗1) because

(t− A)2 ≥ 0

=⇒ t2 − 2At+ A2 ≥ 0

=⇒ t2 + A2 ≥ 2At

=⇒ 3t2 + 3A2 ≥ 6At

=⇒ 3t2 + 3A2 + (3Aε+ ε2 + ε) ≥ 6At

=⇒ 3t2 + 3A2 + 3A+ 3Aε+ ε2 + ε− 6At ≥ 3A

=⇒ 3t2 + (A2 + A+ ε)− 6At+

+ (A2 + 2A+ 2Aε+ ε2 + 2ε+ 1) + A2 ≥ 3A+ ε+ 1

=⇒ 3t2 + A(A+ 1 + ε)− 6At+ A2 + (A+ 1 + ε)2

≥ 2A+ (A+ ε+ 1)

=⇒ 3t2 + AB − 6At+ A2 +B2 ≥ 2A+B.

D.4 Proof of Theorem 5.9

It is direct from Theorem 5.8 that setting h = 1/3 and k = 0 yields a symmetric

Bayes-Nash equilibrium s(t) = t when A = 0. We now show that the best response to

truthful bidding is only truthful under this parameter setting—i.e., that SGA(1/3, 0) is

the only BNIC game in the SGA family, for U [0, B] types.

Suppose that the opponent bids truthfully (i.e., s(t) = t for one of the agents). First,

assume that a ∈ [0, B]. The expected utility of an agent with type t from bidding a is

then

EU(t, a) =

∫ a

0

(t− ha− kT )dT +

∫ 1

a

(hT + ka)dT =

=
1

2

(
−3(h+ k)a2 + 2(Bk + t)a+B2h

)
.

Since this function is strictly concave in a, we can use the first-order condition to find the

296



optimum bid:
∂ EU(t, a)

∂a
= t− 3(h+ k)a+Bk = 0

yielding

a =
t+Bk

3(h+ k)
, (D.3)

which is truthful for every type t only when h = 1/3 and k = 0.

Now, if a ≤ 0, it will always lose, and the expected utility is

EU(t, a) =

∫ B

0

(hT + ka)dT = B2h/2 + kBa,

which is maximized when a = 0. Consequently, there is no incentive to ever bid below

0. Similarly, if a ≥ B, the agent will never lose, and

EU(t, a) =

∫ B

0

(t− ha− kT )dT = −1

2
B(2ah+Bk − 2t),

which is maximized when a = B. Thus, there is no incentive to ever bid above B. All

incentive compatible mechanisms will thus induce bidding according to (D.3). It follows,

then, that SGA(1/3, 0) is the only truthful mechanism for U [0, B] (B > 0) types.

D.5 Proof of Theorem 5.10

The objective function in terms of h and k is

min
h,k
|E[tw − 2h(

tw
3(h+ k)

+
k

6(h+ k)2
)− 2k(

tl
3(h+ k)

+
k

6(h+ k)2
) | tw > tl]|.

Since E[tw | tw > tl] is the expectation of the first order statistic of two U [0, 1] random

variables, it is 2/3 (and 1/3 for tl). Thus, the objective function above reduces to

min
h,k

∣∣∣∣ 2h+ k

9(h+ k)

∣∣∣∣ .
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We now show that this expression cannot be less than 1/9:

h ≥ 0

=⇒ 2h ≥ h

=⇒ 2h+ k ≥ h+ k

=⇒ 2h+ k

h+ k
≥ 1

=⇒ 2h+ k

9(h+ k)
≥ 1

9
.

Since setting h = 0 yields the minimum of 1/9 for any k > 0 we conclude that all

mechanisms SGA(0, k) minimize the objective function.

D.6 Proof of Theorem 5.11

Let R designate the expected revenue of the winner.

R = E[tw − h(tw/3(h+ k) + k/6(h+ k)2)− k(tl/3(h+ k) + k/6(h+ k)2)] =

= E[tw]− hE[tw]/3(h+ k)− hk/6(h+ k)2 − kE[tl]/3(h+ k)− k2/6(h+ k)2 =

= 2/3− (4h+ 5k)/18(h+ k) = 4/9− k/18(h+ k).

D.7 Proof of Theorem 5.12

Let R designate the expected revenue of the loser.

R = E[h(tw/3(h+ k) + k/6(h+ k)2) + k(tl/3(h+ k) + k/6(h+ k)2)] =

= hE[tw]/3(h+ k) + hk/6(h+ k)2 + kE[tl]/3(h+ k) + k2/6(h+ k)2 =

= (4h+ 5k)/18(h+ k) = 2/9 + k/18(h+ k).

D.8 Proof of Theorem 5.13

First, we obtain the expression to be minimized.
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sup
t>t′
|t− 2h(

t

3(h+ k)
+

k

6(h+ k)2
)− 2k(

t′

3(h+ k)
+

k

6(h+ k)2
)| =

= sup
t>t′
|t− 2ht+ 2kt′

3(h+ k)
− k

3(h+ k)
| = sup

t>t′
|ht+ 3kt− 2kt′ − k

3(h+ k)
|.

Clearly, this is minimized when t = 1 and t′ = 0, yielding

h+ 3k − k
3(h+ k)

=
h+ 2k

3(h+ k)
.

Now, note that since h, k ≥ 0,

h+ 2k

3(h+ k)
≥ h+ k

3(h+ k)
=

1

3
.

Thus, the expression cannot be less than 1/3. Consequently, since setting k = 0 for any

h > 0 results in the objective function value of 1/3, it describes a subset of optimal values.

D.9 Proof of Theorem 5.14

inf
t>t′

[t− h( t

3(h+ k)
+

k

6(h+ k)2
)− k( t′

3(h+ k)
+

k

6(h+ k)2
)] =

= inf
t>t′

[t− ht′ + kt

3(h+ k)
− k

6(h+ k)
] = inf

t>t′

h(t− t′)
3(h+ k)

− k

6(h+ k)
.

The infimum is equivalent to setting t = 0 and t′ = 0, and thus the expression is maxi-

mized if
k

6(h+ k)

is minimized, which is effected by setting k = 0. The resulting optimal value is 0.
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D.10 Proof of Theorem 5.15

inf
t>t′

[h(
t

3(h+ k)
+

k

6(h+ k)2
) + k(

t′

3(h+ k)
+

k

6(h+ k)2
)] =

= inf
t>t′

[
ht′ + kt

h+ k
+

k

6(h+ k)
] = inf

t>t′

ht′ + kt

h+ k
+

k

6(h+ k)
.

The infimum is equivalent to setting t = 0 and t′ = 0, and the expression is thus maxi-

mized when h = 0 for any k > 0, with the optimum of 1/6.

D.11 Proof of Lemma 5.16

First, let us derive Q(q, t) and U(q, x, t), where q is the probability that player with

the higher type wins the good and x(t) is the expected payment by players [Myerson,

1981].

Q(q, t) =

∫ t

0

qdT +

∫ 1

t

(1− q)dT = t(2q − 1)− q + 1.

U(q, x, t) =

∫ t

0

(tq − k1t− k2T −K1)dT +

∫ 1

t

((1− q)t− k3t− k4T −K2)dT =

= (2q − k1 − 0.5k2 + k3 + 0.5k4 − 1)t2+

+ (1− q −K1 − k3 +K2)t− (0.5k4 +K2).

The first constraint that must be satisfied according to Myerson [1981] is if s ≤ t then

Q(q, s) ≤ Q(q, t). This constraint is always satisfied in our design space by inspection

of the form of Q(q, t) above.

Individual rationality constraint requires that U(q, x, 0) ≥ 0, implying in our setting

that 0.5k4 +K2 ≤ 0. Since all design parameters are constrained to be non-negative, this

implies that k4 = K2 = 0, and, consequently, U(q, x, 0) = 0.

The version of the final constraint in Myerson [1981] in our setting

U(q, x, t) =

∫ 1

0

Q(q, s)ds = (q − 0.5)t2 + (1− q)t
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implies that K1 = k3 = 0 and q − k1 − 0.5k2 − 0.5 = 0, completing the proof.

D.12 Proof of Theorem 5.17

The expected revenue to the designer is

U0(q, x) =

∫ 1

0

∫ 1

0

(x1(t, T ) + x2(t, T ))dtdT

which by symmetry and Lemma 5.16 is equivalent to

U0(q, x) = 2

∫ 1

0

∫ t

0

(k1t+ k2T )dTdt =
2

3
k1 +

1

3
k2.

Rewriting the constraint from Lemma 5.16 to be k1 + 0.5k2 = q − 0.5, it is clear that

the revenue is maximal when q = 1. Now, if we let k = k1 and k2 = 1−2k, the expected

revenue becomes (2/3)k + (1/3)(1− 2k) = 1/3. Thus, we can set any k1 ∈ [0, 0.5] and

k2 ∈ [0, 1], respecting the constraint, to achieve optimal revenue of 1/3.

D.13 Proof of Proposition 5.18

We will use the equilibrium bids of s(t) = 0.72t − 0.73 in this proof. First, let us

derive the expected payment of an agent with type t, which we designate by m(t). We

can simplify our task by taking advantage of strict monotonicity of the equilibrium bid

function in t.

m(t) =

∫ t

0

(0.95s(t) + 0.84s(T ) + 0.78)dT +

∫ 1

t

(0.73s(t) + 0.53)dT =

= 0.95t(0.72t− 0.73) + 0.84(0.36t2 − 0.73t)+

+ 0.78t+ 0.73(0.72t− 0.73)(1− t) + 0.53(1− t) =

= 0.4604t2 + 0.0018t− 0.0029.
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By symmetry, the expected revenue is twice the expectation of m(t):

R = 2

∫ 1

0

m(t)dt = 2

∫ 1

0

(0.4604t2 + 0.0018t− 0.0029)dt > 0.3.

To confirm individual rationality, we need to compute the expected value to an agent with

type t from this auction, which we label v(t):

v(t) =

∫ t

0

0.96tdT +

∫ 1

t

0.04tdT = 0.92t2 + 0.04t.

The expected utility to an agent with type t is its expected value less expected payment:

EU(t) = v(t)−m(t) = 0.4596t2 + 0.0382t+ 0.0029.

Clearly, this is always positive. Furthermore, the designer can charge each agent an addi-

tional participation fee of 0.0029 and maintain individual rationality. Since this uniform

fee will not affect agents’ incentives, the designer will gain an additional 0.0058 in rev-

enue without compromising the individual rationality constraint.

D.14 Proof of Theorem 5.19

The intuition for the proof is straightforward. Suppose that the equilibrium bid func-

tion is strictly increasing and q = 1. Then, since the high bidder always gets the good,

and the higher type is always the high bidder, the good always goes to the agent that

values it more. Consequently, this design yields optimal welfare. The reverse argument

works in the other case.

Formally, expected welfare is

pEt,T [t | t > T ] + (1− p)Et,T [t | t < T ] + 0.5Et,T [t | t = T ],

where p is the probability that the high type gets the good. Since the probability that types

of both agents are equal is 0, the third term is 0. Furthermore,Et,T [t | t > T ] = 2/3, since
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this is just the first order statistic of the type distribution, and )Et,T [t | t < T ] = 1/3 since

it is the second order statistic of the type distribution. Consequently, expected welfare is

(2/3)p + (1/3)(1 − p). This is maximized when p = 1, and the maximal value is 2/3.

Now, if bid function is increasing in t, then q = p = 1 ensures optimality. If bid function

is decreasing in t, on the other hand, q = (1− p) = 0 ensures optimality.

D.15 Proof of Proposition 5.20

We will work with the symmetric equilibrium bid of s(t) = 0.645t− 0.44. Since we

have already shown the optimality of this mechanism, we just need to confirm individual

rationality and compute the revenue from this auction.

As before, we start with computing the payment of an agent with type t:

m(t) =

∫ t

0

(0.88s(t) + 0.23s(T ) + 0.28)dT+

+

∫ 1

t

(0.06s(t) + 0.32s(T ))dT =

= 0.88t(0.645t− 0.44) + 0.23(0.3225t2 − 0.44t)+

+ 0.28t+ 0.06(0.645t− 0.44)(1− t)+

+ 0.32(−0.3225t2 + 0.44t− 0.1175) =

= 0.499875t2 − 0.0025t− 0.064.

By symmetry, the expected revenue is twice the expectation of m(t):

R = 2

∫ 1

0

(0.499875t2 − 0.0025t− 0.064)dt = 0.20275.

The expected value of an agent, v(t) is just t2, since the high type always gets the good.

Consequently, expected utility to an agent is

EU(t) = v(t)−m(t) = 0.50012t2 + 0.0025t+ 0.064.
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Since this is always nonnegative when t ∈ [0, 1], ex interim individual rationality con-

straint holds. Note also that it will hold weakly if we charge each participant 0.064 for

entering the auction. Thus, the designer could gain an additional 0.128 in revenue without

affecting incentives, welfare optimality, and individual rationality.

D.16 Proof of Theorem 5.21

Since we are assuming symmetry and the equilibrium bid function is increasing in t,

the objective is equivalent to

inf
t>T

[k1s(t) + k2s(T ) + k3s(T ) + k4s(t)] = inf
t>T

[k1mt+ k2mT + k3mT + k4mt] =

= m inf
t>T

[(k1 + k4)t+ (k2 + k3)T ] = 0.

D.17 Proof of Proposition 5.22

We will use the symmetric equilibrium bid of (approximately) s(t) = 0.43t− 0.51.

First we establish the robust revenue properties of the design. By symmetry, the robust

objective is equivalent to

inf
t>T

(s(t) + 0.34s(T ) + 0.69) = inf
t>T

(0.43t+ 0.1462T + 0.0066) = 0.0066.

The expected utility of type t is

∫ t

0

(t− s(t)− 0.34s(T )− 0.69)dT = 0.4969t2 − 0.0066t,

which attains a minimum at t = 0.0066412, with the minimum value of just above

−0.000022.
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D.18 Proof of Proposition 5.23

We will use the symmetric equilibrium bid of s(t) = (7/9)t + 2/9. The expected

payment of type t is

m(t) =

∫ t

0

(
7

9
T +

2

9
)dT =

7

18
t2 +

2

9
t.

The expected revenue is then

R = 2

∫ 1

0

(
7

18
t2 +

2

9
t)dt =

13

27

which is approximately 0.48.

Since the high bidder always gets the good, v(t) = t2. The expected utility of an

agent with type t is then

eu =
11

18
t2 − 2

9
t,

which attains its minimum when t = 2/11, with the minimum value of −44/2178 (just

under -0.02). Thus, it is not individually rational. To fix the mechanism, the designer

could afford each agent 0.021 for participation, reducing his revenue to 0.438.

D.19 Proof of Proposition 5.24

We will use the symmetric equilibrium bid of s(t) = 1.613t − 0.234. First, we

compute expected payment of type t:

m(t) =

∫ t

0

(0.98s(T ) + 0.09)dT +

∫ 1

t

0.33s(t)dT

= 0.98(0.8065t2 − 0.234t) + 0.09t+ 0.33(1.613t− 0.234)(1− t)

= 0.25808t2 + 0.47019t− 0.07722.

The expected revenue is then

R = 2

∫ 1

0

(0.25808t2 + 0.47019t− 0.07722)dt = 0.4878.
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Since the high bidder always gets the good, v(t) = t2, and the expected utility of type t

is then

EU(t) = 0.74192t2 − 0.47019t+ 0.07722.

The function EU(t) is always positive, and the minimum gain for any agent type is

0.00273. Thus, the designer could charge an entry fee of 0.0027 and gain an additional

0.0054 in revenue, for a total of 0.4932.

D.20 Proof of Proposition 5.25

In this case, we will use the symmetric equilibrium bid of s(t) = 0.595t − 0.2. The

expected payment of type t is

m(t) =

∫ t

0

(s(t) + 0.33s(T ) + 0.22)dT +

∫ t

t

(0.22s(t) + 0.12s(T ))dT

= 0.595t2 − 0.2t+ 0.33(0.2975t2 − 0.2t) + 0.22t+

+ 0.22(0.595t− 0.2)(1− t) + 0.12(−0.2975t2 + 0.2t+ 0.0975)

= 0.526575t2 + 0.1529t− 0.0323.

The expected revenue is then

R = 2

∫ 1

0

(0.526575t2 + 0.1529t− 0.0323) ≈ 0.44.

Since q = 1, v(t) = t2, and, therefore

EU(t) = 0.473425t2 − 0.1529t+ 0.0323,

which we can verify is always positive. Thus, this design is ex interim individually ratio-

nal. Since its minimum value is slightly above 0.0199, we can bill this amount to each

agent for participating in the auction without affecting incentives or ex interim individual

rationality. This adjustment will give the designer 0.0398 of additional revenue, for a

total of about 0.4798.
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D.21 Proof of Proposition 5.26

We use the symmetric equilibrium bid function s(t) = −0.22t− 0.175 here.

Since the bids are strictly decreasing in types, the expected value of type t is

v(t) =

∫ t

0

0.63t dT +

∫ 1

t

0.37t dT = 0.26t2 + 0.37t.

By symmetry, the expected welfare is then

W = 2

∫ 1

0

v(t) dt = 0.543.

The expected payment of type t is

m(t) =

∫ t

0

(0.29s(t) + 0.67s(T ) + 0.48)dT +

∫ 1

t

(0.8s(t) + s(T ) + 0.49)dT

= −0.29(0.22t+ 0.175)t− 0.67(0.11t2 + 0.175t)+

+ 0.48t+ 0.8(−0.22t− 0.175)(1− t)− 0.11t2 + 0.175t− 0.285 + 0.49(1− t)

= 0.1485t2 − 0.004t+ 0.065.

Thus, we can compute the expected revenue:

R =

∫ 1

0

(0.1485t2 − 0.004t+ 0.065)dt = 0.225.

The expected utility of type t is

EU(t) = v(t)−m(t) = 0.1115t2 + 0.374t− 0.065,

which attains its minimum at the lower type boundary of 0, with the minimum value of

-0.065, and is negative over the range of types [0, 0.17]. Thus, the designer could make

the mechanism completely ex interim individually rational at a loss of an additional 0.013

in revenue by offering each agent a participation gift of 0.065. With this gift, the revenue

would fall to 0.095.
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D.22 Proof of Proposition 5.27

We use the symmetric equilibrium bid function s(t) = 0.935t− 0.18 here.

The expected payment of an agent with type t is

m(t) =

∫ t

0

(0.51s(t) + s(T ) + 0.09)dT +

∫ 1

t

(0.34s(t) + 0.26s(T ))dT

= 0.51(0.935t2 − 0.18t) + 0.4675t2 − 0.18t+ 0.09t+

+ 0.34(0.935t− 0.18)(1− t) + 0.26(−0.4675t2 + 0.18t+ 0.2875)

= 0.5049t2 + 0.2441t+ 0.01355.

The expected revenue is thus

R = 2

∫ 1

0

(0.5049t2 + 0.2441t+ 0.01355)dt = 0.6078.

The expected utility of an agent with type t is

EU(t) = v(t)−m(t) = 0.4951t2 − 0.2441t− 0.01355,

which is negative for a fairly broad range of types (although always above the tolerance

level that we set). Type t∗ = 0.24652 fairs the worst, incurring a loss of nearly 0.044.

However, by compensating both agents this amount, we ensure ex interim individual ra-

tionality without affecting incentives. As a result, the designer will lose 0.088 in expected

revenue, which will fall to 0.5198.

D.23 Proof of Proposition 5.28

By symmetry, the objective value is equivalent to

inf
t>T

s(T ) = inf
t>T

(
7

9
T +

2

9
) = 2/9.

The rest follows by Proposition 5.23.
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D.24 Proof of Proposition 5.29

The objective value is equivalent to

inf
t>T

(s(t) + 0.71s(T ) + 0.14 + 0.09s(t)) =

= inf
t>T

(0.3t− 0.045 + 0.71(0.3T − 0.045) + 0.14 + 0.09(0.3t− 0.045)) = 0.059.

The expected utility of an agent is

eu(t) =

∫ t

0

(0.86t− 0.3t+ 0.045− 0.71(0.3T − 0.045)− 0.14)dT+

+

∫ 1

t

(0.14t− 0.09(0.3T − 0.045))dT =

= 0.56t2 + 0.07695t− 0.1065t2 − 0.14t+ 0.14t− 0.14t2 + 0.00405−

− 0.00405t− 0.0135(1− t2) =

= 0.327t2 + 0.0729t− 0.0135.

which attains a minimum value of -0.0135. Thus, the participation award of 0.0135 to

each agent is necessary to make this design individually rational, with the resulting robust

revenue of 0.032.
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APPENDIX E

Proofs for Chapter 7

E.1 Proof of Theorem 7.9

First, we will need the following fact:

Claim E.1 Given a function fi(x) and a set X , |maxx∈X f1(x) − maxx∈X f2(x)| ≤

maxx∈X |f1(x)− f2(x)|.

To prove this claim, observe that

|max
x∈X

f1(x)−max
x∈X

f2(x)| = maxx f1(x)−maxx f2(x) if maxx f1(x) ≥ maxx f2(x)

maxx f2(x)−maxx f1(x) if maxx f2(x) ≥ maxx f1(x)

In the first case,

max
x∈X

f1(x)−max
x∈X

f2(x) ≤ max
x∈X

(f1(x)− f2(x)) ≤

≤ max
x∈X
|f1(x)− f2(x)|.

Similarly, in the second case,

max
x∈X

f2(x)−max
x∈X

f1(x) ≤ max
x∈X

(f2(x)− f1(x)) ≤

≤ max
x∈X
|f2(x)− f1(x)| = max

x∈X
|f1(x)− f2(x)|.
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Thus, the claim holds.

By the Strong Law of Large Numbers, un,i(a)→ ui(a) a.s. for all i ∈ I, a ∈ A. That

is,

Pr{ lim
n→∞

un,i(a) = ui(a)} = 1,

or, equivalently [2004], for any α > 0 and δ > 0, there is M(i, a) > 0 such that

Pr{ sup
n≥M(i,a)

|un,i(a)− ui(a)| <
δ

2|A|
} ≥ 1− α.

By taking M = maxi∈I maxa∈AM(i, a), we have

Pr{max
i∈I

max
a∈A

sup
n≥M
|un,i(a)− ui(a)| <

δ

2|A|
} ≥ 1− α.

Thus, by the claim, for any n ≥M ,

sup
n≥M
|εn(s)− ε(s)| ≤

max
i∈I

max
ai∈Ai

sup
n≥M
|un,i(ai, s−i)− ui(ai, s−i)|+

+ sup
n≥M

max
i∈I
|un,i(s)− ui(s)| ≤

max
i∈I

max
ai∈Ai

∑
b∈A−i

sup
n≥M
|un,i(ai, b)− ui(ai, b)|s−i(b)+

+ max
i∈I

∑
b∈A

sup
n≥M
|un,i(b)− ui(b)|s(b) ≤

max
i∈I

max
ai∈Ai

∑
b∈A−i

sup
n≥M
|un,i(ai, b)− ui(ai, b)|+

+ max
i∈I

∑
b∈A

sup
n≥M
|un,i(b)− ui(b)| <

max
i∈I

max
ai∈Ai

∑
b∈A−i

(
δ

2|A|
) + max

i∈I

∑
b∈A

(
δ

2|A|
) ≤ δ

with probability at least 1 − α. Note that since s−i(a) and s(a) are bounded between 0

and 1, we were able to drop them from the expressions above to obtain a bound that will

be valid independent of the particular choice of s. Furthermore, since the above result can
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be obtained for an arbitrary α > 0 and δ > 0, we have Pr{limn→∞ εn(s) = ε(s)} = 1

uniformly on S.

E.2 Proof of Lemma 7.11

We prove the result using uniform continuity of ui(s) and preservation of continuity

under maximum.

Claim E.2 A function f : Rk → R defined by f(t) =
∑k

i=1 ziti, where zi are constants

in R, is uniformly continuous in t.

The claim follows because |f(t)−f(t′)| = |
∑k

i=1 zi(ti− t′i)| ≤
∑k

i=1 |zi||ti− t′i|. An

immediate result of this for our purposes is that ui(s) is uniformly continuous in s and

ui(ai, s−i) is uniformly continuous in s−i.

Claim E.3 Let f(a, b) be uniformly continuous in b ∈ B for every a ∈ A, with |A| <∞.

Then V (b) = maxa∈A f(a, b) is uniformly continuous in b.

To show this, take γ > 0 and let b, b′ ∈ B such that ‖b − b′‖ < δ(a) ⇒ |f(a, b) −

f(a, b′)| < γ. Now take δ = mina∈A δ(a). Then, whenever ‖b− b′‖ < δ,

|V (b)− V (b′)| = |max
a∈A

f(a, b)−max
a∈A

f(a, b′)| ≤

max
a∈A
|f(a, b)− f(a, b′)| < γ.

Now, recall that ε(s) = maxi[maxai∈Ai
ui(ai, s−i) − ui(s)]. By the claims E.2 and E.3,

maxai∈Ai
ui(ai, s−i) is uniformly continuous in s−i and ui(s) is uniformly continuous in

s. Since the difference of two uniformly continuous functions is uniformly continuous,

and since this continuity is preserved under maximum by our second claim, we have the

desired result.

E.3 Proof of Theorem 7.12

Choose δ > 0. First, we need to ascertain that the following claim holds:
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Claim E.4 ε̄ = mins∈S\Nδ
ε(s) exists and ε̄ > 0.

SinceNδ is an open subset of compact S, it follows that S\Nδ is compact. As we had

also proved in Lemma 7.11 that ε(s) is continuous, existence follows from the Weierstrass

theorem. That ε̄ > 0 is clear since ε(s) = 0 if and only if s is a Nash equilibrium of Γ.

Now, by Theorem 7.9, for any α > 0 there is M such that

Pr{ sup
n≥M

sup
s∈S
|εn(s)− ε(s)| < ε̄} ≥ 1− α.

Consequently, for any δ > 0,

Pr{ sup
n≥M

h(Nn,Nδ) < δ} ≥ Pr{∀n ≥M Nn ⊂ Nδ} ≥

Pr{ sup
n≥M

sup
s∈N

ε(s) < ε̄} ≥

Pr{ sup
n≥M

sup
s∈S
|εn(s)− ε(s)| < ε̄} ≥ 1− α.

Since this holds for an arbitrary α > 0 and δ > 0, the desired result follows.

E.4 Proof of Lemma 7.13

I use Claim E.1 to provide a bound on |ε(r)− ε̂(r)|:

|ε(r)− ε̂(r)| = |max
i∈I

max
ai∈Ai

[û(ai, r−i)− û(r)]−max
i∈I

max
ai∈Ai

[ui(ai, r−i)− ui(r)]| ≤

max
i∈I

max
ai∈Ai

|[û(ai, r−i)− û(r)]− [ui(ai, r−i)− ui(r)]| =

max
i∈I

max
ai∈Ai

|[û(ai, r−i)− ui(ai, r−i)] + [ui(r)− û(r)]| ≤

max
i∈I

max
ai∈Ai

|û(ai, r−i)− ui(ai, r−i)|+ |û(r)− ui(r)|.

The result now follows from the assumption that |ui(r)− ûi(r)| ≤ δ for strategy profiles

r and ∀(ai, r−i) : ai ∈ Ai.
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E.5 Proof of Theorem 7.14

Let εn(r) denote the empirical regret with respect to the empirical game with at least

n payoff samples taken for every strategy profile, and let εi(r) denote the player i’s con-

tribution to regret (that is, the benefit player i can gain by deviating from r.

Pr{|εn(r)− ε(r)| ≥ 2γ} = Pr{|max
i∈I

εn,i(r)−max
i∈I

εi(r)| ≥ 2γ} ≤

≤ Pr{max
i∈I
|εn,i(r)− εi(r)| ≥ 2γ} ≤

≤ Pr{
⋃
i∈I

|εn,i(r)− εi(r)| ≥ 2γ} ≤

≤
∑
i∈I

Pr{|εn,i(r)− εi(r)| ≥ 2γ} ≤

≤
∑
i∈I

Pr{
⋃

q∈r∪(Ai,r−i)

[|un,i(q)− ui(q)| ≥ γ]} ≤

≤
∑
i∈I

(K + 1)δ ≤ m(K + 1)δ.

E.6 Proof of Lemma 7.17

Pr{|u(s)− û(s)| ≥ ε} =

= Pr{|u(s)− û(s)| ≥ ε||u(a)− û(a)| ≤ ε ∀a ∈ A}×

× Pr{|u(a)− û(a)| ≤ ε ∀a ∈ A}+

+ Pr{|u(s)− û(s)| ≥ ε|∃a ∈ A : |u(a)− û(a)| > ε}×

× Pr{∃a ∈ A : |u(a)− û(a)| > ε} ≤ δ.
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E.7 Proof of Proposition 7.22

Pr

(
max
i∈I

max
b∈Ri\ri

ui(b, r−i)− ui(r) ≤ ε

)
=

=
∏
i∈I

Pr( max
b∈Ri\ri

ui(b, r−i)− ui(r) ≤ ε) =

=
∏
i∈I

Eui(r) Pr( max
b∈Ri\ri

ui(b, r−i)− ui(r) ≤ ε|ui(r)) =

=
∏
i∈I

Eui(r)

 ∏
b∈Ri\ri

Pr(ui(b, r−i)− ui(r) ≤ ε|ui(r))

 =

=
∏
i∈I

∫
R

∏
b∈Ri

Pr(ui(b, r−i) ≤ u+ ε)fui(r)(u)du.

E.8 Proof of Proposition 7.23

Define Wi(b) = ui(b, s−i), b ∈ Ai, and let W ∗
i = ui(s). Since I assumed that ui(·) is

a vNM utility function, we have

Wi(b) =
∑

c∈A−i

ui(b, c)s−i(c) =
∑

c∈A−i

ūi(b, c)s−i(c)−
∑

c∈A−i

σi(b, c)s−i(c)Zi(b, c)√
ni(b, c)

.

Since Zi(·) are i.i.d. with distribution N(0, 1),

∑
c∈A−i

σi(b, c)s−i(c)Zi(b, c)√
ni(b, c)

 ∼ N

0,
∑

c∈A−i

σ2
i (b, c)s

2
−i(c)

ni(b, c)

 .

Then, ∑c∈A−i

(
σi(b, c)/

√
ni(b, c)

)
s−i(c)Z(b, c)√∑

c∈A−i

σ2
i (b,c)s2

−i(c)

ni(b,c)

 ∼ N(0, 1).

As a result, we can derive

Pr(Wi(b) ≤ u+ ε) = 1− Φ

∑r∈Q−i
ūi(q, r)s−i(r)− u− ε√∑

c∈A−i

σ2
i (b,c)s2

−i(c)

ni(b,c)
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Similarly we can show that

W ∗
i ∼ N(

∑
a∈A

ūi(a)s(a),
∑
a∈A

σ2(a)s2(a)

ni(a)
).

We now get the desired result by applying Proposition 7.22.

E.9 Proof of Proposition 7.24

Pr

(
max
i∈I

sup
t∈Ri

ui(t, r−i)− ui(r) ≤ ε

)
≥

≥ Pr

(
max
i∈I

max
t∈Rk,i

ui(t, r−i)− ui(r) ≤ ε−Bd
)

=

=
∏
i∈I

∫
R

∏
t∈Rk,i

Pr(ui(t, r−i) ≤ u+ ε−Bd)fui(r)(u)du.

E.10 Proof of Lemma 7.25

First, we prove the following claim.

Claim E.5 Let s be a mixed strategy profile. Then Pr{Wi(b, s−i) ≤ d} is continuous in

s.

Proof. Fix s ∈ S and let s′ be such that ‖s−s′‖∞ ≤ ε. Note that our choice of max-norm

here is not significant since all norms on finite-dimensional vector spaces are equivalent.

|Pr{Wi(b, s−i) ≤ d} − Pr{Wi(b, s
′
−i) ≤ d}| ≤

= |Φ

∑c∈A−i
ūi(b, c)s−i(c)− d√∑

c∈A−i

σ2
i (b,c)s2

−i(c)

ni(b,c)

− Φ

∑c∈A−i
ūi(b, c)s

′
−i(c)− d√∑

c∈A−i

σ2
i (b,c)s′2−i(c)

ni(b,c)

 |.
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Since Φ(·) is continuous, we need only bound the absolute difference in the arguments to

arrive at the desired result. To that end,∣∣∣∣∣∣
∑

c∈A−i
ūi(b, c)s−i(c)− d√∑

c∈A−i

σ2
i (b,c)s2

−i(c)

ni(b,c)

−
∑

c∈A−i
ūi(b, c)s

′
−i(c)− d√∑

c∈A−i

σ2
i (b,c)s′2−i(c)

ni(b,c)

∣∣∣∣∣∣ ≤∣∣∣∣∣∣
∑

c∈A−i
ūi(b, c)s−i(c)√∑

c∈A−i

σ2
i (b,c)s2

−i(c)

ni(b,c)

−
∑

c∈A−i
ūi(b, c)s

′
−i(c)√∑

c∈A−i

σ2
i (b,c)s2

−i(c)

ni(b,c)

∣∣∣∣∣∣+
+

∣∣∣∣∣∣
∑

c∈A−i
ūi(b, c)s

′
−i(c)− d√∑

c∈A−i

σ2
i (b,c)s2

−i(c)

ni(b,c)

−
∑

c∈A−i
ūi(b, c)s

′
−i(c)− d√∑

c∈A−i

σ2
i (b,c)s′2−i(c)

ni(b,c)

∣∣∣∣∣∣ .
Let us now isolate the two parts of the sum. The left sum becomes∣∣∣∣∣∣

∑
c∈A−i

ūi(b, c)s−i(c)√∑
c∈A−i

σ2
i (b,c)s2

−i(c)

ni(b,c)

−
∑

c∈A−i
ūi(b, c)s

′
−i(c)√∑

c∈A−i

σ2
i (b,c)s2

−i(c)

ni(b,c)

∣∣∣∣∣∣ ≤∣∣∣∣∣∣
∑

c∈A−i
ūi(b, c)√∑

c∈A−i

σ2
i (b,c)s2

−i(c)

ni(b,c)

∣∣∣∣∣∣ ∣∣s−i(c)− s′−i(c)
∣∣ ≤

∣∣∣∣∣∣
∑

c∈A−i
ūi(b, c)√∑

c∈A−i

σ2
i (b,c)s2

−i(c)

ni(b,c)

∣∣∣∣∣∣ ε.
This suffices so far, since s is fixed. Now we turn to the second summand above.∣∣∣∣∣∣

∑
c∈A−i

ūi(b, c)s
′
−i(c)− d√∑

c∈A−i

σ2
i (b,c)s2

−i(c)

ni(b,c)

−
∑

c∈A−i
ūi(b, c)s

′
−i(c)− d√∑

c∈A−i

σ2
i (b,c)s′2−i(c)

ni(b,c)

∣∣∣∣∣∣ ≤∣∣∣∣∣∣
∑

c∈A−i

ūi(b, c)− d

∣∣∣∣∣∣
∣∣∣∣∣∣ 1√∑

c∈A−i

σ2
i (b,c)s2

−i(c)

ni(b,c)

− 1√∑
c∈A−i

σ2
i (b,c)s′2−i(c)

ni(b,c)

∣∣∣∣∣∣ .
Now, we are left with the task of bounding the difference between the fractions on the

right. Define σ2
L = minc∈A−i

σ2
i (b, c); σ

2
H = maxc∈A−i

σ2
i (b, c); nL = minc∈A−i

ni(b, c);
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and nH = maxc∈A−i
ni(b, c).∣∣∣∣∣∣ 1√∑

c∈A−i

σ2
i (b,c)s2

−i(c)

ni(b,c)

− 1√∑
c∈A−i

σ2
i (b,c)s′2−i(c)

ni(b,c)

∣∣∣∣∣∣ =

∣∣∣∣∣∣
√∑

c∈A−i

σ2
i (b,c)s′2−i(c)

ni(b,c)
−
√∑

c∈A−i

σ2
i (b,c)s2

−i(c)

ni(b,c)√∑
c∈A−i

σ2
i (b,c)s2

−i(c)

ni(b,c)

√∑
c∈A−i

σ2
i (b,c)s′2−i(c)

ni(b,c)

∣∣∣∣∣∣
By interpreting the root-sums of squares as norms and using the triangle inequality we

obtain ∣∣∣∣∣∣
√∑

c∈A−i

σ2
i (b,c)s′2−i(c)

ni(b,c)
−
√∑

c∈A−i

σ2
i (b,c)s2

−i(c)

ni(b,c)√∑
c∈A−i

σ2
i (b,c)s2

−i(c)

ni(b,c)

√∑
c∈A−i

σ2
i (b,c)s′2−i(c)

ni(b,c)

∣∣∣∣∣∣ ≤∣∣∣∣∣∣
√∑

c∈A−i

σ2
i (b,c)

ni(b,c)
[s′−i(c)− s−i(c)]2√∑

c∈A−i

σ2
i (b,c)s2

−i(c)

ni(b,c)

√∑
c∈A−i

σ2
i (b,c)s′2−i(c)

ni(b,c)

∣∣∣∣∣∣ .
By the equivalence of vector norms, there exists a constant K such that

∣∣∣∣∣∣
√∑

c∈A−i

σ2
i (b,c)

ni(b,c)
[s′−i(c)− s−i(c)]2√∑

c∈A−i

σ2
i (b,c)s2

−i(c)

ni(b,c)

√∑
c∈A−i

σ2
i (b,c)s′2−i(c)

ni(b,c)

∣∣∣∣∣∣ ≤
ε

σ2
H

nL
K√∑

c∈A−i

σ2
i (b,c)s2

−i(c)

ni(b,c)

√∑
c∈A−i

σ2
i (b,c)s′2−i(c)

ni(b,c)

≤
ε

σ2
H

nL
K√∑

c∈A−i

σ2
i (b,c)s−i(c)s′−i(c)

ni(b,c)

,

where the last step was a consequence of the Cauchy-Schwartz inequality. Finally, we let

cH = arg maxc∈A−i
s−i, noting that s−i(cH) > 0. For ε small enough, then, s′−i(cH) ≥

s−i(cH)− ε > 0, which will be the case as s′ approaches s in max-norm. Consequently,

√√√√∑
c∈A−i

σ2
i (b, c)s−i(c)s′−i(c)

ni(b, c)
≥

√
σ2

i (b, cH)s−i(cH)s′−i(cH)

ni(b, cH)
≥

√
σ2

i (b, cH)s−i(cH)(s−i(cH)− ε)
ni(b, cH)

> 0.
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Thus, the denominator is a strictly positive constant for a given s ∈ S. This, therefore,

gives us the desired result, since as ε decreases to 0, so will the difference in arguments

to Φ, and by continuity of Φ, so will the difference in probabilities. �

We now use this result to prove the lemma. First, we note that the continuity of the

density function in the expression for Pr{ε(r) = 0} can be established in essentially the

same way as the continuity of Pr{Wi(b, s−i) ≤ d}, with the lone substantial exception

that we in that case rely on the continuity of the normal density function rather than the

normal distribution function. The remaining argument proceeds identically. Furthermore,

the fact that a finite product of continuous functions is continuous produces an integrand

(trivially integrable) which is continuous in s. The integral is then also a continuous

function, and we complete the continuity argument by again noting that a finite product

of continuous functions is continuous.

E.11 Proof of Theorem 7.29

First we demonstrate a few basic general facts about continous functions that are

strictly increasing.

Claim E.6 Let f : R → R be a continuous strictly increasing function and set B ⊂ R

be open. Then f(B) is open. Furthermore, if B is non-empty, so is f(B).

Proof. First, let’s suppose that B is an open interval I = (a, b). Since f is strictly

increasing, we can consider the interval in its range (f(a), f(b)). Let z ∈ (f(a), f(b)).

By the Intermediate Value Theorem, there is c ∈ [a, b] such that f(c) = z, and since

f is strictly increasing, c ∈ (a, b). Thus, (f(a), f(b)) ⊂ f(B). Note that for every

c ∈ (a, b), f(a) ≤ f(c) ≤ f(b). Thus, f(B) ⊂ (f(a), f(b)) and, consequently, f(B) =

(f(a), f(b)). Consequently, the image of an open interval I is an open interval. Trivially,

since f is a function, f(I) must be non-empty as long as a < b (i.e., as long as I is

non-empty).

Now consider an arbitrary open set B. Since B ⊂ R, it is a countable union of

disjoint open intervals. The image of each of these is an open interval, and these images
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are disjoint since f is strictly increasing. Thus, f(B) must be a union of open intervals

and, consequently, open. Furthermore, by above, as long as at least one of the open

intervals is non-empty, so is f(B). �

Claim E.7 Let f : R → R be a continuous strictly increasing function and B ⊂ R be a

set such that λ(B) > 0, where λ is the Lebesgue measure on R. Then λ(f(B)) > 0.

Proof. Since λ(B) > 0, λ(int(B)) > 0 and thus int(B) must be non-empty. By the

previous claim, f(int(B)) is a non-empty open subset of R and thus λ(f(int(B))) > 0.

Since f is strictly increasing, f(int(B)) ⊂ f(B) and therefore λ(f(B)) > 0. �

Claim E.8 Let fi : R → R for i = 1, ldots,m be non-negative, continuous, and strictly

increasing and let f : Rm → Rm be defined by f(x) = (f1(x), . . . , fm(x)). Let Bi ⊂

R, i = 1, . . . ,m, such that λ(Bi) > 0 ∀i, where λ is the R-Lebesgue measure. Define a

measure m on Rm to be m = λ ◦ f for all B ⊂ Rm, B = B1 × · · · × Bm, Bi ⊂ R and

m = λ for all other B ⊂ Rm. Then m <.. λ (i.e., m is absolutely continuous w.r.t. λ).

Proof. The conclusion is trivial when B is not a product set. Suppose B = B1 × · · · ×

Bm, Bi ⊂ R and suppose λ(B) > 0. Then λi(Bi) > 0 for all i and, by the above claim

λi(fi(Bi)) > 0 for all i. Since λ on Rm is the product measure, λ(f(B)) > 0. �

Claim E.9 Let B ⊂ Rm with B = B1 × · · · × Bm and λ(B) > 0. Let X = {x ∈

B|
∏m

i=1 xi = c}. Then λ(X) = 0, where λ is the Rm-Lebesgue measure.

Proof. Since x1 = c/
∏m

i=2 xi,X is anm−1-dimensional subset ofB and thus λ(X) = 0.

�

Now let us define ūi(s) =
∑

a∈A ūi(a)si(a). Take a set of game payoffs of posi-

tive Normal measure. Since Normal distribution is absolutely continuous, this set also

has positive Lebesgue product measure. Then for every s ∈ S the set U(s) of corre-

sponding ūi(s) must have positive R-Lebesgue measure. Since all payoffs are sampled

independently, we can wlog fix the payoffs for all the deviations from s for the following

argument.
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Let

Ki(u) =
∏
b∈Ai

1− Φ

∑c∈A−i
ūi(b, c)s−i(c)− u√∑

c∈A−i

σ2
i (b,c)s2

−i(c)

ni(b,c)


and note that Ki(u) is strictly increasing in u since Φ is a standard normal distribution

and is strictly decreasing in u. Let fi(u, µ) be a normal density function with a fixed

variance and mean µ.

Claim E.10 The function
∫

RKi(u)fi(u, µ)du is strictly increasing in µ.

Proof. Let m > m′ and let g(u) = fi(u,m)− fi(u,m
′). Then∫

R
[Ki(u)fi(u,m)−Ki(u)fi(u,m

′)]du =

∫
R
Ki(u)[fi(u,m)− fi(u,m

′)]du ≥

≥
∫ m′

−∞
Ki(u)g(u)du+

∫ m

m′
Ki(u)g(u)du+

∫ ∞
m

Ki(u)g(u)du.

Since Ki(u) is strictly increasing in u,

∫ m

m′
Ki(u)g(u)du >

∫ m

m′
Ki(m

′)g(u)du = Ki(m
′)

∫ m

m′
g(u)du = 0,

where the last equality follows from the symmetry of Normal density around the mean.

Similarly,

∫ m′

−∞
Ki(u)g(u)du+

∫ ∞
m

Ki(u)g(u)du >

>

∫ m′

−infty

Ki(m
′)g(u)du+

∫ m

−infty

Ki(m)g(u)du =

= Ki(m
′)

∫ m

−infty

g(u)du+Ki(m)

∫ ∞
m′

g(u)du > 0,

where the last inequality follows from the symmetry of Normal and the fact that Ki(u) is

strictly increasing. It then follows that
∫

R[Ki(u)fi(u,m) −Ki(u)fi(u,m
′)]du > 0 and,

thus,
∫

RKi(u)fi(u, µ)du is strictly increasing in µ. �

Now, the probability that two profiles s, s′ yield P (s) = P (s′) is EP (s′)[Pr{P (s) =

c}]. Since Pr{P (s) ∈ B} is absolutely continuous with respect to the Rm-Lebesgue
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measure by the above claims, Pr{P (s) = c} = 0 and thus the probability that P (s) =

P (s′) is 0, completing the proof.

E.12 Proof of Lemma 7.32

Claim E.11 Suppose r is a Nash equilibrium. Then Prn(ε(r) = 0)→ Pr(ε(r) = 0).

Proof. For simplicity, we will assume (without loss of generality) that every player and

profile has the same variance σ2. Let fi(u) be the density function of the normal distribu-

tion N(ūi(r), σ
2(r)), where ūi(r) =

∑
a∈A ūi(a)r(a) and σ2(r) = (σ2/n)

∑
a∈A r(a)

2.

Now, fix ε > 0 and α > 0 (and assume both to be below 1). By strong law of large

numbers, payoffs converge almost surely for every player and pure strategy profile, and,

consequently, for every mixture. Thus, for any δ > 0 and γ > 0, there is N1 finite such

that Pr{supn≥N1
|ūi,n(r)− ui(r)| < δ} ≥ 1− γ. We also have that

sup
n≥N1

[1−
∏
i∈I

(

∫ ∏
b∈Ai\ri

Pr{ui(b, r−i)− ui(r) < 0}fi(u)du)] ≤

≤ sup
n≥N1

[1−
∏
i∈I

(

∫ ūi,n(r)+δ

ūi,n(r)−δ

∏
b∈Ai\ri

Pr{ui(b, r−i)− ui(r) < 0}fi(u)du)].

Also, uniformly on S for any δ′ > 0 there isN2 finite such that Pr{supn≥N2
|ūi,n(b, r−i)−

ui(b, r−i)‖ < δ′} ≥ 1− α. Since by assumption of no ties ui(r) > ui(b, r−i) for any b 6=

ri, there are δ > 0, δ′ > 0 such that ui(r)−δ′−δ > ui(b, r−i). Recall that Pr{ui(b, r−i)−

ui(r) < 0} = 1− Φ(

√
(n)

σ2 (ūi,n(b, r−i)− u)). Since u ≥ ui(r)− δ and Φ(·) is monotone

increasing, Φ(

√
(n)

σ2 (ūi,n(b, r−i)−u)) ≤ Φ(

√
(n)

σ2 (ūi,n(b, r−i)− ūi,n(r)+δ+δ′)). Let zn =

ūi,n(b,r−i)−ūi,n(r)+δ+δ′

σ2 and note that z = supn≥max {N1,N2} zn < 0. Thus, by monotonicity

of Φ(·), for any γ′′i > 0 there is N3 finite such that supn≥max {N1,N2,N3}Φ(
√
nzn) ≤

Φ(
√
N3z) < γ′′i . Let N = max {N1, N2, N3}, γ = (0.5(1 − (1 − ε)1/|I|), and γ′′i =
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1− [ (1−ε)

0.5(1+(1−ε)1/|I| ]
1/|Ai|. Then

sup
n≥N

[1−
∏
i∈I

(

∫ ūi,n(r)+δ

ūi,n(r)−δ

∏
b∈Ai\ri

Pr{ui(b, r−i)− ui(r) < 0}fi(u)du)] ≤

≤ sup
n≥N

[1−
∏
i∈I

((1− ε)1/|I|)] ≤

≤ 1− 1 + ε = ε

with probability at least 1− α. �

Claim E.12 Suppose r is not a Nash equilibrium. Then Prn(ε(r) = 0)→ Pr(ε(r) = 0).

Proof. Let fi(u) be as before and select ε > 0 and α > 0. We want to show that there isN

finite such that Pr{supn≥N Pr{ε(r) = 0|Γn} < ε} ≥ 1−α. By the law of large numbers,

for any δ > 0 and γ > 0 there is N1 finite such that Pr{supn≥N1
|ūi,n(r)− u(r)| < δ} ≥

1− γ. Consequently,

sup
n≥N1

(
∏
i∈I

[

∫ ∏
b∈Ai\ri

Pr{ui(b, r−i)− ui(r) < 0}fi(u)du]) ≤

≤ sup
n≥N1

(
∏
i∈I

[

∫ ūi,n(r)+δ

ūi,n(r)−δ

∏
b∈Ai\ri

Pr{ui(b, r−i)− ui(r) < 0}fi(u)du+ γ]) ≤

≤ sup
n≥N1

[

∫ ūi,n(r)+δ

ūi,n(r)−δ

Pr{ui(b, r−i)− ui(r) < 0}fi(u)du+ γ],

where the last inequality takes advantage of the fact that a product of probabilities is no

greater than each taken separately. We thus select an arbitrary player i which has bi,

such that ui(bi, r−i) > ui(r), which is possible by the no-ties assumption and the fact

that r is not a Nash equilibrium. Applying the law of large numbers again, we have

that for every δ′ > 0, there is N2 finite such that Pr{supn≥N2
|ūi,n(bi, r−i) − ui(r)| <

δ′} ≥ 1 − α. Again, by the no-ties assumption, we have δ > 0, δ′ > 0 such that

ui(bi, r−i) − ui(r) − δ − δ′ > 0. Thus, with probability at least 1 − α, and letting
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N̄ = max {N1, N2}, we have

sup
n≥N

[

∫ ūi,n(r)+δ

ūi,n(r)−δ

Pr{ūi,n(bi, r−i)− u < 0}fi(u)du+ γ] ≤

≤ sup
n≥N

[(1− Φ(

√
n

σ2
(ūi(bi, r−i)− ūi,n(r)− δ − δ′))(1− γ) + γ].

Let zn =
ūi(bi,r−i)−ūi,n(r)−δ−δ′

σ2 and note that z = supn≥N zn > 0. By monotonicity of

Φ(·) for any γ′′ > 0 we can find finite N3 such that supn≥N3
Φ(
√
nzn) ≥ 1 − γ′′. Let

N = max {N̄ ,N3}, γ = ε/2, γ′′ = 0.25ε/(1− ε/2). Then

sup
n≥N

[(1− Φ(

√
n

σ2
(ūi(bi, r−i)− ūi,n(r)− δ − δ′))(1− γ) + γ] ≤

≤ γ + (1− γ)(γ′′) = ε/2 + (1− ε/2)(0.25ε/(1− ε/2) = 3ε/4 < ε

with probability at least 1− α. �

E.13 Proof of Theorem 7.33

First, note that since the game is generic, there are no ties with probability 1 and thus

by Lemma 7.32 Prn(ε(r) = 0) converges pointwise to 1 a.s. if r is a Nash equilibrium

and to 0 otherwise. We now proceed to prove the result by contradition. Suppose that r̂n

is our maximum likelihood estimator of a Nash equilibrium when the number of samples

taken of overy pure profile is n (without loss of generality, we assume that it is the same

for all profiles). Let us suppose that ε(r̂n) does not converge to 0. Then there exists ε̄

such that for every N < ∞ there exists n̄ ≥ N such that ε(r̂n̄) > ε̄. Now, suppose

that the player ī and action b̄ are most beneficial deviant and deviation respectively. Let
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U = ūī(r̂n̄) and let K =
√∑

c∈A−i

σ2
i (b,c)

n̄
. Then

Pr(ε(r̂n̄) = 0) ≤
∫

R
(1− Φ

∑c∈A−i
ūi(b, c)r̂n̄(c)− u√∑

c∈A−i

σ2
i (b,c)s2

−i(c)

ni(b,c)

)fW ∗
ī
(u)du ≤

≤ 1−
∫ U+ε̄

U−ε̄

Φ

∑c∈A−i
ūi(b, c)r̂n̄(c)− u√∑

c∈A−i

σ2
i (b,c)s2

−i(c)

ni(b,c)

 fW ∗
ī
(u)du ≤

≤ 1−
∫ U+ε̄

U−ε̄

Φ

[∑
c∈A−i

ūi(b, c)r̂n̄(c)− u
K

]
fW ∗

ī
(u)du ≤

≤ 1−
∫ U+ε̄

U−ε̄

Φ

[∑
c∈A−i

ūi(b, c)r̂n̄(c)− U − ε̄
K

]
fW ∗

ī
(u)du,

where the last step is by monotonicity of Φ. Now, by our assumption,

∑
c∈A−i

ūi(b, c)r̂n̄(c)− U − ε̄ > 0.

Additionally, since we assumed that the game is generic, it has a finite number of Nash

equilibria and thus by Lemma 7.32, for any δ > 0 we can select N large enough such

that Prn(ε(r∗) = 0) ≥ 1− δ for every n ≥ N uniformly on these profiles. Furthermore,

by the Law of Large Numbers, for any α > 0 and γ > 0 we can select N high enough

such that Pr(|ūī(r)− uī(r)| < γ) ≥ 1− α. Let us select γ = δ. Thus,

1−
∫ U+ε̄

U−ε̄

Φ

[∑
c∈A−i

ūi(b, c)r̂n̄(c)− U − ε̄
K

]
fW ∗

ī
(u)du <

< 1− 2Φ(0)γ = 1− γ = 1− δ

with probability at least 1 − α. But this is a contradiction since then Pr(ε(r̂n̄) = 0) <

Pr(ε(r∗) = 0).
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APPENDIX F

Proofs for Chapter 9

F.1 Proof of Lemma 9.6

Fix δ > 0 and choose γ > 0 which ensures that for every ‖s − x‖ < γ, where

s, x ∈ S, |ui(s)− ui(x)| < δ/2 for any i. Then,

|ε(s)− ε(x)| = |max
i∈I

max
a∈Si

[ui(a, s−i)− ui(s)]−

−max
i∈I

max
a∈Si

[ui(a, x−i)− ui(x)]| ≤

≤ max
i∈I
|max

a∈Si

ui(a, s−i)−max
a∈Si

ui(a, x−i)+

+ ui(x)− ui(s)| ≤

≤ max
i∈I
|max

a∈Si

ui(a, s−i)−max
a∈Si

ui(a, x−i)|+

+ max
i∈I
|ui(x)− ui(s)| ≤

≤ max
i∈I

max
a∈Si

|ui(a, s−i)− ui(a, x−i)|+ max
i∈I
|ui(x)− ui(s)|.

Since ‖s− x‖ < γ, so is ‖(a, s−i)− (a, x−i)‖, and, consequently,

|ε(s)− ε(x)| < max
i∈I

δ/2 + max
i∈I

δ/2 = δ.
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F.2 Proof of Lemma 9.7

Note that

|ε(s)− ε̂k(s)| = |max
i

[u∗i (s−i)− ui(s)]−

−max
i

[ûi,k(s−i)− ûi,k(s)]| ≤

≤ max
i
|u∗i (s−i)− ui(s)− ûi,k(s−i) + ûi,k(s)| ≤

≤ max
i
|u∗i (s−i)− ûi,k(s−i)|+ max

i
|ûi,k(s)− ui(s)|.

Since the former converges in probability to 0 for every i by Theorem 9.4 and the latter

converges in probability to 0 for every i by the law of large numbers, and since I is finite,

we have the desired result.
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APPENDIX G

Proofs for Chapter 10

G.1 Proof of Lemma 10.6

Let the deviant be bidder i with value vi and suppose w.l.o.g. that in a truthful fixed

point it gets slot i and in an untruthful fixed point it gets slot j. First, consider j = i, that

is, its bidding did not affect the slot it received. Since its payment is bi+1 which would

remain unchanged in a minimum symmetric equilibrium as it only depends on valuations

of players ranked below bidder i, its utility will remain unchanged.

Suppose it bids as if its value were v′ < vi and gets slot j > i. Since bj+1 is unaffected

by its untruthfulness, as it only depends on values (and bidding behavior) of bidders

ranked below bidder j, and since the bidder was ranked in slot i in a minimum symmetric

equilibrium when it bid truthfully, deviation to slot j was unprofitable then and it remains

so now.

Finally, suppose i bids as if its value were v′ > vi and gets slot j < i. In a truthful

minimum symmetric equilibrium,

bj+1 = vi(xi−1 − xi) +
i−1∑
t=j

vt+1(xt+1 − xt) +
K∑

t=i+1

vt+1(xt+1 − xt).

In a minimum symmetric equilibrium which obtains when i is untruthful in the above
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sense, its payment in slot j is

b′j+1 = v′i(xi−1 − xi) +
i−1∑
t=j

v′t+1(xt+1 − xt) +
K∑

t=i+1

v′t+1(xt+1 − xt),

where v′t is the value of bidder that would get position t if i played untruthfully. Note

that bidders ranked lower than i will retain the same ranking and, as we have already

observed, will have the same bids as in a truthful fixed point. Thus,

K∑
t=i+1

v′t+1(xt+1 − xt) =
K∑

t=i+1

vt+1(xt+1 − xt).

Furthermore, all the bidders in slots j..i− 1 will now move down one slot. Thus,

i−1∑
t=j

v′t+1(xt+1 − xt) =
i−1∑
t=j

vt(xt+1 − xt) ≥
i−1∑
t=j

vt+1(xt+1 − xt).

Finally, the bidder previously in slot i− 1 will now be in slot i. Thus,

v′i(xi−1 − xi) = vi−1(xi−1 − xi) ≥ vi(xi−1 − xi).

As a result, b′j+1 ≥ bj+1, and if bidder i had no incentive to switch to slot j in a truthful

minimum symmetric equilibrium, it certainly will not now, since it would face at least as

high a price (and probably higher). Note that these inequalities are strict when values are

generic; thus, obtaining a higher slot than under a truthful fixed point yields strictly lower

utility to i.

G.2 Proof of Theorem 10.7

Take a player s (recall that players are indexed according to the slots they occupy)

and let the discount factor of that player be γ. First, note that if s ≥ K + 1, the player

can only win a slot by paying more than vs, and thus has no incentive to deviate.

Suppose that s ≤ K. If the player s never deviates, it will accrue the payoff of
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us = cs(vs − (K − s)ε − wK+1vK+1

ws
at every stage. With γ as the discount factor, the

resulting total payoff would be
∑∞

i=0 γ
ius = us

1−γ
. For ε sufficiently small, there will be

no incentive to deviate to an inferior slot, since it offers a strictly lower click-through-

rate with negligible difference in payment. The one-shot payoff for deviating to t ≤ s is

u′s = ct(vs − wt

ws
(K − t + 1)ε − wK+1vK+1

ws
). For all stages thereafter, the utility will be

up
s = cs(vs −

∑K+1
t=s+1wt−1vt−1

ct−1−ct

cs
) = csvs −

∑K+1
t=s+1wt−1vt−1(ct−1 − ct) = csvs −∑K

t=s+1wt−1vt−1(ct−1 − ct) − wKvKcK . Since this utility will be played starting at the

second stage, the total utility from deviating is u′s+
γup

s

1−γ
. For deviations to be unprofitable,

it must be that for every s ≤ K and every t ≤ s, us

1−γ
≥ u′s + γup

s

1−γ
, or, alternatively,

us ≥ (1− γ)u′s + γup
s. Plugging in the expressions for utilities and rearranging gives us

the result.

G.3 Proof of Theorem 10.10

Since payoffs are discounted (and, thus, the discounted sum converges), for any

δ > 1, there is S large enough such that
∑∞

i=S+1 γ
ius < δ, where us is the stage payoff

during the COLLUSION subgame. This is true for any discount factor and any us. As

the payments are arbitrarily close to being identical during COLLUSION, they can be

made close enough to identical to eliminate any incentive to reduce the price during col-

lusion, since it would yield a strictly lower click-through-rate. Finally, by Lemma 10.9,

all players strictly prefer to stay in their slot than to switch to a lower-numbered slot

(lower-numbered is better, i.e., higher on the page). Thus, there exists δ > 0 such that

they still strictly prefer their current slot even if they get δ more from switching to the

other. Thus, in particular, if their maximum payoff from the COLLUSION subgame does

not exceed δ, they will have no incentive to switch.
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APPENDIX H

Proofs for Chapter 11

H.1 Proof of Theorem 11.2

Pr (r is ε−dominant) = Pr

(
max
i∈I

max
t∈R−i

max
r′∈Ri\ri

[ui(r
′, t)− ui(ri, t)] ≤ ε

)
=

=
∏
i∈I

∏
t∈R−i

∫
R

∏
r′∈Ri\ri

Pr{ui(r
′, t) ≤ u+ ε}fui(ri,t)(u)du.

H.2 Proof of Theorem 11.4

Pr (r is ε−undominated) = Pr

(
max
i∈I

min
t∈R−i

max
r′∈Ri\ri

[ui(r
′, t)− ui(ri, t) ≤ ε]

)
=

=
∏
i∈I

[
1− Pr

(
max
t∈R−i

min
r′∈Ri\ri

[ui(r
′, t)− ui(ri, t) > ε]

)]
.
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Isolating the probability term, we get

Pr

(
max
t∈R−i

min
r′∈Ri\ri

[ui(r
′, t)− ui(ri, t) > ε]

)
=

=
∏

t∈R−i

∫
R

Pr
(
min

r′
[ui(r

′, t)− ui(ri, t) > ε]
)
fui

(u)du =

=
∏

t∈R−i

∫
R

(
1− Pr{max

r′
[ui(r

′, t)− ui(ri, t) > ε]}
}
fui

(u)du.

By substituting this expression into the one above, we obtain the desired result.

H.3 Proof of Theorem 11.7

Pr([max
i∈I

max
t∈R−i

(ui(r)− ui(ri, t)) ≤ δ]&[max
i∈I

max
r′∈Ri

(ui(r
′, r−i)− ui(r)) ≤ ε]) =

=
∏
i∈I

∫
R

Pr{[max
t∈R−i

ui(ri, t) ≥ u− δ]&[max
r′∈Ri

ui(r
′, r−i) ≤ u+ ε]}fui(r)(u)du.

The result then follows from independence.

H.4 Proof of Theorem 11.8

Pr{max
i∈I

max
t∈R−i

[ui(r)− ui(ri, t)] ≤ δ & max
i∈I

max
t∈R−i

max
r′∈Ri

[ui(r
′, t)− ui(ri, t)] ≤ ε} =

=
∏
i∈I

∫
R

∏
t∈R−i

Pr{[ui(ri, t) ≥ u− δ] &[max
r′∈Ri

[ui(r
′, t)− ui(ri, t)] ≤ ε]}fui(r)du =

=
∏
i∈I

∫
R

∏
t∈R−i

Pr{ui(ri, t) ≥ u− δ}×

× Pr{max
r′∈Ri

[ui(r
′, t)− ui(ri, t)] ≤ ε|ui(ri, t) ≥ u− δ}fui(r)du.
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Since

Pr{max
r′∈Ri

[ui(r
′, t)− ui(ri, t)] ≤ ε|ui(ri, t) ≥ u− δ} ≥

∏
r′∈Ri

Pr{ui(r
′, t) ≤ u+ ε− δ},

the result follows.

H.5 Proof of Theorem 11.9

Pr{max
i∈I

max
t∈R−i\r−i

[ui(r)− ui(ri, t)] ≤ δ & max
i∈I

min
t∈R−i

max
r′∈Ri\ri

[ui(r
′, t)− ui(ri, t)] ≤ ε} =

=
∏
i∈I

∫
R

[
Pr{ max

t∈R−i\r−i

ui(ri, t) ≥ u− δ
⋂

(
min

t∈R−i\r−i

max
r′∈Ri\ri

[ui(r
′, t)− ui(ri, t)] ≤ ε

⋃
max

r′∈Ri\ri

ui(r
′, r−i) ≤ ε+ u

)
}
]
dFui(r)(u)

=
∏
i∈I

∫
R

[
Pr{ max

t∈R−i\r−i

[ui(ri, t)] ≥ u− δ} ×

× Pr{ min
t∈R−i\r−i

max
r′∈Ri\ri

[ui(r
′, t)− ui(ri, t)] ≤ ε

⋃
max

r′∈Ri\ri

ui(r
′, r−i) ≤ ε+ u | max

t∈R−i\r−i

ui(ri, t) ≥ u− δ}
]
dFui(r)(u).

Now, let’s isolate each of the multiplicand Pr{·} parts above. The first is equivalent to

∏
t∈R−i\r−i

Pr{ui(ri, t) ≥ u− δ}.

The case of the second is more complicated:

Pr{ min
t∈R−i\r−i

max
r′∈Ri\ri

[ui(r
′, t)− ui(ri, t)] ≤ ε

⋃
max

r′∈Ri\ri

ui(r
′, r−i) ≤ ε+ u | max

t∈R−i\r−i

ui(ri, t) ≥ u− δ} =

1− Pr{ max
t∈R−i\r−i

min
r′∈Ri\ri

[ui(r
′, t)− ui(ri, t)] > ε | max

t∈R−i\r−i

ui(ri, t) ≥ u− δ}×

× Pr{ min
r′∈Ri\ri

ui(r
′, r−i) > ε+ u}.
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Again, isolating the two multiplicands for convenience, we have

1−
∏

r′∈Ri\ri

Pr{ui(r
′, r−i) > ε+ u}

for the second. As for the first,

Pr{ max
t∈R−i\r−i

min
r′∈Ri\ri

[ui(r
′, t)− ui(ri, t)] > ε | max

t∈R−i\r−i

ui(ri, t) ≥ u− δ} =∏
t∈R−i\r−i

Pr{ min
r′∈Ri\ri

[ui(r
′, t)− ui(ri, t)] > ε |ui(ri, t) ≥ u− δ}.

At this point, I will proceed by first proving the following claim:

Claim H.1 Let X, Y be random variables, A,B Borel sets, and suppose we have proba-

bility measures forX, Y , as well as the corresponding product measure (I designate each

simply using Pr{·}, endowing it with the appropriate probability measure). Then

Pr{f(X, Y ) ∈ A|Y ∈ B} =

∫
B

Pr{f(X, y) ∈ A}fY (y)dy∫
B
fY (y)dy

,

where FY (y) is the distribution function for Y .

To prove this, first observe that by Bayes rule,

Pr{f(X, Y ) ∈ A|Y ∈ B} =
Pr{f(X, Y ) ∈ A

⋂
Y ∈ B}

Pr{Y ∈ B}
.

For the numerator, I apply smoothing with respect to Y to get

Pr{f(X, Y ) ∈ A
⋂

Y ∈ B} =

EY [Pr{f(X, Y ) ∈ A
⋂

Y ∈ B}|Y = y] =

Pr{f(X, y) ∈ A
⋂

y ∈ B} =∫
R

Pr{f(X, y) ∈ A
⋂

y ∈ B}fY (y)dy.
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Since

Pr{f(X, y) ∈ A
⋂

y ∈ B} =

 Pr{f(X, y) ∈ A} if y ∈ B,

0 if y /∈ B

the claim follows.

Now I apply the claim to get

Pr{ min
r′∈Ri\ri

[ui(r
′, t)− ui(ri, t)] > ε |ui(ri, t) ≥ u− δ} =∫∞

u−δ
Pr{minr′∈Ri\ri

ui(r
′, t) > ε+ v}fui(ri,t)(v)dv∫∞

u−δ
fui(ri,t)(v)dv

.

Finally,

Pr{ min
r′∈Ri\ri

ui(r
′, t) > ε+ v} =

∏
r′∈Ri\ri

[1− Pr{ui(r
′, t) ≤ ε+ v}].

Combining all the pieces gives us the desired result.
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APPENDIX I

Proofs for Chapter 12

I.1 Proof of Theorem 12.1

Fix θ and choose δ > 0. Since W (s, θ) is continuous at s∗(θ), given ε > 0 there

is δ > 0 such that for every s′ that is within δ of s∗(θ), |W (s′, θ) −W (s∗(θ), θ)| < ε.

By Theorem 7.12, we can find M(θ) large enough such that all s′ ∈ Nn are within δ of

s∗(θ) for all n ≥ M(θ) with probability 1. Consequently, for any ε > 0 we can find

M(θ) large enough such that with probability 1 we have supn≥M(θ) sups′∈Nn
|W (s′, θ)−

W (s∗(θ), θ)| < ε.

Assume without loss of generality that there is a unique optimal choice of θ. Now,

since the set Θ is finite, there is also the “second-best” choice of θ (if there is only one

θ ∈ Θ this discussion is moot anyway):

θ∗∗ = arg max
Θ\θ∗

W (s∗(θ), θ).

Suppose w.l.o.g. that θ∗∗ is also unique and let

∆ = W (s∗(θ∗), θ∗)−W (s∗(θ∗∗), θ∗∗).

Then if we let ε < ∆/2 and let M = maxθ∈ΘM(θ), where each M(θ) is large enough

such that supn≥M(θ) sups′∈Nn
|W (s′, θ) − W (s∗(θ), θ)| < ε a.s., the optimal choice of

θ based on any empirical equilibrium will be θ∗ with probability 1. Thus, in particular,
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given any probability distribution over empirical equilibria, the best choice of θ will be

θ∗ with probability 1 (similarly, if we take supremum or infimum of W (Nn(θ), θ) over

the set of empirical equilibria in constructing the objective function).

I.2 Proof of Lemma 12.2

We start by proving the first result in the lemma. To do this, we arbitrarily select

θ ∈ Θ.

We would like to show that for every γ > 0 and α > 0, we can find M large enough

such that the probability that

sup
n≥Mr

|Wn(R, θ)−W (R, θ)| < δ.

is at most 1− α.

Let us select γ > 0 and α > 0. We know from the condition in the theorem that for

every r and for any δ > 0 we can find Mr such that the probability that

sup
n≥Mr

|Pn(r, θ)− P (r, θ)| < δ.

is at most 1−α. If we take M = maxr∈RMr, the above condition would hold uniformly

on R. Now,

sup
n≥M
|Wn(R, θ)−W (R, θ)| = sup

n≥M
|
∑
r∈R

W (r, θ)(Pn(r, θ)− P (r, θ))| ≤

≤ sup
n≥M

∑
r∈R

|W (r, θ)||Pn(r, θ)− P (r, θ)|.

If we take W (θ) = maxr∈R |W (r, θ)|, we can rewrite this expression as

sup
n≥M

∑
r∈R

|W (r, θ)||Pn(r, θ)− P (r, θ)| ≤W (θ) sup
n≥M

∑
r∈R

|Pn(r, θ)− P (r, θ)| ≤

W
∑
r∈R

sup
n≥M
|Pn(r, θ)− P (r, θ)| < W |R|δ.

337



If we now set δ(θ) = γ

W (θ)|R| , the desired result follows, since γ, α and θ were arbitrarily

chosen.

To obtain the second result, note that since W (r, θ) is continuous and Θ is com-

pact, W (r) = maxθ∈ΘW (r, θ) exists by the Weierstrass theorem. Let us define W =

maxr∈RW (r). Since we can find M large enough such that δ in the above proof does not

depend on θ, we can replace δ(θ) by δ and W (θ) by W and the result follows indepen-

dently of θ, thus showing uniformity.

I.3 Proof of Lemma 12.5

Fix α > 0, γ > 0 and let M be large enough such that

sup
n≥M
|Wn(R, θ)−W (R, θ)| < δ

uniformly on Θ with probability at least 1− α. Then,

sup
n≥M
|W (R, θ∗)−W (R, θ̂)| = sup

n≥M
(W (R, θ∗)−W (R, θ̂)) =

sup
n≥M

(W (R, θ∗)−W (R, θ̂)−Wn(R, θ∗) +Wn(R, θ∗) +Wn(R, θ̂)−Wn(R, θ̂)) ≤

sup
n≥M

(|W (R, θ∗)−Wn(R, θ∗)|+ |Wn(R, θ̂)−W (R, θ̂)| − (Wn(R, θ̂)−Wn(R, θ∗)))

< 2δ

with probability at least 1− α. If we let δ = γ/2 above, we obtain the desired result.

I.4 Proof of Theorem 12.8

First, we will fix θ ∈ Θ. For convenience, we drop it as an argument. We would like

to show that for every γ > 0 and α > 0 there is M such that the probability that

sup
n≥M
|P (r)− Pn(r)| < γ
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is at least 1− α.

Fix γ > 0 and α > 0. It is given that for any δ and r we can find Mr such that the

probability that

sup
n≥Mr

|m(r)−mn(r)| < δ

is at least 1 − α. To get uniformity, set M = maxr∈RMr. Let m̄ = maxr∈Rm(r),

S =
∑

r∈Rm(r).

Consequently, with probability at least 1− α we have

sup
n≥M
|P (r)− Pn(r)| = sup

n≥M
| m(r)∑

t∈Rm(t)
− mn(r)∑

t∈Rmn(t)
| ≤

sup
n≥M

(| m(r) + δ∑
t∈Rm(t)

− m(t)∑
t∈Rmn(t)

|+ | m(r)∑
t∈Rm(t)

− m(t)− δ∑
t∈Rmn(t)

|) ≤

2 sup
n≥M

m(r)(| 1∑
t∈Rm(t)

− 1∑
t∈Rmn(t)

|) +
δ∑

t∈Rmn(t)
≤

2 sup
n≥M

m̄|
∑

t∈R(m(t)−mn(t))

(
∑

t∈Rm(t))(
∑

t∈Rmn(t))
|+ δ∑

t∈Rmn(t)
≤

2 sup
n≥M

m̄|
∑

t∈R(m(t)−mn(t))

(
∑

t∈Rm(t))(
∑

t∈Rmn(t))
|+ δ∑

t∈Rmn(t)
≤

2
m̄

S
sup
n≥M
|
∑

t∈R(m(t)−mn(t))

(
∑

t∈Rmn(t))
|+ 2δ sup

n≥M

1∑
t∈Rmn(t)

.

Since there is t′ such that m(t′) > 0, we can set 0 < α < m(t′) and find M(α)

large enough such that infn≥M(α)mn(t′) = l(α) > 0. We can further observe that for any

δ ≤ α, l(δ) ≥ l(α).

Now,

sup
n≥M

1∑
t∈Rmn(t)

=
1

infn≥M

∑
t∈Rmn(t)

≤ 1

infn≥M m(t′)
=

1

l(δ)
≤ 1

l(α)
,

as long as δ ≤ α.
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Similarly,

sup
n≥M
|
∑

t∈R(m(t)−mn(t))∑
t∈Rmn(t)

| = sup
n≥M

|
∑

t∈R(m(t)−mn(t))|∑
t∈Rmn(t)

≤
∑
t∈R

sup
n≥M

|m(t)−mn(t)|∑
t∈Rmn(t)

≤
∑
t∈R

supn≥M |m(t)−mn(t)|
infn≥M

∑
t∈Rmn(t)

≤
∑
t∈R

δ

l(δ)
=
δ|R|
l(δ)

≤ δ|R|
l(α)

.

so long as δ ≤ α.

Putting these together gives us

sup
n≥M
|P (r)− Pn(r)| ≤ 2δ(

m̄|R|
l(α)S

+
1

l(α)
)

with probability at least 1− α. To achieve the desired result, then, we need to set

δ = min{α, γ

2( m̄|R|
l(α)S

+ 1
l(α)

)
}.

.

I.5 Proof of Theorem 12.10

Claim I.1 Suppose r is a Nash equilibrium. Then mn(r)→ m(r).

Proof. For simplicity, we will assume (without loss of generality) that every player

and profile has the same variance σ2. Let fi(u) be the density function of the nor-

mal distribution N(ūi(r), σ
2). Now, fix ε > 0 and α > 0 (and assume both to be

below 1). By strong law of large numbers, payoffs converge almost surely for ev-

ery player and profile. Thus, for any δ > 0 and γ > 0, there is N1 finite such that
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Pr{supn≥N1
|ūi,n(r)− ui(r)| < δ} ≥ 1− γ. We also have that

sup
n≥N1

[1−
∏
i∈I

(

∫ ∏
b∈Si\ri

Pr{ui(b, r−i)− ui(r) < 0}fi(u)du)] ≤

≤ sup
n≥N1

[1−
∏
i∈I

(

∫ ūi,n(r)+δ

ūi,n(r)−δ

∏
b∈Si\ri

Pr{ui(b, r−i)− ui(r) < 0}fi(u)du)].

Also, uniformly on S for any δ′ > 0 there isN2 finite such that Pr{supn≥N2
|ūi,n(b, r−i)−

ui(b, r−i)‖ < δ′} ≥ 1 − α. Since by assumption ui(r) > ui(b, r−i) for any b 6= ri, there

are δ > 0, δ′ > 0 such that ui(r) − δ′ − δ > ui(b, r−i). Recall that Pr{ui(b, r−i) −

ui(r) < 0} = 1− Φ(

√
(n)

σ2 (ūi,n(b, r−i)− u)). Since u ≥ ui(r)− δ and Φ(·) is monotone

increasing, Φ(

√
(n)

σ2 (ūi,n(b, r−i)−u)) ≤ Φ(

√
(n)

σ2 (ūi,n(b, r−i)− ūi,n(r)+δ+δ′)). Let zn =

ūi,n(b,r−i)−ūi,n(r)+δ+δ′

σ2 and note that z = supn≥max {N1,N2} zn < 0. Thus, by monotonicity

of Φ(·), for any γ′′i > 0 there is N3 finite such that supn≥max {N1,N2,N3}Φ(
√
nzn) ≤

Φ(
√
N3z) < γ′′i . Let N = max {N1, N2, N3}, γ = (0.5(1 − (1 − ε)1/|I|), and γ′′i =

1− [ (1−ε)

0.5(1+(1−ε)1/|I| ]
1/|Si|. Then

sup
n≥N

[1−
∏
i∈I

(

∫ ūi,n(r)+δ

ūi,n(r)−δ

∏
b∈Si\ri

Pr{ui(b, r−i)− ui(r) < 0}fi(u)du)] ≤

≤ sup
n≥N

[1−
∏
i∈I

((1− ε)1/|I|)] ≤ 1− 1 + ε = ε

with probability at least 1− α. �

Claim I.2 Suppose r is not a Nash equilibrium. Then mn(r)→ m(r).

Proof. Let fi(u) be as before and select ε > 0 and α > 0. We want to show that there isN

finite such that Pr{supn≥N Pr{ε(r) = 0|Γn} < ε} ≥ 1−α. By the law of large numbers,

for any δ > 0 and gamma > 0 there is N1 finite such that Pr{supn≥N1
|ūi,n(r)−u(r)| <

341



δ} ≥ 1− γ. Consequently,

sup
n≥N1

(
∏
i∈I

[

∫ ∏
b∈Si\ri

Pr{ui(b, r−i)− ui(r) < 0}fi(u)du]) ≤

≤ sup
n≥N1

(
∏
i∈I

[

∫ ūi,n(r)+δ

ūi,n(r)−δ

∏
b∈Si\ri

Pr{ui(b, r−i)− ui(r) < 0}fi(u)du+ γ]) ≤

≤ sup
n≥N1

[

∫ ūi,n(r)+δ

ūi,n(r)−δ

Pr{ui(b, r−i)− ui(r) < 0}fi(u)du+ γ],

where the last inequality takes advantage of the fact that a product of probabilities is no

greater than each taken separately. We thus select an arbitrary player i which has bi,

such that ui(bi, r−i) > ui(r), which is possible by the no-ties assumption and the fact

that r is not a Nash equilibrium. Applying the law of large numbers again, we have

that for every δ′ > 0, there is N2 finite such that Pr{supn≥N2
|ūi,n(bi, r−i) − ui(r)| <

δ′} ≥ 1 − α. Again, by the no-ties assumption, we have δ > 0, δ′ > 0 such that

ui(bi, r−i) − ui(r) − δ − δ′ > 0. Thus, with probability at least 1 − α, and letting

N̄ = max {N1, N2}, we have

sup
n≥N

[

∫ ūi,n(r)+δ

ūi,n(r)−δ

Pr{ūi,n(bi, r−i)− u < 0}fi(u)du+ γ] ≤

≤ sup
n≥N

[(1− Φ(

√
n

σ2
(ūi(bi, r−i)− ūi,n(r)− δ − δ′))(1− γ) + γ].

Let zn =
ūi(bi,r−i)−ūi,n(r)−δ−δ′

σ2 and note that z = supn≥N zn > 0. By monotonicity of

Φ(·) for any γ′′ > 0 we can find finite N3 such that supn≥N3
Φ(
√
nzn) ≥ 1 − γ′′. Let

N = max {N̄ ,N3}, γ = ε/2, γ′′ = 0.25ε/(1− ε/2). Then

sup
n≥N

[(1− Φ(

√
n

σ2
(ūi(bi, r−i)− ūi,n(r)− δ − δ′))(1− γ) + γ] ≤

γ + (1− γ)(γ′′) = ε/2 + (1− ε/2)(0.25ε/(1− ε/2) = 3ε/4 < ε.

�
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I.6 Proof of Theorem 12.13

Suppose I(r) = 1 (i.e., r is a strict ε̄-Nash). Then, r is also a strict ε′-Nash for some

ε′ < ε̄.

Fix α > 0, γ > 0. By Theorem 7.9, for any δ > 0 there is an M such that with

probability of at least 1−α, supn≥M |ε(r)− εn(r)| < δ, or, alternatively, infn≥M εn(r) >

ε(r)− δ, and supn≥M εn(r) < ε(r) + δ.

Let δ < ε̄− ε′. Then

sup
n≥M

εn(r) < ε(r) + δ < ε′ + δ < ε̄

with probability at least 1− α. Thus, infn≥M In(r) = 1.

Similarly, we can prove the same if r is not ε̄-Nash by finding ε′ > ε̄ and allowing

δ < ε′ − ε̄.
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