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Preface

This set of lecture notes is a work in progress being developed by myself, Lillian Ratliff, and
Shankar Sastry for courses we each teach that either focus on game theory or have subcomponents
on the matter. Part III of these lecture notes is forthcoming, as are key parts of the appendix
which review preliminary material.



Chapter 1

Introduction

Game theory deals with situations of conflict between players or agents. Fach participating player
can partially control the environment or situation, but no player has full control. Moreover, each
player has certain personal preferences over the set of possible outcomes and strives to obtain that
outcome which is most profitable to them.

We wish to find the mathematically complete principles which define “rational behavior”
for the participants in a social economy, and to derive from them the general character-
istics of that behavior. And while the principles ought to be perfectly general—i.e., valid
i all situations—we may be satisfied if we can find solutions, for the moment, only in
some characteristic special cases. (von Neumann and Morgenstern '47)

Game theory is a mormative theory in the sense that it aims to prescribe what each player in
a game should do in order to promote their interests optimally—i.e., which strategy each player
should play such that their partial influence on the situation benefits them the most. The aim of
game theory, as a mathematical theory, is to provide a solution—i.e., characterization of rational
behavior—for every game.

Towards understanding how players arrive at an equilibrium, one natural perspective is that
they grapple with one another in a tatonnement process such as following a learning algorithm.
The goal is often to characterize the expected outcomes of interactions between rational agents
implementing some natural learning rule. A recent view in game theory is that learning in games
provides axiomatic backing for equilibrium in the sense that they arise and can be explained through
the outcomes of iterative competitions for optimality. This perspective motivates the analysis of
learning algorithms which reflect any natural structure present in a problem and doing so often
suggests refinements of standard equilibrium notions.

Furthermore, in machine learning there has been an emergence of game-theoretic constraints—
e.g., interactions with other agents, adversarial environments, or market structures—in systems
where learning algorithms are deployed and a rise in the number of machine learning problems
that are being formulated as games such as generative adversarial networks. Indeed, learning
algorithms are now often embedded in real-world systems and tasked with acquiring information
to enable effective decision-making. However, learning agents are rarely acting in isolation within
complex systems; instead they are typically in the presence of multiple autonomous agents who may
be optimizing conflicting objectives and hence competing. Simply put, game theoretic constraints
are a naturally occurring phenomena in the real world.
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This fundamentally changes what outcomes can be expected of algorithms designed for static
environments and the types of algorithms that can achieve desired objectives. The emergence of
competition introduces a number of distinct questions and challenges in the study of learning and
decision-making. To begin, it requires rethinking what it even means to act optimally or solve a
problem. Typically, doing so necessitates considering an equilibrium notion as a solution concept.
However, even narrowing down a proper notion of equilibrium is a nuanced discussion without a
unifying resolution. Then, given a solution concept, effective decision-making demands accounting
for the inherently dynamic and non-stationary environment. This means it is imperative to not
only consider the stationary objective being optimized, but also how interactions with competing
agents and the environment affect the pursuit of that objective while learning.

With these motivations in mind, this set of lecture notes is divided into three key parts:

Part I. Normal Form Games

In this part of the lecture notes, we focus on reviewing basic game theoretic constructs. In
particular, the focus is on normal form games with either finite actions spaces or continu-
ous action spaces. We review equilibrium concepts, existence and uniqueness and important
classes of games such as convez, potential, bilinear/bimatriz, etc. We also provide quintessen-
tial examples to help facilitate the discussion and illustrate concepts.

Part II. Learning in Games

Part III. Application to Learning-Based Systems



Part 1

Normal Form Games
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The focus of Part I is on the review of normal form games on both finite and continuous action
spaces. In the chapters contained in Part I, we formalize the definition of a game and equilibrium
concepts.



Chapter 2

Introduction to Normal Form Games

Game theory is the study of decision making in the presence of competition—that is, when one
individual’s decisions affect the outcome of a situation for all other individuals involved. We refer
to these individuals as players or agents interchangeably. Game theory is a broad discipline that
influences and is itself influenced by various other domains of study including operations research,
economics, control theory, computer science, psychology, biology, sociology and so on.

A game is defined by specifying the players, rules and objectives, and information structure.
The players are the agents that make decisions. Often player and agent are used interchangably.
The rules define the actions allowed by the players and their effects, and the objective is the goal
of each player. The information structure specifies what each player knows before making each
decision.

For a mathematical solution to a game, one further needs to make assumptions on the players’
rationality. The models we study assume that each decision-maker is rational in the sense that
they are aware of their alternatives, form expectations about any unknowns, have clear preferences,
and choose their action deliberately after some process of optimization. As an example, when we
assume players always pursue their best interests to fulfill their objectives, do not form coalitions,
and do not trust each other, we refer to such games as being non-cooperative. More specifically, a
noncooperative game is a game in which there are no possibilities for communication, correlation
or (pre)commitment, except for those that are explicitly allowed by the rules. In this set of lecture
notes, we will treat the non-cooperative case.

Studying non-cooperative solutions for games played by humans is some what of “the big
lie” in game theory. That is, humans are not rational and are often altruistic or cooperative
by their nature. None-the-less, this has by no means prevented economists (as well as computer
scientists and engineers) from studying them. When pursuing this approach one should not be
overly surprised by finding solutions of “questionable ethics.”

One of the greatest contributions of non-cooperative game theory is that it allows one to find
“problematic” solutions or unintended outcomes to games, and often indicates how to “fix” the
games so that these solutions are prevented or mitigated. The latter falls under the heading of
mechanism design.

On the other hand, plenty of practical scenarios are such that “players” are abstractions for
decision processes not affected by human reasoning and as such, we can attempt to find non-
cooperative solutions without questioning their validity. For instance, robust design (robust con-
trol, safety/security, decision-making under uncertainty, etc.) and evolutionary biology are good
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examples.

2.1 Mathematical Formalism

There are two categories of games: normal form games (sometimes referred to as strategic form
games) and extensive form games. The two types of games are informally described as follows:

e A normal form game is a model of interactive decision-making in which each player chooses
their plan of action once and for all, and all players’ decisions are made simultaneously. That
is, when choosing a strategy (i.e., a plan of action) each player is not informed of the strategy
chosen by any other player.

e An extensive game specifies the possible orders of events: each player can consider their
strategy not only at the beginning of the game, but also whenever he has to make a decision.
Often at each of these decision points, new information is revealed to one or more of the
players.

In this set of lecture notes, we focus only on normal form games. It is important to first fully
understand normal form games before proceeding to extensive form games, which are much more
challenging to analyze with often very non-intuitive outcomes. We leave this to a second course on
game theory. Interested students may read further about extensive form games in the books by
Osborne and Rubinstein in [42] or by Basar and Olsder [5] for instance.

To formally define a normal form game, we first need the notion of a preference revelation.
Denoted —; for player i, the preference relation provides an ordering on the utility or value of an
action to player ¢ relative to another action. For example, if z, 2’ € X, then = 7—; 2 if x is strictly
preferred to z’.

Definition 2.1. A normal form game consists of the following:

a. a finite set N'={1,..., N} which indexes the N players,

b. a nonempty set X; for each player i € N which is referred to as the action space for player 7,
where x € X is called an action profile,

c. and a preference relation Z; on X = [],.\r X; for each player i € V.

If the set X; of actions of every player i is finite then the game is finite (cf. Chapter 3) and, on
the other hand, if X; is continuous for each player, the the game is continuous (cf. Chapter 4).

Recalling that we previously stated that a game is defined by specifying the players, rules and
objectives, and information structure. In the above definition of a normal form game, we have
defined the players N, and the rules X = [[, X; and objectives Z= (Z1,...,2Zn). We have not
stated the information structure, but implicitly normal form games assume that each player knows
the preference relation of each other player and their action spaces. In addition, we assume they
are rational in the sense previously described at the beginning of the chapter, and that the game
is non-cooperative.

The high level of abstraction of this model allows it to be applied to a wide variety of situations.
A player may be an individual human being or any other decision-making entity like a government,
a board of directors, the leadership of a revolutionary movement, or even a flower or an animal.
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Under a many circumstances, the preference relation 7Z; of player 7 in a normal form game can
be represented by a payoff or wtility function u; : X — R, in the sense that, for any z,2’ € X,

ui(z) > ui(2) = z 72

We refer to values of such a function as payoffs (or utilities). Often we define a game not by a
utility function but by a cost function f;(x) which captures the loss experienced to player i under
action profile z € X. In this case, for any z,2’ € X,

filz) < fila!) = x ;o'

Frequently we specify a player’s preference relation by giving a payoff function that represents it.
In such a case we denote the game by

g = (Na X7 (Uz)zex\/)
as opposed to the equivalent tuple
g = (Na X7 (zl)le/\/’)

We will use the notation x_; to denote the actions of all player excluding player i—that is,

T_; = (xl, ey X1, Ty e e ,xN) S HXj.
J#i
Moreover, by a slight abuse of notation, we write a joint action profile x as x = (z;,x_;) and denote
player i’s utility under that profile as u;(x;, x_;).

Example 2.2 (Prisoner’s Dilemma). Consider a game in which there are two members of an
organized crime unit indexed by N' = {1,2} that are arrested for a crime. The agents are kept in
solitary confinement and cannot communicate. Moreover, the prosecutors do not have sufficient
evidence to convict them on the main charge but have enough evidence for a petty crime. The
players can choose to stay silent or betray on another (cooperate or defect).

The outcomes are

P2 silent | P2 betray
P1 silent (-1,-1) (-3,0)
P1 betray | (0,-3) (-2,-2)

The preferences are thus

o If player 2 stays silent, then player 1 prefers to betray since 0 > —1
e If player 2 betrays, then player 1 prefers to betray since —2 > —3
e If player 1 stays silent, then player 2 prefers to betray since 0 > —1
e If player 1 betrays, then player 2 prefers to betray since —2 > —3

This means, in terms of utilities
ul(Sv S) < Ul(Ba S) and u2(S7 S) < U2(Sa B)

That is, the profile z = (5,5) is strictly dominated by the action B for any player which in turn
means that z* = (B, B) is an equilibrium.

10
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2.2 Types of Games

In this section and from here forward, we will define concepts from the perspective that players
have cost function f; and hence, are cost minimizers. When it is easier or more appropriate to
have players as utility maximizers with utility functions u;, we will make this clear in the written
context.

There are several ways to create a tazonomy for games. We can distinguish them based on the
information available to agents (cf. the previous discussion on extensive form versus normal form
games), the rules of the game (e.g., order of play), or the objectives of players. Even in terms of
the objectives, there are several ways to distinguish between games: e.g., it could be based on how
payoffs are realizes or on the assumptions of the structure or class of cost functions players use.

In the first part of these lecture notes, we will primarily focus on full information games. When
we go to the second part on learning in games, we will discuss partial information and different
feedback structures on the learning process.

2.2.1 Characterizing Games Based on Rules

There are many ways in which the rules of the game can lead to methods of categorizing and
distinguishing classes of games. In this set of lecture notes, we will only discuss one main way
which is central to a lot of game theoretic formulations: the order of play.

The game can either be a simultaneous play game in which it is assumed that players make
their choices at the same time, or it can be a hierarchical play game in which it is assumed that
there is an order of play between the players. For example, if there are two players, one player
assumes the role of the leader—meaning it plays first—and the other player assumes the role of the
follower. Games with a hierarchical order of play are often referred to as Stackelberg games [52].
In a Stackelberg game, the leader and follower aim to solve the following optimization problems,
respectively:

. . L
IIIIél)Iél{fl(lL‘l,:L'Q)‘ X9 € arg;gg f2($1ay)}7 ( )

i . F
Iin fo(z1,22) (F)

This contrasts with a simultaneous play game in which each player 7 is faced with the optimization
problem
min f;(x;, ;). (2.1)
T, €X;
Stackelberg-type games are keenly important for mechanism design as well as formulations of robust
machine learning, adversarial learning, and strategic classification—or more generally, learning from
strategically generated data.

There are different, but natural, equilibrium concepts for the type of game based on the order
of play. In particular, there are equilibrium concepts which respect the structure of the order of
play and hence the game itself. For certain classes of games, we will see there is tight connection
between the different equilibrium notions. In Section 2.3 we introduce these concepts and then
make some initial observations about the connections between them. Further details on how they
are connected are discussed in Chapters 3 and 4, as well as in Part II where learning dynamics play
a key role.

11
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2.2.2 Characterizing Games Based on Objectives

Regarding how payoffs are realized, there are several main types of games: zero-sum games,
constant-sum games, common-payoff games, and non-zero-sum games (or general-sum games).

Definition 2.3. A game G = (N, X, (fi)ien) is constant sum if

Y file)=¢ VzeX, (2.2)
ieN
for some constant c¢. If ¢ = 0, then the game is zero-sum, and if the game is not constant or
zero-sum then it is non-zero-sum or general sum.

Prisoner’s dilemma is a type of non-zero sum game, though it gives rise to the non-intuitive
outcome that players should choose a strategy that leads to the worst possible outcome even though
there is a socially cooperative solution with better payoffs across the board. Another interesting
non-zero sum game is given below.

Example 2.4 (Bach vs Stravinsky). General sum games tend to include elements of both coordi-
nation and competition. A pair of friends wish to go to the orchestra, and they can select among
two options: ”Bach” or ”Stravinsky”. They much prefer to go together rather than to separate
showings, but while the player 1 prefers Bach (B), the player 2 prefers Stravinsky (S).

The outcomes are

P2 Bach | P2 Stravinksy
P1 Bach (2,1) (0,0)
P1 Stravinsky (0,0) (1,2)

It turns out that coordinating on either (B, B) or (S, S) is an equilibrium—i.e.,
ui(B,B) =2>wu1(S,B) =0 and ua(B,B) = 1> uz(B,S) =0

as can be similarly shown for (5,5). These are not the only two equilibria however. We will see
later that randomizing can also be an equilibrium.

Typically, zero-sum games are taken to be between two players.! In this case, the game is then
defined by a single cost function f such that G = (N, X, (f, —f))-

Example 2.5 (Matching Pennies). A classical example of a zero-sum game is the game of Matching
Pennies. In this game, each of the two players has a penny, and independently chooses to display
either heads or tails. The two players then compare their pennies. If they are the same then player
1 pockets both, and otherwise player 2 pockets them. The outcomes are

P2 heads | P2 tails
P1 heads (1,-1) (-1,1)
P1 tails (-1,1) (1,-1)

'Note that another common game type is network zero-sum games and pairwise zero-sum games. In the former
case, the condition in (2.2) defines the zero-sum nature of the network game. The network defines which players
compete with one another—i.e., cost function dependencies on player actions. In the latter case, players that compete
with one another do so in pairwise zero-sum interactions. In this case, not only does (2.2) hold, but it is also the case
that fi(z) + fj(z) = 0 if in the network there is an edge between player ¢ and player j, indicating that they compete
with one another.

12
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We will see that the best thing players can do (such that they do not have an incentive to deviate)
is to randomize. That is, play heads and tails with equal probability.

Rock paper scissors is another common zero sum game in which there are three strategies per
player such that rock beats scissors, paper beats rock, and scissors beat paper. In this game, it is
also an "equilibrium” strategy to randomize.

Another important type of game is a common-payoff game or pure coordination games.

Definition 2.6. A common-payoff game is a type of constant sum game such that for all profiles
x € X and any two agents ¢ and j, u;(z) = uj(x).

In such games the agents have no conflicting interests; their sole challenge is to coordinate on
an action that is maximally beneficial to all.

Example 2.7 (Coordination Game). Imagine two drivers driving towards each other in a country
having no traffic rules, and who must independently decide whether to drive on the left or on the
right. If the drivers choose the same side (left or right) they get a high utility, and otherwise they
get a low utility. The outcomes are

P2 left | P2 right
P1 left (1,1) (0,0)
P1 right | (0,0) (1,1)

Clearly, players do not have an incentive to deviate from the coordinated action profiles (left,left)
and (right,right).

2.3 Equilibrium Concepts for Simultaneous and Hierarchical Play

As noted above, there are very natural equilibrium concepts that respect the order of play in the
game.

Simultaneous Play. For simultaneous play games, the quintessential equilibrium notion (and
one that is central to this set of notes) is that of a Nash equilibrium [41]. For x* to be a Nash
equilibrium it must be that no player i has an action yielding an outcome that they prefer to that
generated when z} is played and everyone else plays z*,. More formally, a Nash equilibrium is
defined as follows.

Definition 2.8. A Nash equilibrium of G = (N, X, ) is a profile z* = (27, ..., 2%) € X of actions
with the property that for every player i € N,

(xf, 2 ;) 7 (@i, 25), Ve X,

Analogously, we can define the concept using the cost function representation of preferences.

Definition 2.9. A Nash equilibrium of G = (N, X, (f;)ien) is a profile z* = (zF,...,z}) € X of
actions with the property that for every player i € N,

filz],xy) < fi(wg, 2%y), Vo € X

13
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Another useful concept is the best response set with which we can restate the above definition.
For any x_; € X_; define B;(x_;) to be

Bi(z—i) = {zi] filzi,z—i) < filaf,x—), Vaje Xi}.
Definition 2.10. A Nash equilibrium is an action profile z* = (z7,...,2}) € X for which
x] € Bi(z;), Vi

An alternative expression which gives us some intuition for refinements of Nash is to write the
best response map as follows:
x} € argmin f;(x;,x*;)
T

The action spaces X; can be finite or infinite—in particular, a continuum.? In either case,
both definitions above for Nash can be seen as defining a pure strateqy Nash equilibrium or a Nash
equilibrium in pure strategies. Furthermore, if the action spaces are finite—say X; = {1,...,m;}
but we consider the probability simplex

m;
J=1

then the definitions above capture mized strateqy Nash equilibria where each x;‘j denotes the prob-
ability that player ¢ will player strategy j € X; in equilibrium. This distinction between pure and
mixed strategy equilibrium concepts will be further discussed in the subsequent chapters.

Example 2.11 (Bach vs Stravinsky Take 2). Recall the general sum Bach-Stravinsky game in
which the outcomes are

P2 Bach | P2 Stravinksy
P1 Bach (2,1) (0,0)
P1 Stravinsky (0,0) (1,2)

We saw that coordinating on either (B, B) or (S, S) are both pure Nash equilibria. These are not
the only two equilibria however. Now that we have a notion of a mixed Nash we can see this.

Suppose that zo = (p,1 — p) € A(X3). Then if the player 1, also mixes between their two
actions, they must be indifferent (i.e., utilities must be the same) between them, given player 2’s
strategy. Indeed, otherwise they would be better off switching to a pure strategy according to
which they only played the better of their actions (that is if they are not indifferent they would
keep putting more mass on the strategy they prefer until its a pure strategy). Then

1

u1(S,2) =2p+0(1 —p) = w1 (B,r2) =0p+1(1 —p) = p= 3

Now, since player 2 is mixing, they must also be indifferent between actions:
2
uz(e1, B) = gl + (1 =)0 = uz(21,5) =0g + (1 = )2 = q¢=3

So that
(21, 23) = ((2/3,1/3),(1/3,2/3))

2The case of infinite but countable is rarely encountered so we do not really comment on that case in these lecture
notes.

14
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Hierarchical Play. In the hierarchical play setting (or Stackelberg game), the most common
equilibrium notion is a Stackelberg equilibrium. In contrast to the Nash concept, the roles of players
are not symmetric in that one player has the ability to enforce their strategy on the other player(s)
which leads to the hierarchical model of play. In this case, the leader takes into consideration that
the follower will act in accordance to its objective given the decision of the leader—that is, the
follower plays a best response. Yet, both players make their decisions simultaneously. In particular,
the notion of Stackelberg equilibrium we consider is for single-act games.?

This equilibrium notion takes care to define properly because the leading agent’s optimization
problem is subjected to a constraint which itself is an optimization problem, thereby leading to a
bilevel optimization problem for the leader.

Bilevel optimization problem may not be well-behaved when the inner problem leads to a disjoint
set and hence, a discontinuous optimization problem for the leader. This being said, under certain
regularity conditions (which will be further discussed in Chapters 3 and 3) we can formulate a clear
definition of the equilibrium concept. When the inner problem has multiple solutions (e.g., multiple
disconnected global minima), in the bilevel optimization literature both pessimistic and optimistic
solutions have been defined in whcih the leader assumes the follower plays either the worst case
solution or the best case solution amongst the set of global minima—parameterized by the leader’s
choice variable—respectively. In this set notes, we will not go into great detail on these two cases.
Instead we will focus on situations where either regularity conditions ensure such a situation does
not arise or in which a local notion of equilibrium is well-defined.

Consider a two player game for simplicity, G = (N, X, (f1, f2)), where without loss of generality
player 1 is the leader and player 2 is the follower. That is, player 1 plays first and then player
2 follows. This means that player 1 should take into consideration that player 2 is going to play
a best response to its choice, and should therefore strategize with this in mind. A Stackelberg
equilibrium for G is defined as follows.

Definition 2.12. The strategy 2] € X is a Stackelberg solution for the leader if, Va; € X,

SupIQERX2 (x’l‘) fl ($T7 '/'U2) S SupIQERX2 (.Z‘l) fl (.’1317 LUQ),

where Rx,(x1) = {y € Xo|fo(z1,y) < fa(z1,22), Voo € Xa} is player 2’s reaction set in response to
x1. Moreover, (z7,x%) for any x4 € Rx,(x7]) is a Stackelberg equilibrium on X; x Xo.

2.3.1 Additional Equilibrium Notions

There are many refinements of the above equilibrium concepts, both in terms of the degree of
coordination allowed between players (and nature) as well as local notions.

In Chapter 3, we will discuss some of the refinements related to the former, and in Chapter 4,
we will cover the latter.

Correlated Equilibria. For example, a Nash equilibrium in mixed strategies is such that the
probability distribution on X = X; x---x X is independent across players. Indeed, let’s introduce
a little more notation to make this clear. For joint strategy profile a € X where a; € X; =

30ften extensive form game representations are used to analyze Stackelberg equilibria in normal-form games with
an order of play. We will not cover this analysis in this course but one can read about it in [5].

15
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{1,...,m;} and a_; € X_;, we denote the expected utility given the mixed strategy = = [[,c
by

Eqmelui(ai,a—;)]

Here strategies a; are sampled from z; independently across players as the notation x = [[;c - =i
indicates. If on the other hand, players are allowed to coordinate via an external signal or recom-
mendation, then the distribution x is no longer independent across players, and this leads to the
notion of a correlated equilbirium. This is the first natural refinement of a Nash equilibrium. That
is, all Nash equilibria are correlated equilibria but the other direction does not hold:

Pure Nash C Mixed Nash C Correlated Equilibria

This is an important refinement since many learning algorithms for mixed strategies in finite games
can only be guaranteed to achieve correlated equilibria.

Recall that in a Nash equilibrium, players randomize over strategies independently. This is one
of the primary distinctions between mixed Nash equilibria and correlated equilibria: in a correlated
equilibrium there is a correlating mechanism (signal) that the agents use as a reference point in
determining a utility maximizing strategy. Due to this, the agents are no longer randomizing
independently.

In fact, it may be the case for games with multiple Nash equilibria that we want to allow for
randomization between Nash equilibria by some form of communication prior to the play of the
game. Consider the following example in which the coordinating mechanism is a coin flip (Bernoulli
random variable).

Example 2.13 (Bach v. Stravinsky Take 3).

P1\P2  Bach Stravinsky
Bach (1,2) (0,0)
Stravinsky (0, 0) (2,1)

Suppose the players flip a coin and go to Bach if the coin is heads and Stravinksy otherwise.
The payoff to the players in this case is (1/2(1 +2),1/2(2+ 1)) = (3/2,3/2) and this is not a
Nash equilibrium.

Example 2.14. (Chicken-Dare Game.) As another example, think about a traffic light. As
people come to an intersection the light suggests to them what to do (obviously, in reality the
traffic light is not random in its assignment of red or green, but as a thought experiment it serves
its purpose). This is often called the Chiken-Dare game, and the payoffs are as follows:

P1\P2 Dare Chicken
Dare 0,0 7,2
Chicken 2,7 6,6

There are two pure Nash equilibria (D, C) and (C, D)
2 = uy(D, ) > uz(D, D) = 0

7= ul(D,C') Z ul(C, C) =6
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and one mixed Nash where the probability of ((D,C),(D,()) is ((1/3,2/3),(1/3,2/3)):

0B -4 f]=sor==] B A[E-F) [8]-50e0-5

Now suppose that prior to playing the game the players performed the following experiment:

e Player 1 chooses ball from bag with three balls labeled C, C, D
e Player 2 chooses ball from bag with remaining two balls

e Player 1 and player 2 play according to the ball they get

It can be verified that there is no incentive to deviate from such an agreement since the suggested
strategy is best in expectation.

This experiment is equivalent to having the following strategy profile chosen for the players by
some third party, a correlation device:

Dare Chicken
Dare 0 1/3
Chicken 1/3 1/3

Suppose player 1 gets a ball with C. Then player 2 will play C' with probability 1/2 and d with
probability 1/2. The expected utility of D is 0(1/2) + 7(1/2) = 3.5 and the expected utility of C
out is 2(1/2)+6(1/2) = 4. So, the player would prefer to Chicken out. On the other hand, suppose
player 1 gets ball D, he would not want to deviate supposing the other player played their assigned
strategy since he will get 7 (the highest payoff possible).

The expected payoff for this game is 7(1/3) + 2(1/3) + 6(1/3) = 5 which is greater than the
Nash payoff 14/3.

This equilibrium (using the correlation device) is a correlated equilibrium since the players play
is correlated.

Local notions of Equilibria. The other type of refinement is more natural for pure strategy
equilibria in games on continuous actions spaces. In many settings—particularly those relevant
for machine learning and learning-based systems—the cost functions of players are non-conver and
hence, we consider local notions of equilibria. That is, equilibria such as Nash or Stackelberg defined
in a local neighborhood. This will be covered in more detail in Chapter 4. As with correlated
equilibria, the local notions of equilibria are important because again many learning algorithms
only have local guarantees on convergence due to the non-convex optimization landscape in which
players are interacting.

For instance, we can define a d-local Nash equilibrium as follows. Let Bs(z;) be the d—radius
ball centered at x in the Euclidean space R™ endowed with the usual metric.

Definition 2.15. A joint action profile z* is an local Nash equilibrium if there exists a 6 > 0 such
that
filzi, 2%y) < filwi,aly), Vo € Bs(ay)
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Approximate notions of Equilibria. Yet, another refinement arises due to approximation of
the inequalities in the definition of equilibrium concepts such as Nash or Stackelberg. For instance,
we can define an e-approximate Nash equilibrium as follows. Let Bs(z;) be the d—radius ball
centered at x in the Euclidean space R™¢ endowed with the usual metric.

Definition 2.16. Give £,0 > 0, a joint action profile * is an (&, §)-approximate Nash equilibrium
if
filw],2%;) < fi(wi, 2%;) + ¢, Va; € Bs(xy)

18



Chapter 3

Games on Finite Action Spaces

3.1 Introduction

Normal form games in which the action spaces X; for each player : € N is itself a finite set are
called finite games or normal form games on finite action spaces. In this case, we can define or
represent the action space for a player ¢ as an index set as follows:

XZ:{I,,'m,}

where m; = | X;| is the number of actions available to player i.

The utility of player 4 is still a mapping from the joint action space X to a real number.
For this class of games there are two relevant types of equilibrium concepts: pure strategy/action
equilibria and mized strategy/action equilibria. Both are defined as in the previous chapter for a
Nash equilibrium. That is,

wi(z;, x%;) > wi(wi, x%y), Vo, € X;

where if we are considering pure strategy Nash equilibria then z; € X; = {1,...,m;} and if we are
considering mixed Nash equilibria, then x; € A(X;)—i.e., the probability simplex on {1,...,m;}
which is defined by

m;
A(XZ): T Z‘TUZL ngijgl
j=1
The use of x; for both pure and mixed strategies is of course an abuse of notation in some sense,
however, for x; € A(X;), the strategy

j-th entry

represents a pure strategy where player ¢ puts all the mass on the j-th entry. Since this is an abuse
of notation of sorts, using x; for both pure and mixed strategies, so we will be very clear what we
are referring depending on the context moving forward. When we are discussing mixed strategies,
we will use x; for the mixed strategy and either an index such as j € X; or s; € X; for the pure
strategy. In the case of mixed Nash equilibria, we can write the utility as

m;
wilw, i) =Y wiui(f, 1)
J=1
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where u;(j, x_;) is the utility player i gets from playing the pure strategy j given that the remaining
players are playing the mixed strategy x_;.

One reasonable interpretation for mixed policies is the following. Suppose players are playing a
game repeatedly. In each game they choose their actions randomly according to pre-selected mixed
policies (independently from each other and independently from game to game) and their goal is
to minimize/maximize the cost/reward averaged over all the games played.

Moreover, by introducing mixed policies, we essentially enlarged the action spaces for both
players and a consequence of this enlargement is that saddle-point equilibria now always exist.
Indeed, this is exactly Nash’s celebrated theorem provides existence in the class of finite games.

Theorem 3.1 (Nash ’'51). Every game with a finite number of players and action profiles has at
least one Nash equilibrium.

The proof of this result takes time to go through, and we do not discuss it here except to
mention that it is typically achieved by appealing to a fixed-point theorem from mathematics, such
as those due to Kakutani and Brouwer. Nash’s theorem depends critically on the availability of
mixed strategies to the agents. However, this does not mean that an agent plays a mixed-strategy
Nash equilibrium: Do players really sample probability distributions in their heads? Some people
have argued that they really do, and there is some empirical backing of this.

3.2 Matrix Games: General Sum

A finite normal form game in which there are two players can be described conveniently in a table
or matrix form. When there are multiple players (here meaning more than two), the finite normal
form game can be represented as a tensor. If it is further the case that there are more than two
players and the game is such that it can be written as pairwise games between players, then we
refer to such games as polymatriz games or network matriz games.

For simplicity we will focus on two-player bi-matrix games. Each player has a a finite set of
actions:

e player 1 has m actions, indexed by X; = {1,...,m}

e player 2 has n actions, indexed by Xo = {1,...,n}
The outcome of the game for player 1 is quantified by an m x n matrix A = [a;;], and similarly,
for player 2, the outcome is quantified by an n x m matrix B = [bj;]. In particular, the entry a;; of

the matrix provides the outcome of the game when player 1 selects an action ¢ € {1,...,m}, and
player 2 selects an action j € {1,...,n}. The utilities’ of the players are then written as

uy(xy, ) = xlTAwg and wug(x1,z2) = a:lTBTxg.

One can imagine that player 1 selects a row of A and player 2 selects a column of BT.
The tuple G = (A, B) denotes the bimatrix game in which player 1 has utility uq(z1,z2) =
wlTAxg and player 2 has utility ua(z1,x2) = xlTBTxg.

!Note that different references treat the payoff of the ”column” player (i.e. player 2) differently in that they may
define B using the transpose of the above. So take care when reading other references to understand their notion.
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Definition 3.2. A joint action profile (z7,x3) € A(X1) x A(X32) is a Nash equilibrium for the
game G = (4, B) if
()T Az > 2] Axh, ¥z € A(X))
and
() "B as > (23) "B xy, ¥ 20 € A(Xy)

Note that if the matrices A and B represent costs to players, then the inequalities in the above
definition simply flip.

Example 3.3 (General Sum Bi-matrix Game). Consider the following general sum game:

PI\P2 L R
U (5,1 (0,0)
D (4,4) (1,5)

The matrix form of this game is defined by the following matrices:

150 T (10
A—L 1] and B —[4 5]

One can easily see that (U, L) and (D, R) are the two pure strategy NE of the game.

For a purely mixed strategy, recall that if one player mixes, then the other player should be
indifferent between the outcomes of its actions since otherwise it would put all the mass on the
preferred action. We can express this in terms of the matrices. Let a;r be the i-th row of A and b;
be the j-th column of BT. Then, if player 1 uses the mixed strategy x; = (p,1 — p), it should be
the case for player 2 that it is indifferent between actions L and R. That is,

J:Ibl :a:]—bg <~ p+4(1—p)=0p+5(1—p) = p:%
Similarly, if player 2 uses the mixed strategy x2 = (¢,1 — ¢), it should be the case that player 1 is

indifferent between U and D. That is,

air:m:a;xg < 5q+0(1—¢q) =49+ (1—¢q) = q:%

Thus, the unique Nash is (%, %, %, %) and the payoff to players is (5/2,5/2).
This example provides some intuition for how we will ultimately pose finding Nash in bimatrix
games as an optimization problem.

3.3 Bi-Matrix Games: Zero Sum

It is even simpler in the zero-sum setting since only a single matrix is needed to define the game.
In particular, player 1 wants to minimize the outcome A(7,j) and player 2 wants to maximize
A(i, ). For simplicity, since there are two players, in this section we will use x € X = A(X) with
X ={1,...,m} for player 1’s mixed strategy and y € ¥ = A(Y) with Y = {1,...,n} for player
2’s mixed strategy. Then A € R™*™ and the game is defined by payoff matrices A and B = —AT
where player 1 has cost
fla,y) =a"Ay
and player 2 has cost
~fla,y) =~z " Ay
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Example 3.4 (Recall Matching Pennies). Consider two players: player 1 (Even) and player 2
(Odd). Each player has a penny and must secretly turn the penny to heads or tails. The players
then reveal their choices simultaneously where the rules for outcomes are as follows:

e If the pennies match (both heads or both tails), then Even keeps both pennies, so wins one
from Odd (+1 for Even, -1 for Odd).

e If the pennies do not match (one heads and one tails) Odd keeps both pennies, so receives
one from Even (-1 for Even, +1 for Odd).

We can write this in matrix form as follows. Player 1 has payoff matrix
-1 1
=0
where we point out that this defines the cost to player 1.2 Player 2 has payoff matrix

T_ |1 -1
5= )| =a

We saw before that this game has no pure strategy equilibrium and instead has a mixed strategy
equilibrium at (1/2,1/2) for both players. We can find the equilibria by using similar reasoning as
we did in Chapter 2: if a player is playing a mixed strategy in response to a mixed strategy, then
they should be indifferent to the actions available to them since otherwise they would put all the
mass on the action that gives the best outcome and hence, be playing a pure strategy.

Indeed, with y = (¢,1 — ¢) we have

aly=asy <= —q+(1-q)=q—(1—q) < q=3
and similarly, with z = (p, 1 — p), we have
hi=a"by <= p—(1-p)=-p+(l-p) < p=3}
Note that here the columns of B' are the columns of —A.

The definition of a Nash equilibrium in zero-sum bimatrix games simplifies in some sense, and
there is a connection to saddle points.

Recall Definition 3.2 that we defined a mixed Nash equilibrium for the game G = (A, B) where
the matrices defined the players payoffs in terms of utility (as opposed to cost). Treating the players
as cost minimizers (i.e., letting player 1 have cost z' Ay and player 2 have cost 2" B'y), then a
joint action profile (z*,y*) € X x ) is a (mixed) Nash equilibrium for the cost minimization game
G =(A,B)if

() TAy* <2TAy* VeeX (3.1)

and
(@)"BTy* < (@*)"BTy, Vyed (3.2)

2Typically you will see matching pennies and other games written such that A above is taken to be —A (defining
a utility for player 1), but since we want to be consistent with having player 1 as the minimizer, we define A to be a
cost matrix for player 1.

22



AN INTRODUCTION TO LEARNING IN GAMES

Since in zero-sum settings we have B = —AT, the second inequality becomes
—(@) Ay < —(@) Ay = (@) Ay > (@) Ay, Vy ey

If we combine this inequality with (3.1), we get the definition of (mixed) Nash for zero sum finite
games and can immediately see its connection to saddle points.

Definition 3.5. A joint action profile (z7,2%) € A(X;) x A(X2) is a Nash equilibrium for the
zero-sum (cost minimization) game G = (A4, —AT) if

(z)TAy < (a")TAy* <2 Ay*, Vo e X, yed

The above definition shows that (z*,4*) is a saddle point of the function 2" Ay defined over
X x Y. Indeed, recall that a vector (z*,y*) is a saddle point if
*\ T *\ T * : T *
Ay = Ay = A 3.3
max(z”) " Ay (¢%) " Ay" = minz " Ay (3.3)

The minmax inequality is a useful tool as we will see not only for finite games but also continuous
ones.

Proposition 3.6 (Min-max inequality). Given any function f : X x) — R, the following inequality
holds:

sup inf f(z,y) < inf sup f(z,y 3.4
sup inf £(r,9) < inf sup f(x.1) (3.4)

Proof. For every v/ € X,

inf ") < inf
;gxf(x,y) < ;gngf(%y)

Now, just take the supremum over ¢ € ) on the left hand side and we done. |

Note that for utility (or cost) functions in bimatrix games, we can replace sup and inf with
max and min, respectively, when f(z,y) = 2" Ay is a function on the joint mixed strategy spaces
X x Y. That is,

maxminz ' Ay < minmaxz ' Ay (3.5)
yeY zeX zEX yey

Now reflecting back to (3.3), we see that it implies that

min max z ' Ay < max(z*)" Ay = (%) " Ay* = minz " Ay*) < maxminz' Ay
TeX yey yey zEX yeYy zeX

Hence, combining this with (3.5), we see that a mixed joint action profile (z*,y*) is a Nash equi-
librium if and only if

V(A) = (z") " Ay* = mi TAy = inz' A 3.6
(4) = () Ay = minmaxz Ay = maxminz’ Ay (3.6)
Moreover, we refer to
(x*)TAy*

as the value of the game. The value of the game for zero-sum games is an important construct.
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3.3.1 Security Values in Zero-sum Games

In this subsection, we discuss what are known as security policies and security values in zero-sum
games as a warm up to the minmax theorem of von Neumann which informally says that each
player receives a payoff that is equal to both his maxmin value and his minmax value in a Nash
equilibrium. Security values correspond to minmax and maxmin values of the game. Let’s formalize
this.

A secure or risk averse policy makes choices that are guaranteed to produce the best outcome
against any choice made by the other player (rational or not).

Given a game G = (A, —AT), the average (because we are taking the expected utility given the
mixed strategies of players) security level for player 1 is defined by

V(A) = mi TA 3.7
(4) = mip max Ay 37

and the corresponding mized security policy for player 1 is any z* that achieves V(A):

*\ T X/ : T
Ay = V(A) = A 3.8
r;lea;(w ) Ay =V(4) = min maxz Ay (3.8)

Analogously, the security level for player 2 is

V(A) = ina'A 3.9
V(4) = maxmigz Ay (3.9)
and the security policy is
minz ' Ay* = V(A) = maxminz ' Ay (3.10)
reX yeY zeX

Proposition 3.7. Consider any zero-sum finite game G = (4, —A"). The following hold:

a. The average security levels are well defined and unique.
b. Both players have mixed security policies (not necessarily unique).

c. The average security levels always satisfy

V(A) <V(A) (3.11)

The first property follows from an application of Weierstrass’ Theorem.? Indeed, given that we
are minimizing/maximizing a continuous function over a compact set (i.e., bounded and closed)
and Weierstrass’ Theorem guarantees that such a minimum/maximum always exists at some point
in the set.

Then, given that the min and max in the definition of V(A) are achieved at specific points in
X and )Y, respectively, we get directly that y* can be used in a security policy for player 2. We can

3From calculus, one may recall the extreme value theorem which states the following: a real-valued function
f € C([a,b],R) must attain a maximum and a minimum, each at least once. This can be extended to metric spaces
and general topological spaces for that matter.

Theorem 3.8. Suppose that X is a compact set and f € C(X,R). Then f is bounded and there exists z,z’ € X
such that f(z) =sup,cx f(z) and f(z') = inf.ex f(2)
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reason in a similar way for player 1. Hence, this shows that the second point in Proposition 3.7
holds.
The inequality in the last property follows from the minmax inequality discussed above. More-
over, it is not hard to show that
V(A) < min max A(4, j
( )_ z‘elX je);( (Z j)
and
maxmin A4, j) < V(A
maxmin A(i, j) < V(4)
That is, the mixed security levels are bounded by the pure security levels—i.e., equivalent security
level concept considering only pure strategies (i,7) € X x Y.
Now, reflecting back to (3.6), we can state the existence of a mixed Nash equilibrium in terms
of the security levels of the game.

Theorem 3.9. Given a zero-sum finite matrix game G = (A4, —A"), a mixed Nash equilibrium
exists if and only if

maxminz' Ay = V(A) = minmaxz ' Ay = V(A)
yey zeX reX yey

This is actually known as the Minmax Theorem. We will see its proof in the next section.
Before getting into the next example, we need the following lemma about optimizing linear
functions over the simplex.

Proposition 3.10. Consider the simplex A(X) ={z e R™: > . x; =1, z; > 0,Vi}. Suppose we
aim to optimize f(z) =", a;x;. Then,

(ain fle) = min | ai, mex fle) = max

Example 3.11 (Rock-Paper-Scissors (Ro-Sham-Bo)). Another classical game in game theory is
rock-paper-scissors. For the uninitiated, in its simplest form, two players shake their fists and
"throw” (with their hand) a symbol for rock (fist), scissors (two fingers out), or paper (flat hand).
The outcome of the game are determined by the rules which state that paper beats rock (it can
cover it), rock beats scissors (it can smash it), and scissors beats paper (it can cut it). The pay off
matrix is given by

1 -1 0

Suppose that player 1 uses mixed policy = = (x1,x2,23) and player 2 uses mixed policy y =
(y17y27y3)' Then,

V(A) = inz' Ay = i —y3) + —y—1)+ - 3.12
V(A) = maxminz Ay = maxminzi(yz — ys) +22(ys =y = 1) + 23(y1 — 1) (3.12)

= I;leajgcmin{(yz —y3), (ys — 1), (Y1 —y2)} (3.13)
where the last equality comes from Proposition 3.10, and this is clearly maximized at y; = yo =
Y3 = % This means that V(A) = 0 which gives the mixed security policy of y* = ( ) for

player 2. One can similarly argue that V(A4) = mingey maxyey ' Ay = 0 and 2* = (%,
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Perhaps unsurprisingly, V(A4) = V(A) = V(A) = 0 and thus we have a mixed strategy equilir-
bium:

(x*7y*) = ((%’ %’ %)7 (%7 %7 %))
3.3.2 Minmax Theorem

In this section, we will see why the Minimax Theorem, which we restate below, holds.

Theorem 3.12 (Minimax Theorem of von Neumann 1928). For any finite, two-player zerosum
game, in any Nash equilibrium each player receives a payoff that is equal to both his maxmin value
and his minmax value. That is,

V(A) = maxminz' Ay = minmaxz' Ay = V(A)
yeY zeX reX yey

This is a highly important theorem in that it demonstrates that maxmin strategies, minmax
strategies and Nash equilibria coincide in two-player, zero-sum games.*

To prove the theorem we need a bit of background material. A hyperplane in R" is a set of the
form

{z: a'z=0}

where a € R™ and b € R—i.e., the set of points with a constant inner product to a given vector a, or
as a hyperplane with normal vector a. The constant b € R determines the offset of the hyperplane
from the origin. From this perspective we can rewrite the hyperplane in the form

P={zeR": a'(z—x0) =0},

where o € R™ is a point that belongs to the hyperplane—i.e., any point satisfying a ' zq = b—and
a € R™ is the normal (vector) to the hyperplane.
A hyperplane divides R™ into two halfspaces. A closed halfspace is a set of the form

H={z:a'z<by={z: a'(z—x0) <0}
where a # 0. The open halfspace replaces < with <.

Theorem 3.13 (Separating Hyperplane Theorem®). Consider K, C' C R"™ to be non-empty convex
set such that C' N K = (). There exists a # 0 and zg € R™ such that a' (z — 2¢) < 0 for all z € C
and a' (x — 2¢) > 0 for all #z € K. The hyperplane {z : a'(x — z¢) = 0} is called the separating
hyperplane for C' and K.

Another way to state this theorem is as follows: for every convex set C' C R™ and point z¢ & C,
there exists a hyperplane P = {z : a'(x — z0) = 0} that contains z¢ but does not intersect C.

Lemma 3.14 (Theorem of the Alternative®). Given A € R™*" and a vector b € R™, either there
exists a vector x such that Az < b and = > 0 or there exists a vector y such that ATy >0,y>0
and by < 0, but not both.

4This is not true in games on continuous action spaces unless they are highly structured, for example convex
games on convex, compact strategy spaces.

Scf. [10], Section 2.5.1, pgs. 46-49

Scf. Section 5.8.3 [10]
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To understand what this lemma is saying, consider the primal and dual optimization problems
given by
max{0"z| z >0, Az < b} (P)
x

and
min{bTy| y >0, ATy > 0} (D)
Yy

respectively.” What this lemma is essentially trying to say is that either the primal problem is
feasible, or the dual has a feasible solution with negative objective function but not both. Theorems
of alternatives® essentially look at the problem of determining feasibility of a system of inequalities
and equalities and the way this is done is using Lagrangian duality. Here, we have a simple set of
linear inequalities > 0 and Az < b, and we can use duality to show that either there is an x that
is feasible for this set of inequalities (i.e., satisfies them) or there has to be a feasible point for the
dual problem with negative objective. Let us now see why this lemma holds.

Proof Sketch. Examining (P) we see that since the objective function is zero for all z, the primal
cannot be unbounded. Examining (D) we see that the dual is always feasible since we can take
y = 0.

This means that the primal can only be infeasible or have an optimal solution,? while the dual
can only be unbounded or have an optimal solution.

By strong duality'?, if either one has an optimal solution, then both do. Hence, the only cases
are the following:

1. Both primal and dual have optimal solutions. In particular the primal is feasible, which is
the first alternative.

2. The primal is infeasible and the dual is unbounded. In this case the dual has a family of
feasible solutions with objective function tending to —oo which means that the dual must
have a feasible solution with b"%y < 0. This is the second alternative.

Now we have to see why these two are mutually exclusive. This follows from weak duality: suppose
x is feasible for the primal and y feasible for the dual so that by weak duality 0Tz < by but this
contradicts by < 0. |

Using these classical results, we now proceed to the prove the Minimax Theorem.
Proof Sketch of the Minmax Theorem. Recall that we saw earlier that

maxminz ' Ay = V(A) < V(A) = minmaxz ' Ay
ye) zeX zeX yey

If the inequality were strict (meaning the Minmax Theorem does not hold), then there would be a
constant ¢ such that

maxminz' Ay = V(A) < ¢ < V(A) = minmaxz ' Ay
yeYy zeX reX yey

"For a reminder on the basics of primal-dual forms of linear programs, please see [10]. In particular, for the linear
28
program max,{c'z| x > 0, Az < b} its dual is easily shown to be miny{b"y| y > ¢, ATy > 0} and here, we just
take c to be the zero vector.
®Note that there are several and you may look at Section 5.8 of [10] for more detail on these theorems.
9The options here for a linear program are that it can either be unbounded, infeasible, or have an optimal solution.
10Tf the primal has an optimal solution then the dual has an optimal solution too, and the two optima are equal.
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So, we need to argue this is not possible. We do this by showing that for any ¢ € R, we have either

c<V(A)orV(A)<c

From here you may be able to see why we need the theorem of alternatives. Pick arbitrary c € R.
To show that either
c<V(A)orV(A) <c

we use Lemma 3.14 (Theorem of Alternatives) to break the above into the following two cases:

1. There exists y* € Y such that

Ayt > ¢, Ve e X = minz Ay* >c¢ — V(A) = maxminz ' Ay > ¢
reX yey xzeX

2. There exists z* € X such that

() TAy <e, Wye) = max(z")Ay<c¢ = V(A) =minmaxz' Ay <c
yeY TEX yey

Lemma 3.14 is what gives us the existence of y* and z* in the above two conditions. One can see
this by applying the lemma to the matrix M = A — ¢1 where 1 € R™*" is the matrix with all
ones. Then, when the primal feasibility holds in the lemma (first alternative), we know there exists
x* € X such that

()T (A-cl)y=(z*)"TAy— ¢ <0, Vye)

which shows condition 2 above holds. Alternatively, when the dual feasibility with negative objec-
tive value (second alternative) holds in the lemma, there exists y* € ) such that

e (A—cl)y =z"Ay* —¢>0, Ve e X

so that condition 1 above holds.
Now, as noted above if the Minmax Theorem did not hold, then we could pick ¢ such that

V(A) <c<V(A)

but this would clearly contradict the two conditions 1 and 2 above that we just proved.

3.4 Computing Nash Equilibria in Bi-Matrix Games

In this section, we give an overview on how to compute Nash equilibria in bi-matrix games. We
take an optimization perspective since it aligns with the optimization perspective we will take when
we discuss continuous games. We start with zero-sum games because they are the simplest to work
with from this perspective. Indeed we will see that computing Nash can be done by solving a pair
of linear programs. After this, we generalize as much as possible to bi-matrix games and then
comment on other ways of computing Nash.
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Brief Review of Primal-Dual Representations of Linear Programs. Essentially the main
tool we use from convex optimization for matrix games is linear programming. Consider the linear
program

min{bT:U AT > ¢, x>0}

Its dual is given by
max{c'y: Ay <b, y >0}

Theorem 3.15 (Weak duality). Consider the primal dual pair above. Then,

1. (Weak duality) c¢'y < b' for all feasible 2 and .

2. (Strong duality) If the feasible sets are non-empty, then ¢y = b 2 for some feasible points.

3.4.1 Zero-Sum Bimatrix Games

The problem of finding a mixed Nash equilibrium of a finite zero-sum game can be written as a
pair of linear optimization problems.

To see this, we can use Proposition 3.10 from the proceeding section. Consider a fixed value of
x € X, so that we have

T T
maxx ' Ay = max T;0;:Y; = max ; T;a;; | = max z;a;; = max{|z' Al;
s Y e %: iijYj ey : (yjzz: i w) 5 zZ: iij ¢ {l ]J}

Now we can convert the max over a set of numbers on the right hand side to a minimization:

mjaxzj =minf{v e R: v > z; Vj}

Hence,

maxx' Ay =min{v: v > [z A];, Vj}
yey v

Then, the minmax value of the game is

V(A) = minmin{v : vl > A"z} (3.14)
zeX v
=min{v: >0, 1Tz=1, ATz <vl} (3.15)
V,T
This is an optimization over m + 1 parameters (v,z1,...,Zy). Solving this problem we not only

obtain the value of the game v* but also a mixed security policy z* for player 1.
We can argue similarly for the maximizing player (player 2). Fix a value of y € ), so that we
have

. T . . . .

minz ' Ay = min E T;a;;Y; = min T; g a;;y; | = min E a;iy; = min{[Ayl;

s ] bey 21 ijYj wey £ L ijYj : ‘ 15 Y5 ; {[Ayl:}
1) 7 J J

Now we can convert the min over a set of numbers on the right hand side to a maximization:

min z; = max{v € R: v < z; Vi}
(2
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Hence,
minz ' Ay = max{v: v < [Ay];, Vi}

TeX v

so that the maxmin value of the game is

V(A) = max max{v: vl < Ay} (3.16)
Yy v
—max{v: y >0, 1Ty=1, Ay >vl} (3.17)
U?y

Solving this problem we get the value of the game v* and a mixed security policy for player 2.
These two problems we wrote down are in fact dual of one another, and by strong duality, we
have a solution z* = y*. This is perhaps a surprising fact, that zero-sum games always have at
least one symmetric Nash equilibrium.
Now, if we want all the mixed security policies for each of the players we can use the value of
the game to obtain this set:

{teR™z>0,1Tz=1, v'1> A"z}

and
{yeR" y>0, 1Ty=1, v*1 < Ay}

Linear programs can be solved in polynomial time (poly in m and n).

Seeing Minmax Theorem from Dual of the Dual. Let us now in a sense repeat what we have
seen above in a slightly different way that suggests that the maxmin problem is dual to the minmax
problem and hence, for zero-sum games, strong duality gives the celebrated minmax theorem.

Mixed strategies « and y of the two players are nonnegative vectors whose components sum up
to one. These conditions can be viewed as linear constraints:

X={1Tz=1,2z>0land Y ={1Ty=1, y >0}

Given a fixed y € ), a best response of player 1 to y is a vector x € X that minimizes the expression
x T (Ay). That is, « is a solution to the linear program

min{z " (Ay): 1Tz =1, >0} (3.18)

The dual of this linear program is
max{v: vl < Ay}

Consider a zero-sum game G = (A, —A"). This minimum payoff to player 1 is the optimal value
of the linear program in (3.18), which is equal to the optimal value of v in its dual. Player 2 is
interested in maximizing v by their choice of y. The constraints of the dual are linear in v and y
even ify € ¥ = {y: 1Ty =1,y > 0} is treated as the variable. Hence, a maxmin strategy y for
player 2—i.e., mazimizing the minimum amount they receive—is a solution to the linear program
given by

max{v: 17y =1, Ay —vl >0, y >0} (3.19)
v7y

It is not hard to see that this linear program gives us a maxmin strategy for the y player.
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Now, the dual of this linear program in (3.19) has variables = and u corresponding to the primal
constraints 1Ty = 1 and Ay — v1 > 0, respectively, and is given by
min{u: 1'z=1, ul — ATz >0, = >0} (3.20)
U,T

This linear program gives us a minmax strategy for the x player, since they are minimizing the
mazximum amount they will pay.

Theorem 3.16 (von Neumann Min-Max via Duality [44]). A zero-sum cost minimization game
G = (A, —AT) has the equilibrium (2*,3*) if and only if (u*,y*) is an optimal solution to the linear
program (3.19) and (v*, z*) is an optimal solution to its dual (3.20). Moverover, u* is the minmax
value of the game and v* is the maxmin value of the game such that u* = v*.

It is also a very interesting fact that linear programs can be expressed as zero-sum games

(ct. [1, 13]).

3.4.2 Computing Nash via Optimization in General Sum Bi-Matrix Games

Similar to the zero-sum case, finding Nash in bi-matrix general sum games can be approached
via tools from optimization. In the next chapter, we will make a similar connection between
optimization and computation of Nash for continuous games. Such a formulation of equilibrium
conditions as an optimization or feasibility problem can be used to infer agents’ utility functions
and can be used in constructing an an inverse formulation for designing feedback mechanisms to
induce a Nash equilibrium. It also leads to several natural learning dynamics which we will see in
Chapter 5. So this optimization framework is quite important.

Our focus will remain on two player matrix games since this allows us to introduce concepts
more easily, however, it should be noted that many things we discuss can be extended in some
manner to network or polymatrix games, albeit with worse computational complexity.

Recall that the joint strategy space is the cross product of of the following two simplexes:

{33‘1 33:(1’1,...,33”), Z:l:l:l}x{y y:(yla--wym), Eylzl}:/\,’x)}

Let us start by reasoning about points on the interior of X x ) (inner or totally mixed strategies).

Consider a cost minimization bi-matrix game G = (A, B). Let a; denote the rows of A and let
b; denote the columns of BT. Given a mixed strategy x € X, we say that j € X = {1,...,m} isin
the support of x if ; > 0. We use the notation supp(z) to denote the support—i.e.,

supp(z) ={j € X : z; >0}

Recall the best response notation: BR;(z_;) denotes player i’s best response map and it returns
the set of strategies which are a best response to z_;. If a joint mixed strategy (z*,y*) is a Nash
equilibrium, then for any j € X

j€BRi(y") &= z;>0

since all pure strategies in the support of a Nash equilibrium strategy yields the same payoff or
otherwise the player would have a strict preference for the pure strategy with the highest payoff.
The gives us the following proposition.
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Proposition 3.17. A point (z*,y*) is a Nash equilibrium of G = (A, B) if and only if every pure
strategy in the support of z* is a best response to y*. That is, (z*,y*) is a Nash equilibrium if and
only if for all pure strategies in (i,j) € X x Y,

>0 = ajy= Igél)t{l a;y (3.21)
>0 = x'bj=minz'b 3.22
Ui r by =minz b (3.22)

The above proposition essentially captures the fact that all pure strategies in the support of
a Nash equilibrium yield the same payoff which is also greater than or equal to the payoffs for
strategies outside the support. That is, for all j, k € supp(z*) we have

f1G,v") = filk,y"),

where fi(z,y) is player 1’s cost function and there is a slight abuse of notation in using j and
k (pure strategies) to denote the mixed strategies that put all the probability mass on the j-th
(respectively, k-th) entry of . In addition, for all j € supp(z*) and ¢ ¢ supp(z*), we have

[, y") < filly").

Similar conclusions can be drawn about player 2’s mixed Nash equilibrium strategy y*. In other
words, for purely mixed strategies (where the support set contains every pure strategy) we have
that

alTy’fr :a;y’; 1=2,...,m
'y =(x*)'b; j=2,...
(z*,y") is a Nash equilibrium <= (xn) ! (@7) b A
dim i =1
Z;’nzl y; =1

This is a set of linear equations and can be solved efficiently.!

Not all games have purely mixed Nash strategies. Let us now formulation a naive or brute force
extension of the purely mixed strategy computation strategy for cases where we do not have purely
mixed strategies. A mixed strategy profile (z,y) € X x Y is a Nash equilibrium with supp(z) C X
and supp(y) C Y if and only if

u=a;y V1i€Esupp
u>ay Yid¢supp
v=x"b; Vj€supp(y
v>a2"b; Vj¢supp(

;=0 Vi ¢ supp(x
y; =0  Vj¢supp(y

The issue with this computation method is that is requires finding the right support sets supp(z) and
supp(y). There are 2™™ different support sets; hence, this processes is exponential in computation
time.

"For games with more than 2 players, a similar line of reasoning leads to a set of polynomial equations.
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An Optimization Approach

Instead of taking the approach of constructing the support sets (which works well for games with
purely mixed strategies, if we know a priori that such an equilibrium exists), we take an optimization
approach. Indeed, this approach to finding equilibrium strategies for a bi-matrix game essentially
transforms the problem into a nonlinear (in fact, a bilinear) programming problem.

Consider a general sum game G = (A, B). Observe that a best response of player 1 against a
mixed strategy y of player 2 is a solution to the linear program (3.18), which we recall here for ease
of access:

min{z"(Ay): 1Tz =1, >0}

The dual of this linear program is
max{v: Ay > vl}

By strong duality, a feasible solution x is optimal if and only if there is a dual solution v fulfilling
Ay > vl and x' (Ay) = v—that is, 2" (Ay) = 2" 1v which itself is equivalent to
" (v —Ay) =0

Since the vectors x and 1v — Ay are both non-negative, the above equality says that they have
to be what is called complementary in that both cannot have positive components in the same
position. This characterization of an optimal primal-dual pair of feasible solutions is known as
complementary slackness in linear programming.

Since x has at least one positive component, the respective component of 1v — Ay is zero, and
v is the maximum of the components of Ay. Indeed, any pure strategy 7 € X is a best response to
y if and only if the i-th component of the slack vector 1v — Ay is zero (since otherwise there would
be no mass on the strategy i in x;). This is saying that

[lv—Ay|; =0 <= [z; >0 = az—y:rgréa}g(a;ry]

Now, for player 2, y is a best response to x if and only if it minimizes (z' BT)y subject to
y € Y. The dual of this linear program is
max{u: Bz > ul}
A primal-dual pair (u,y) of feasible solutions is optimal if and only if
y (lu—Bz) =0
which is completely analogous to the complementarity problem discussed above for player 1.

Theorem 3.18. The cost minimization game G = (A, B) has the Nash equilibrium (z*,y*) if and
only if for some u, v the following hold:

1Ty=1,1"2=1,2>0,y>0 (3.23)
Ay —v1 >0 (3.24)
Bx—ul1>0 (3.25)

We can further introduce a cost to the above set of inequalities to get a bilinear optimization
problem which has as solutions the Nash equilibria for the game.
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Proposition 3.19. A mixed profile (z,y) € X x ) is a Nash equilibrium of the bimatrix cost
minimization game G = (A, B) if and only if there exists (p, ¢) such that (z,y,u,v) is a solution to

min z'Ay+az ' Bly—u—v

s.t. Ay—vl1>0
Br—ul>0
17y=1,y>0,1"z=1, 2>0

(P-1)

Lemma 3.20. Every mixed strategy Nash equilibrium has a zero optimal value to (P-1).

Proof. Recall that if a point (z*,y*) is a Nash equilibrium for G = (A, B) then x* is a best response
to y* and vise versa. That is,
¢* € argmin{z ' Ay*| z € X}
The dual of this problem is
max{v| Ay > 1v}
v

Feasible points are optimal if and only if the two objective points are equal (z*)T Ay* = v*. A
similar argument holds for (z*)”BTy* = u*. Thus,

(.%*)TAy* + (x*)TBy* v —ut =0

Applying this lemma, we see that (z,y) are best responses to one another if and only if
' (Ay —1v) =0, y' (Bx —1v) =0

Proof of Proposition 3.19. Suppose that (z*,y*) is a Nash equilibrium. For any feasible solution
(z,y,u,v) of (P-1), the constraints imply that

" Ay+z' Bly—u—v>0 (3.26)

Suppose that v* = (2*)T Ay* and v* = (z*) " BTy*. Then, clearly the vector (z*,y*,u*,v*) has
optimal value zero.

If the vector (z*,y*, u*,v*) is also feasible, it follows from (3.26) that it is an optimal solution
of the optimization problem (since all other feasible solutions have a larger objective value).

Since (z*,y*) is a Nash equilibrium,

()T Ay* < zTAy*, Vo e X
Choosing x = e;—i.e., the i-th unit vector with all zeros except in the i-th entry which has value

one—we obtain
vt = (aF) T Ay* < Ay,

for each i. This shows that (z*,y*,v*, u*) satisfies the first constraint Ay — vl > 0. A similar
argument holds for the second constraint.
This proves that (z*,y*,v*,u*) is an optimal solution of the optimization problem.
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Now, to show the other direction, suppose that (z*,y*,v*,u*) is an optimal solution of the
optimization problem. Since all feasible solutions have non-negative optimal value as argued above,
and any mixed strategy Nash equilibrium (which always exists by Nash’s theorem) has zero optimal
value (by Lemma 3.20), it follows that

(.%'*>TAy* + (l'*)TBy* v —ut =0
For any > 0 with 172z = 1 and y > 0 with 1Ty = 1, the constraints Ay — vl > 0 and
Bz — 1u > 0 imply that
x Ay* > v*, y' Ba* > u* (3.27)
In particular, we have that
(ZE*)TAy* 2 ’U*, (y*)TB.’E* Z T
Combining this with the fact that the objective value is zero, we have
(") " Ay* =", (y*) Ba* =u*

Indeed,
0= (x*)TAy* + (y*)TBx* —of — > (JZ*)TAy* —* >0

where we use the fact that —u* > —(y*) " Bx* to get the first inequality. The fact that (y*)T Bx* =
u* can be argued analogously.
Putting this together with (3.27), we get

e Ayt > (%) T Ay*, Ve e X

and
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Chapter 4

Games on Continuous Action Spaces

The second class of normal form games that we review are known as continuous games because
players possess continuous action spaces.

Perhaps the most natural way to introduce continuous games is using finite games. Indeed,
we can think of a normal form game on finite action spaces as a continuous game if we take into
consideration mized strategies. For instance, consider the bimatrix game (A4, B)—i.e., fi(x1,22) =
wlTAxg and fo(x1,22) = x;Bml. Mixed strategies for this game belong to the simplex A(X7;) X
A(X2)—that is, z1 € A(X1) is a probability distribution on X; such that each element in the vector
x1 = (¢11,...,%1m, ) takes on a value in the continuous interval [0, 1]. From this point of view, the
game (mIA$2,$;B$1) can be viewed as a game on continuous actions spaces, albeit constrained
action spaces. In this way, mixed strategies over finite games can be thought of as pure strategies
in a continuous game over the simplex.

More generally, a game is called a continuous game if the strategy sets are topological spaces
and the payoff functions are continuous with respect to the product topology. In particular, in con-
tinuous games, players choose actions from a continuous action space, constrained or unconstrained
as it may be for the particular rules of the game. In particular, we consider games where players
choose from a continuum and the utility /cost functions are continuous.

In the remainder of this chapter, we will introduce the Nash equilibrium concept and refinements
(local Nash equilibria) as well as the Stackelberg equilibrium concept and refinements thereof. We
will review different types of games including zero-sum, potential, convex, monotone and general
sum games. Existence results will be presented (largely without proof), and we will discuss how to
compute Nash equilibria taking an optimization approach as we did in the last chapter.

4.1 Nash Equilibrium Definition and Best Response

The definition of a (pure) Nash equilibrium does not change from what we saw for finite games.
The only difference is that players’ actions are chosen from continuous action spaces.

Definition 4.1. A point x* is a Nash equilibrium for the continuous game (f1,..., fy) if for each
1€l

Best response are again useful for characterizing Nash as we have seen in Chapter 2. Towards
understanding the best response, we define the rational response set as follows. In an N-—person
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non-zero sum game, let the minimum of the cost function f;(z) of player ¢ with respect to z; € X;
be attained for each z_; € X_; Then, the set BR;(z_;) C X; defined by

BRi(z—i) ={§ € X : fi(zi,x—) > fi(§, 2—i), Va; € Xy}
is called the best response set or rational reaction set for player i.
Definition 4.2. A point z* is a Nash equilibrium if 2} € BR;(z* ;) for each i € NV.
Let’s consider a couple examples.
Example 4.3 (Simple Quadratic Game). Consider the game G = (f1, f2) where
filz,y) = (& —y)? and fo(e,y) = (y — 2)°
and z,y € R. We claim that (z*,3*) = (0,0) is a Nash equilibrium. Indeed,
f1(0,0) =0 < fi(z,0) = 2%,V € R

and

£2(0,0) =0 < f2(0,y) = y?, Yz e R

The next example is one of two of the most quintessential continuous games, Cournot and
Bertrand Competition.

Example 4.4 (Cournot Game). In these games, players choose the quantity (respectively, price)
of a product given competition for demand. Consider a scenario in which there are two firms. They
simultaneously choose any quantity qi,g2 > 0. The price in the market is given by p(q1,q2) =
A — q1 — ¢o for some constant A. The firms payoff functions are given by

wi(qi, q—i) = p(q1, q2)q — ciq—;

for i = 1,2. Consider the optimization problem that each player faces:
H?X{ui(qwqfi)’ ¢ > 0} (4.1)

Note that the utilities for each player are concave in their individual choice variables ¢;. Notice also
there are constraints on the problem for each player but they are decoupled.! So as in optimization,
we will formulate the Lagrangian for each player:

Li(Giy q—iy p1i) = wi(Qi, q—i) — f1; Gi, i >0 (4.2)

To calculate the equilibrium, we first find critical points of the Lagrangian functions for each player
holding the other player fixed. That is, we set their individual partial derivatives to zero as follows:

oL

871214—2(11—(12—61—H1=0

agl (4.3)
872214—%—292—62—#2:0

q2

"When the constraints are coupled, things become a bit more complicated and we need to introduce the generalized
Nash equilibrium concept. We will not do this in this course. We instead will deal with uncoupled constraints or
very well behaved constrained sets where things can be uncoupled through clever transformations.
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Solving these two equations for g1, g2 in terms of 1, po and then using the fact that the Lagrangian
for each player is linear in pu; and use, respectively, we have the following conditions:
@1 = 3(A+co—2c1) + 5 (2 — 2111)
qo = %(A +c1—2¢9) + %(m — 2u3)
Now, we want to minimize the Lagrangian L; with respect to p; and it is linear in y; (i.e., the term

in L; is —p;¢;) and the original constraint is such that ¢; > 0. Hence, pf = 0 for each ¢ = 1,2. This
gives us the best responses for each player:

(4.4)

(A+co—2c)
(A +c1 — 262)

q =

. (4.5)
a2 =

ol Lol

O

The key point of this example, is that we can find the Nash equilibrium of the game by viewing
the problem as a set of coupled optimization problems. We took this similar view in how we
formulated the optimization based approach for finding mixed Nash equilibria in bilinear matrix
games in the proceeding chapter. This motivates writing down necessary and sufficient conditions
for Nash equilibria from this optimization perspective.

Both of the above examples are defined by cost functions that are strongly convex for each of the
players. As we will see later this gives some assurances on not only existence but also uniqueness.
When it is the case that the cost functions are not convex, we need local notions of equilibria. For
a metric space (X, d) with metric d, let Bs(x) denote the ball of radius R centered at z.

Definition 4.5 (Local Nash Equilibrium). A point z* is a local Nash equilibrium for the continuous
game (f1,..., fn) if for each i € N, there exists a d; > 0 such that

filai,22y) < filwi, 2Zy) ¥ @i € Bs,(27).

Another way local Nash are defined is as follows: given sets U; C X; for each i € N/, a point x*
is a local Nash equilibrium on the set U = Uy x --- x Uy, if for each i € N,

filzy, 2%;) < fi(zs, 2¥;), Vo, € Us.

4.2 An Optimization Approach to Nash in Unconstrained Games

We may consider using optimality conditions for each player’s individual optimization problem in
order to define refinements of the Nash equilibrium concept, and to guide how we may compute
such refinements.

Suppose that X; C R™ for each ¢ and let

X=X x---xX,

Here, we will only concern ourselves with full information games and reduce the notation for a
game to be the tuple

g:(fla"‘7fN)

where each f; € C2(X,R). Consider the unconstrained optimization problem for player :

e 4.6
xlrélﬂg}”z filzi, @ z) ( )

Holding z_; € R™™ ™ fixed, we can view this simply as an optimization problem in the variable z;.
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A little foray back to calculus. We know from calculus (and nonlinear programming) what
the necessary and sufficient optimality conditions are for a extremal point. Recall the definition of
a global minima of a (sufficiently smooth) function h(z).

Definition 4.6. A point z* € X is a global minima of h(x) if

h(z*) < h(z), Ve e X

Since h(z) might in general be non-convex in x, we also recall the definition of a local minima.
Definition 4.7. A point 2* € X is a local minima of h(x) if there exists a § > 0 such that
h(z*) < h(z), V x € Bs(x™)

Moreover, we say that x* is a local minimum on the set U if the above inequality holds for all
zelU.

We know from calculus that a point z* € R™ is a local minimum of

in h
)
if the following sufficient conditions hold:
1. First order conditions:
Dh(z*) =0 (4.7)
2. Second order conditions:
D?h(z*) > 0 (4.8)

On the other hand, if z* is a local minimum, then necessarily Dh(z*) = 0 and Dh(z*) > 0.
Importantly, it is a generic property of C?-functions that all local minima satisfy conditions

(4.7) and (4.8) above. This is true not only on Euclidean space but also for sufficiently smooth

functions on smooth manifolds (without boundary). Formally, this means that set of functions

for which the sufficient conditions above are not also necessary is of measure zero in the class of
C?(R™,R) functions.

Coming back to games. Now, let us return to the game setting. First, since f;(x;, z_;) may
also be, in general, non-convex in z;, we focus on the local Nash equilibrium concept. Recall the
optimization problem in (4.6) where we consider for a moment that x_; € R~ is fixed. Then this
optimization problem over x; € R™ is exactly of the form discussed above and hence, we can write
down optimality conditions for each player. Indeed, given z*, € R~ z¥ is a local minimum if
the following sufficient conditions hold:

2. D2fi(z},x*;) >0

These individual derivatives D; f;(z) are the directions in which a player i can make ”differential”
adjustments to its strategy in order to improve the cost locally as indicated by the individual cur-
vature D? f;(x). This observation leads to the following definition of a differential Nash equilibrium.
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Definition 4.8 (Ratliff, Burden, Sastry, 2013 [45]2). A strategy * = (x1,...,2y) is a differential
Nash equilbrium of the game G = (f1,..., fn) if D;fi(x) = 0 and D?fi(x) > 0 for each i € N.

The definition of a differential Nash equilibrium is inherently local. Furthermore, differential
Nash equilibria are clearly strict local Nash equilibria.

Proposition 4.9 (Ratliff, Burden, Sastry, 2013 [45]). A differential Nash equilibrium of the game
G=1(f1,-..,fn) is a strict local Nash equilibrium.

The conditions of the definition are sufficient for checking if a point is a Nash equilibrium. These
look just like first and second order conditions for optimality, but they are not necessary.

Example 4.10. Consider the zero sum game G = (f, —f) defined by f(x1,22) = 2| z2. Then,
(z1,22) = (0,0) is a local Nash equilibrium since

£(0,0)=0<z{0=0, Yz, € R™
and
—£(0,0)=0< —0"xy =0, Vag € R™
O

Yet, following the same construction of necessary conditions for local minima, we can write
down necessary conditions for local Nash equilibria.

Proposition 4.11 (Ratliff, Burden, Sastry, 2013 [45]). Suppose z* is a local Nash equilibrium of
the game G = (f1,..., fv). Then, D;fi(z*) = 0 and D?f;(z*) > 0.

One very interesting observation is that unlike strict local minima in single player optimization,
a point being a strict local Nash (differential Nash) equilibrium is not sufficient to guarantee that
it is isolated. Indeed, it is is easy to construct examples with a continuum of differential Nash
equilibria.

Example 4.12 (Continuum of Differential Nash Equlibria.). Consider the game G = (fi, f2)
defined by the following cost functions:

fi(zy, @e) = 1ot — 2129 (4.9)
fo(@1,20) = 223 — 2129
Every point on the line x1 = x5 is a differential Nash equilibrium. Indeed,
lel(x) =T — X9 = 0, Dgfg(xl,xg) =9 — X1 = 0 <— 1 = X2

and
D3fi(z) = Difa(z) =1>0, Va

To see these points are local Nash, observe that for any x1 = z2 = y, we have

1 1
fily,y) = 51/2 —y? = —5y2 <a? —xy, Vo1 £y

ZNote this definition can be extended to a well-defined differential form in settings where the strategy spaces of
agents are manifolds (without boundary)
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and similarly,
1 1
faly,y) = 53/2 —y?= —§y2 <z} —woy, Vra #y

This continuum of equilibria is not robust however. That is, even small changes to the game will
remove the continuum. Indeed, consider the game

fi(z1,2) =
( ) (4.10)
foz1,22) =

defined for some arbitrary € # 1. Then,
lel(l‘) =1 — ET9 = 0, Dgfg(aj‘) =—21+22=0 << 1 =22=0

That is, the only candidate local Nash equilibrium is now at z* = (0,0). We can check that it is in
fact a Nash equilibrium by check the second order sufficient conditions:

Difi(z*) =1>0, D3fao(z*) =1>0

This shows that all the differential Nash on the line 1 = 9 disappear except the one at the origin.
O

To rule out a continuum of equilibria, we can check that the game Jacobian, which is given by

B _ [Difi(z) Diafi(z)
J(z) = Dg(x) = D211f2(x) D2 fo(x)

and is the derivative of the vector g(x) = (D fi1(z), D2 fo(z))), is non-degenerate at critical points
x*—i.e., det(J(x*)) # 0. Analogous to the case of single player optimization, non-degenerate
differential Nash equilibria are generic amongst local Nash equilibria. That is, for all but a measure
zero set of games (in the space of games defined by C?(X,R) functions), local Nash equilibria are
non-degenerate differential Nash equilibria.

4.3 Types of Games

There are many classes of games, most categorized by the structure of the cost function. In this
section, we will discuss two key types of games.

4.3.1 Potential and Zero-Sum (Hamiltonian) Games

Let’s start with the Jacobian of the previous section. This will help us define two important types
of games.
For simplicity, let’s again consider two players. Recall that the game Jacobian—i.e., the Ja-
cobain of g(z) = (D1 fi(x1,x2), D2 fa(x1, x2))—is given by
Difi(z) Diafi(x)

J(z) = Dyg(x) = Dot folz) D2fa(x) (4.11)
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Consider the asymmetric-symmetric decomposition of J(x):

J@) = 5(J(@) = T (@) + (@) + T (x) (4.12)
Z(x) P(x)

where

P(z) = [ D} fi(x) $(Diafi(z) + D;lfg(x))}

3 (D5 fi(x) + Doy fo(x)) D3 fo(z)
and
_ 0 L(Diafi(z) — DJ, fo(x))
7= [5(D21fz<x> ~DLAG) 0o ]

These two matrices individual can be thought of as begin the game Jacobians for a potential game
and a special type of zero sum game where there are no non-coupled terms between the players.

Zero-sum game components. To see this is true let us start with a zero sum (f, —f). In this
case, the game Jacobian is
D3 f(x) Dmf(l‘)]
J(z) = L
R I A

and if there are no terms in the function f that depends solely on x; for i = 1,2, then

10=_ppw )

and it can be easily seen that Z(z) is in the form of this Jacobian. In particular, in consideration
of J(z) in (4.11), the game (f1, f2) is a zero-sum game if and only if Do fo(x) = —Day fi(x). That
being said, Z(z) corresponds to a special subclass of zero sum games since more generally, zero
sum games do not necessarily have zeros on the block diagonal of the Jacobian.

Potential game component. To understand P(x), we need to recall the definition of a potential
game for which we will appeal to the seminal reference by Monderer and Shapley [39]. Potential
games are a very nice class of games as they are secretly a a single player optimization problem
which is revealed under a transformation of coordinates.

Consider a game G = (f1, f2) defined by cost functions f; € C%(X,R).

Definition 4.13. A function P : X — R is a w-potential for the game G if for every i € A/ and
for every x_; € X_,

filzi,z_i) — fi(zh, x—;) = wi(P(zs,2—;) — P(x),x_;)), Va;,z; € X;

The game G is called a w-potential game.
Moreover, if w = 1, then we say G is an exact potential (or just potential) game.

Lemma 4.14. Let P be a real-valued mapping on X. Then P is a potential for G if and only if
P e CY(X,R) and
af; oP .
= A4
al'i a:EZ" e N
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The following is a well known result from dynamical systems theory and physics, sometime
referred to as deRham’s theorem.

Theorem 4.15. Let G = (f1, f2) be a game defined by f; € C?(X,R). Then G is a potential game
if and only if

D12 fi(x) = D12 fa(w)
Moreover, if the cost functions satisfy the above equality and z is an arbitrary but fixed strategy
profile in X, then a potential for G is given by

_ [toh

L ofs
P — hs
() o

O)e1()dt + | == (6(2))0(¢)dt
0 0OT2

where 6 : [0,1] — X is a piecewise continuously differentiable path in X that connects z to z—i.e.,
6(0) =z and 0(1) = z).

Let’s revisit the Cournot game.

Example 4.16. Consider a scenario in which there are two firms. They simultaneously choose any
quantity g1, g2 > 0. The price in the market is given by p(q1,q2) = A — q1 — g2 for some constant
A. The firms payoff functions are given by

ui(qi, q—i) = p(q1, 92) % — ciq—i

for i = 1,2. Consider the optimization problem that each player faces:

H%]?X{Ui(qw q-i)| @i > 0} (4.13)
Now,
Diui(¢i,q-i) = A —2gi — q—i
and
Puy . Ouy
00102 9q10ge

Theorem 4.17. Suppose G = (f1, f2) is a potential game defined on compact strategy spaces X
and X5. Then there exists a pure strategy Nash equilibrium of G.

Even without compactness of the strategy spaces, if the cost functions f; are bounded, we still
get existence.

Theorem 4.18. Consider a game G = (f1, f2) defined by bounded cost functions f; € C?(X,R).
That is, for each i € N, there exists a B; > 0, |fi(z)] < B; for all x € X. Then G possesses an
e-equlibrium point.

Some Additional Interesting Facts. In this set of lecture notes we do not cover routing games
or congestion games, a very important class of games as they are reasonable abstractions for net-
work congestion in communication networks, transportation networks, etc. and for many resource
allocation problems. Essentially a congestion game is an abstraction for allocating resources (e.g.,
drivers) to a finite set of facilities (e.g., roads). At each "facility” there is a congestion cost: the
more drivers assigned to a road the costlier it is for those drivers. Monderer and Shapley [39]
proved, noting that the result is a reduction from the work of Rosenthal in 1973 [16], that all
congestion games are potential games. Moreover, they showed that every finite potential game is
isomorphic to a congestion game.
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Hamiltonian Games. There is a remarkable relationship between zero-sum, potential and Hamil-
tonain games. A related game concept is a Hamiltonian game. This is a game such that there exists
a Hamiltonian function H(x) such that

Dt [0 1] [Dutio)]

Zero sum games with no non-interaction components can be Hamiltonian. In particular, un-
constrained bimatrix games are Hamiltonian if and only if they are zero sum.

Example 4.19. For example consider the bilinear game

f(e,y) =" Ay
REEe N B

ongen 0 =2 (1S (R

Hence, H(x,y) = 2 Ay is the Hamiltonian for this game.

Then,

and

Hamiltonian games can be potential games if they do not have interaction terms. This is because
it is a necessary condition that Disf1(z) = —Diafo(x).

Example 4.20. Consider the game defined by

flz,y) =2 + ¢

The potential function is
¢(z,y) = a* -y

Not all Hamiltonian games have to be zero sum.

Example 4.21. Consider the game

filz,y) =2(y —c1), folz,y) = —(x —c2)y

for fixed constants c1,co. What is happening here is that there is some non-strategic component
of the game that is playing a role here. Meaning that if you were to define the game as (f1, —f1)
then the component of player two’s cost —cix would not be something in their control.

4.3.2 Convex Games

We have already previously noted that in the case of non-convex cost functions, we often appeal to
local or approximation notions of equilibria.

When the cost functions are convex, however, and the strategy spaces convex, compact (closed
and bounded in R") we have an important set of results from Rosen 1965. The existence results in
this section depend crucially on Kakutani’s fixed point theorem. This result extends the celebrated
Brouwer fixed point theorem to set value functions, an important feature for games where best
response mappings are set valued.
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Theorem 4.22. Suppose S is a non-empty, compact, and convex subset of R”. Let f : .S — 2% be
a set valued function on S with the following properties:

1. f has a closed graph;
2. f(x) is non-empty and convex for all x € S
Then f has a fixed point.
Recall that a u-strongly convex function h satisfies the following equivalent conditions:
L. h(y) = h(z) + Vh(z)"(y — 2) + §lly — 2|*, Va,y
2. H(z) = h(z) — §||z[/* is convex for all z
3. (Vh(z) = Vh(y)) (z —y) = pllz = y[?, Yoy
4. hlaz + (1 - a)y) < ah(x) + (1 — a)h(y) — 29Dz — g2, Va € [0,1]
A function is convex if

hlax + (1 — a)y) < ah(xz)+ (1 — a)h(y), Yo € [0,1]

A. Existence of Pure Nash Equilibria

With this fixed point theorem on hand, Rosen showed that concave (resp. convex) games have pure
Nash equilibria. First, let us describe the game set-up.

Consider a game G = (f1, fo)—two players for simplicity—defined by cost functions f; €
C?(X,R) such that each f;(-,z_;) is convex in z; and each X; has the following structure:

Xi = {zi| hi(x;) <0}

where h;(z;) is a vector valued function having entries h;;(z;) that are concave functions for each
i=1,... k.
As before, a point z* is a Nash equilibrium of the game if each z] is a best response to x*,.
There is a slight difference here in that players have constraints so that
v} € arg min filrs,2%,) = argmin{fi(a, 27| hi(ar) < 0} (4.14)

T i

Note that Rosen treats the coupled constraints case (meaning that h; may depend on x_;), but we
will not address this here.3

Example 4.23. Recall the Cournot game from previous lectures. This is an example of a concave
game with constraints.

Consider a scenario in which there are two firms. They simultaneously choose any quantity
q1,q2 > 0. The price in the market is given by p(q1,92) = A — q1 — ¢2 for some constant A. The
firms payoff functions are given by

u;i(¢ir i) = p(q1,42)qi — ¢iq—i

for ¢ = 1,2. Consider the optimization problem that each player faces:

H;ax{ui(QhQ—i)’ g > 0} (4.15)

3This leads to a more complex equilibrium notion referred to as the generalized Nash equilibrium concept.
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Other examples include bimatrix games are convex games on convex strategy spaces (i.e., the
simplex) and Bertrand competition.
Define

2
F(z,y) =Y filyiz—) (4.16)
i=1

Definition 4.24. The correspondence ¢ : X == Y is upper semicontinuous if, whenever z,, is a
sequence in X converging to a point x € X and y,, € ¢(x,) for all n and y, — y € Y, then y € ¢(y).

Lemma 4.25. The correspondence ¢ : X = Y upper semicontinuous if and only if the graph of ¢
is (relatively) closed in X x Y.

This lemma is a direct consequence of the limit definition of a closed set. Recall that a function
f X — R has a closed graph if its graph—i.e. gr(f) = {(z, f(x)) : = € X}—is a closed subset of
the product space X x R. A closed set is a set that contains all its limit points.

Theorem 4.26. Consider a game G = (f1,...,fn) where for each x_; € X_;, the functions
fi(+,z_;) are convex in x; and where each Xj is convex, compact subset of R™i. A Nash equilibrium
always exists.

Proof. Consider the set-valued mapping defined by
®(x) = {y| Fy,z) =min F(z,y)}
zeX

Since F(zx, z) is continuous and convex in z for a fixed z, ® is an upper semicontinuous mapping
that maps each point of the convex compact set X into a closed convex subset of X. Thus, by
Theorem 4.22, there exists a point * € X such that z* € ®(z*)—i.e.,

F(z*, z%) :gél)I(lF(I ,Z) (4.17)

Moreover, x* clearly satisfies (4.14) since

F(z*,2%) = min z1,25) + fo(x],22) = min fi(z1,25) + min fo(x], 2
(z*, 2%) (thz))eXlXfol( 1,23) + fa(7, 22) zlexlfl( 1,25) ZQGXsz( T, 22)

which means
x; € arg min fi(x;,2%;), i =1,2
T;E€EX
Indeed, suppose that z* was not a Nash equilibrium. Then, for some player, say ¢ = 1, there would
be a point z1 = Z; such that = = (Z1,25) € X and fi1(Z) < fi(2*). But then we would have
F(z,z*) > F(z*,2*) which is clearly contradictory to (4.17). |

This result was also independently shown in 1952 by Debreu [16], Fan [22], and Glicksberg [28].

Theorem 4.27 (Debreu, Glicksberg, Fan ’52). Consider a continuous game G = (fi, ..., fx) such
that for each i € N

e X, is compact and convex
o fi(x;,x_;) is continuous in z_;

o fi(x;,x_;) is continuous and convex in z;
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Then, a pure strategy Nash equilibrium exists.

Proof. Define the best response correspondence for player ¢ as follows:
BR;(z_;) = {2} € Xy| fi(a},2_;) < fi(wi, ), Va; € X;}
Define the set of best response correspondences as
BR(z) = {BR;(2—i) }ien

Now, we claim we can apply Kakutani’s fixed point theorem (Theorem 4.22). To do that we need
to show that BR(z) is non-empty, a convex-valued correspondence, and has a closed graph.
First, BR(z) is non-empty. To see this, consider

BR;(z_;) = arg min fi(z, ;)
zeX;
where X; is non-empty and compact, and f; is continuous in z by assumption. Then, by Weirstrass’s
theorem BR(x) is non-empty.

Now, BR(x) is a convex-valued correspondence. This is due to the fact that f;(z;,x_;) is
convex (or quasi-convex is enough) in z;. Indeed, suppose not. Then, there exists some i and some
x_; € X_; such that BR;(x_;) € argmin,cyx, fi(z,2_;) is not convex. This implies that there exists
z,y €€ BR;(z_;) while Az + (1 — \)y € BR;(z_;). That is,

Mi(zyz—) + (1 =N fily,z—i) < fi(Az 4+ (1 = N)y)

which contradicts the convexity of f; in ;. Thus, BR(z) is convex-valued.
[ |

Glicksberg showed in 1952 [28] that for compact strategy spaces and continuous utility functions
there exists mized strategy equilibrium for the game. Dasgupta and Maskin extended this result in
1986 as well to discontinuous games where the utilities are not even quasi-concave!

Example 4.28. (Relaxing Quasi-continuity.) Consider the location game where players choose a
point on the circle and their payoffs are

fis1,82) = = fa(s1,52) = |51 — 23
Then there is no pure strategy Nash, yet there is a mixed Nash in this game where both players
mix uniformly on the circle.
B. Uniqueness of Pure Nash Equlibria

Rosen additionally showed that under reasonable conditions, we also have uniqueness of the equi-
librium.

Assumption 1. The set X contains a point that is strictly interior to every nonlinear—i.e., 37 € X,
such that h;(Z) < 0 for every nonlinear constraint h;(x) > 0.
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This is a sufficient condition for the satisfaction of the Kuhn-Tucker constraint qualification [6].
The KKT conditions for

fi(a®) = min{fi(z;, z2;)[ ; € Xi}
are given as follows:
and for each i = 1,2, there exists p; > 0, u; € RF such that
Nz—'rhi ($*) =0,
and
fila®) < filw, 2*3) + pf ha(mi, 2*5), i =1,2
Since f; and h; are convex and differentiable, the above inequality is equivalent to
k;

Vifi(@*) + > piiVihij(a}) =0, i =1,2
j=1

Now, since h;;(z;) is convex, we have that for every z,y € X,
hij(2i) = haj(yi) < (20 — i) " Vhij (ys)

Consider the weighted non-negative vector » € R?. For each fixed r, define

ster) = [o0]

We call this the pseudo-gradient of

F(z,r) = rifi(z) + rofa(x)

Definition 4.29. The function F(z,r) is diagonally strictly convex for z € X and r > 9 if for
every z,y € X, we have
)T

(y—2)"g(zr)+(z—y) gly,r) <O

With this condition, we can actually show that the equilibrium is unique.

Theorem 4.30. Consider the continuous convex game G = (f1, f2) defined on compact, convex
strategy space. If g(z,r) is diagonally strictly concave for some r = 7 > 0, then the equilibrium
point z* is unique.

The proof of is essentially argued by contradiction using the KKT conditions for each player’s
best response optimization problem.
A sufficient condition for the above property is that

G(z,7)+ G (z,7) >0

for x € X where G(z,r) is the Jacobian of g(x,r) with respect to x. This can be shown simply
using a line integral of the diagonally strictly convex condition stated in Definition 4.29.

Now recall the game Jacobain in the unconstrained case J(x). If an equilibrium z* exists for
a convex game on unconstrained Euclidean spaces R™, then J(x*)" + J(z*) > 0 is sufficient to
guarantee that it is unique. This is an interesting condition and we will actually see connections
to stability of such equilibria under gradient play in the next chapter.
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Comments on Games with Coupled Constraints. When the players actions are constrained
and the constraint sets are coupled (i.e., a player’s action space depends on the actions of others),
we define the so called generalized Nash equilibrium concept. Essentially in this class of games,
player i’s action space X; depends on the actions of others z_;—that is, z; € X;(x_;). Typically
the problem of defining an equilibria is approach from a variational inequality perspective. We will
not cover this class of games and their equilibria except to mention that people have studied this
setting largely from an optimization approach. The flavor of the results are to provide second order
sufficient conditions (analogous to constraint qualification in single player nonlinear optimization)
for the generalized Nash equilibrium concept. For more detail, please refer to one of the following
seminal references on the topic [20, 4].

C. Connections to Monotone Games

Games that satisfy the diagonally strictly convex condition are also know as monotone games and
have been a recent subject of study in learning in games (in particular with limited or bandit
feedback) since they possess strong properties such as existence and uniqueness of equilibrium (see,
e.g., [51, 50, 26, 38]). Indeed, an alternative to the above expression for diagonally strictly convex
is the following. Let g(z) = (D1 fi(z), D2 fa2(x)).

Theorem 4.31. Consider a convex game G = (f1, f2) that satisfies the so called cost monotonicity

condition
(g(z') — g(z),2' —x) >0, Vo,2' € X (4.18)

with equality if z = 2’. Then G admits a unique Nash equilibrium.
Moreover, if (4.18) holds with equality only if # = 2’ (meaning it is a necessary condition), then
the game is called strictly monotone.

This is highlight an equivalence between strictly convex games and strictly monotone games.
Indeed, in the above if we let 2’ ; = z_;, then (4.18) gives us that

(D fi(ah, x—i) = Difi(wi, x), x; — 23) > 0, Vaj, 2 € X, v € Xy (4.19)
This expression is equivalent to f;(-,z_;) being strictly convex.
Proposition 4.32. Any game satisfying (4.18) (i.e., any monotone game) is a convex game.

The tools in this line of work on monotone games draw on variational inequalities [21], and
more detail will be provided on this body of work in the chapters on learning in games.

Towards understanding convergence of learning dynamics such as follow-the-regularized-leader,
the notion of variationally stable equilibrium has been introduced.

Definition 4.33. Consider an equilibrium point z* for a monotone game G = (f1, f2). We say x*
is variationally stable if there exists a neighborhood U of z* such that

(v(x),x —x*) >0, Ve e U
with equality if and only if z = z*.

It applies in particular to diagonally strictly convex (aka monotone) games, and the sufficient
condition on the game Jacobain given by Rosen is a sufficient condition for variationally stable
equilibria.
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4.3.3 Non-Convex Games

The most general type of game we will consider are games defined by non-convex cost functions. As
noted before, analogous to the non-convex single player optimization case, since the cost functions
are non-convex we need local notions of equilibria, the definition of which we recall here for ease of
access.

Definition 4.34 (Local Nash Equilibrium). A point z* is a local Nash equilibrium on U; x Us for
the continuous game (f1,..., fn) if for each ¢ € {1,2},

filzl, 2%;) < fi(zi, ;) YV x; € U

Nash equilibria in non-convex games are NP-hard to compute in general, even in zero-sum
settings where there is a lot of structure. Some efforts have been put forth to better understand
the complexity in different settings [33, 15]. It is a highly active area of research to define new
refinements of Nash equilibria that ensure existence but also are game theoretically meaningful [35,
23, 32]. Motivated by the use of minmax formulations in machine learning and reinforcement
learning, the focus over the last couple years has been primarily on zero-sum settings.

Let’s focus our attention on zero-sum settings where we will connect minmax problems, including
their equilibrium notions, to games.

A. Zero-sum Non-convex Games

Consider the following minmax optimization problem:

4.20
min max f (2, y) (4.20)

We can similarly think about the corresponding zero sum game G = (f, —f) in which the players
face the following best response problems:

min f(z, y) (4.21)
max f(2,y) (4.22)

Recall that in the previous chapter on finite games, we saw the celebrated minmax theorem which
states that

minmax .CL' = Imax Hlln X
xexyeyf( y) = ma i f(z,y)

This theorem also holds more generally when the cost function f is convex-concave (i.e., convex in
x and concave in y). A word of caution however: in the nonconvex setting

min max f(x,y) # maxmin f(x,y)
rzeX yeyY yeY zeX
in general.
Because of this, there has been a surge of recent work connecting minmax and maxmin equilibria
to Nash equilibria (i.e., points where the maxmin and minmax values are equal). With non-
convexities in mind, there are a number of local equilibrium concepts for minmax problems including

local Nash.
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Stackelberg Formulations of Minmax Problems. In recent work by Fiez et al., the notion
of a local Stackelberg equilibrium was introduced in the context of learning in continuous games.
In a Stackelberg game, the leader and follower aim to solve the following optimization problems,

respectively:
min T1,T To € arg min X1, s L
x16X1{fl( 1 2)‘ 2 gyeXg f2( 1 y)} ( )
. r : ‘ F
:EQEIXz 2( ! 2) ( )

This contrasts with a simultaneous play game in which each player i is faced with the optimization
problem ming, e x, fi(xi, z_;).

Definition 4.35 (Fiez et al. [23] Local Stackleberg). Consider U; C X; for each i € {1,2}. The
strategy x] € U; is a local Stackelberg solution for the leader if, V1 € Uy,

SupxgERUQ(:vT) f(-’IJT, x2) < SupxgERUQ(xl) f(xh $2)a

where Ry, (x1) = {y € Us| — f(z1,y) < —f(x1,22),Yxe € Us}. Moreover, (z7,x3) for any =5 €
Ru,(x7) is a local Stackelberg equilibrium on U x Us.

Note that this definition is not restricted to zero-sum settings. Indeed, replacing —f with fo
and f with f, the definition holds for the general sum game (fi, f2). This is one of the benefits of
the Stackelberg formulation versus some of the other notions we consider in this section.

Analogous to the differential Nash notion we saw earlier in the chapter, there is also a differential
Stackelberg equilibrium concept.

Definition 4.36 (Differential Stackelberg [23]). The joint strategy z* = (z7,z3) € X is a differ-
ential Stackelberg equilibrium if Dfy(x*) = 0, Dafao(z*) = 0, D?f1(z*) > 0, and D3 fo(x*) > 0.

Classical Local Minmax Equilibrium Concepts.

Definition 4.37 (Evtushenko [17, 18] Local MinMax). A point (z*,y*) is a Evtushenko local
minmax equilibrium if
f@y) < fa"y7) < f=z,5(2))
where §(z) € y(z) with
o) ={ i+ e (o) = S0}
yey

Alternatively, a point is said to be a Evtushenko local minmax equilibrium if z* € X* and
y* € y(x) where

2= {ons mip f.9(0) = Jo(an))

rzeX

An Evtushenko local minmax is related to a local Stackelberg with the difference being that an
Evtushenko local minmax defines the best response or reaction set of the max player in a global
sense—that is, y(x) is the set of points that are global maxima given x. On the other hand, a local
Stackelberg considers only the points in a local neighborhood Us.
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Local Minmax with Local Robustness Characteristics. Also closely related to a local
Stackelberg is the notion of a local Minmax introduced by Jin et al.

Definition 4.38 (Jin et al. [32] Local MinMax). A point (z*,y*) is a local minmax point of f if
there exists dp > 0 and a function h(d) — 0 as § — 0, such that for any 6 € (0, dp] and any (z,y)
satisfying ||z — z*|| < § and ||y — y*|| < 4, we have

fa®y) < f(2%y") < max  f(z,y)
y'€Bu(s)(y*)

This definition does not require the min player to take into consideration only points on the
reaction curve (locally or globally) but rather looks in a neighborhood of the reaction curve. This
is an interesting definition—in particular for machine learning applications—because in a sense it
provides some robustness to perturbations in x that would in turn lead to perturbations of the best
response curve at least locally.

Comments. what All these definitions have some draw backs in that existence becomes chal-
lenging when the maximizing player is not (strongly) concave. This is open line of research.
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Learning is often used as a way to explain how agents arrive at equilibria via a tatonnement
process. In addition learning algorithms are often used to justify equilibrium notions (e.g., greedy
max, etc.). Many sorts of adjustment processes, including biological evolution (studied in, e.g.,
evolutionary game theory), have been said to broadly involve learning, In this context, it is often
hard to draw a line between learning and other types of adaption. For example, contrast players
having knowledge of the current distribution of strategies for opponents, and then playing a best
response to it versus each player receiving a a noisy signal of the current distribution, and then
forming a best response.

There are several “natural” learning dynamics used in game theory to model this process of
agents grappling towards an equilibriated state. In particular, we will study learning rules that
have the following properties:

e the learning rule will provide a complete specification of how each player uses observations
to change or update their strategies/actions;

e players are self-interested and play according to their interests within the context of the
learning rule (as opposed to the learning rule being designed to find an equilibrium);*

e the learning rules are uncoupled meaning that each player’s update is independent of the
payoff functions and rules of the other players;

e we will use performance of the learning rules as a check on their plausibility, not as the goal
itself.

In the remainder of this part, we will review some of the classical approaches to learning in
games (including those focused largely on finite action spaces or mixed strategies in finite action
games), as well as modern approaches to analyzing learning in games. The latter includes learning
in continuous action space games, learning with limited /partial or bandit feedback, and dynamical
systems theory analysis tools.

4The parenthetical here is another line of work that has been studied in applications including machine learning.
Specifically, in the context of leveraging a game theoretic abstraction for the purpose of training a robust machine
learning algorithm, often the autonomy of the agents is not important and rather, seeking out or computing an
equilibrium is the ultimate goal. In this case, then designing the learning rule to find an equilibrium is considered.
There are several such examples in the machine learning literature including [36, 47].
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Chapter 5

A Review of “Natural” Learning
Dynamics

Learning is often used as a way to explain how agents arrive at equilibria via a tatonnement process.
In addition learning algorithms are often used to justify equilibrium notions (e.g., greedy max, etc.).
Many sorts of adjustment processes, including biological evolution (studied in, e.g., evolutionary
game theory), have been said to broadly involve learning, In this context, it is often hard to draw a
line between learning and other types of adaption. For example, contrast players having knowledge
of the current distribution of strategies for opponents, and then playing a best response to it versus
each player receiving a a noisy signal of the current distribution, and then forming a best response.

There are several “natural” learning dynamics used in game theory to model this process of
agents grappling towards an equilibriated state. In particular, we will study learning rules that
have the following properties:

e the learning rule will provide a complete specification of how each player uses observations
to change or update their strategies/actions;

e players are self-interested and play according to their interests within the context of the
learning rule (as opposed to the learning rule being designed to find an equilibrium);!

e the learning rules are uncoupled meaning that each player’s update is independent of the
payoff functions and rules of the other players;

e we will use performance of the learning rules as a check on their plausibility, not as the goal
itself.

Some questions that motivate the study of the following include the following:

Should we expect strategic players do reach an equilibrium of a game, and if so how and
how quickly?

Affirmative answers to these questions are important in that they potentially justify equilibrium
analysis. Properties of equilibria (e.g., a near-optimal objective function value) are not obviously

!The parenthetical here is another line of work that has been studied in applications including machine learning.
Specifically, in the context of leveraging a game theoretic abstraction for the purpose of training a robust machine
learning algorithm, often the autonomy of the agents is not important and rather, seeking out or computing an
equilibrium is the ultimate goal. In this case, then designing the learning rule to find an equilibrium is considered.
There are several such examples in the machine learning literature including [36, 47].
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relevant when players fail to find an equilibrium. Yet, proving that natural learning algorithms
rapidly converge to an equilibrium certainly lends plausibility to the utility (i.e., predictive power)
of the equilibrium concept.

5.1 A Review of Classical Learning Dynamics

There are several well studied learning dynamics:

e best response dynamics
e gradient play (a version of approximate best response)
e (approximate) fictitious play

e replicator dynamics (continuous version of multiplicative weights)

In subsequent sections, we will see that replicator dynamics (multiplicative weights) are a special
case of follow-the-regularized-leader. Projected gradient play can also be seen in this more general
family of learning dynamics. However, before getting into that line of results, we briefly review
these classical methods.

The majority of the classical results apply to games on finite action space and to learning mixed
strategies in such games.

For the sake simplicity, we just consider two player games G = (f1, f2) on X x Y.

Best Response Dynamics. The best response dynamics are fairly natural given that we have
an equilibrium concept defined in terms of the best response map and the proof of existence we saw
argued via a fixed point theorem applied to the best response map. The best response dynamics
are given by

Tpq1 = argmin f1(xx, yr) (5.1)
reX

Yk+1 = argmin fo(xx, yr) (5.2)
yey

Best response dynamics work well in certain classes of games such as potential games. Recall
that in potential games the players are essentially optimizing the same function (i.e., the potential
function), and as a result we know there exists a pure strategy Nash equilibrium.

Recall that a potential game (finite or otherwise) is a game that admits a potential function
¢(x) such that, for each i € N,

filwi,x ) — f(ah, x) = Pplwi, w ) — plaf, x—y), Yy, 2} € X;.

Proposition 5.1. In a finite potential game, from an arbitrary initial outcome, best response
dynamics converges to a pure Nash equilibrium.

Gradient Play. Gradient play is a natural approximation to the best response dynamics. Indeed,
players simply follow the gradient of their individual costs. That is,

Trp1 =k — V1D f1(@r, Yi) (5.3)
Yk+1 = Yk — 2 D2 fa(xk, yi) (5.4)
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Both gradient play and best response are what are known as ”"uncoupled” dynamics, and Hart and
MasCollel showed that such dynamics need not converge to Nash equlibria [30].
It is also common to consider the continuous time gradient dynamics, which are given by

&= —Difi(z,y) (5.5)
Y= —Dsfo(x,y) (5.6)

Gradient play is an important class of learning dynamics as it has been widely studied recently
for its application in multi-agent reinforcement learning (e.g., multi-agent policy gradient) and in
game theoretic abstractions used to train robust machine learning algorithms such as generative
adversarial networks and strategic classification.

Fictitious Play. One of the earliest learning rules studied is known as fictitious play (cf. seminal
work by Brown ’51 [11]), and the idea is that each player plays a best response to the historical
average of their opponent. In this class of learning dynamics, players observe the history of play
of their opponents. Consider a two player game G = (f1, f2) on X x Y. Suppose they repeatedly
choose an action and receive their payoff from an oracle which determines which payoffs agents
get based on the game. Let x; and y; be the actions of the two players at time ¢. Then player 1
observes the “history” of player 2:

hi = (yoa'-'ayt)
and similarly,
hé = (.’L'(),...,xt)

Then, players update as follows:
t+1 . _
€ ;
T arg min f1(z, 5t

y'*1 € argmin fo(Z4, y)
yey

where
t

t
_ 1 _ 1
iUt—HlkZ_()kaa yt—t+1k§_:03/k

Replicator Dynamics and Multiplicative Weights. The second classical learning algorithm
class is knows as replicator dynamics (or its discrete time counterpart, multiplicative weights) [31].
The replicator dynamics are of the form

i = wi(fi(r) — o(x)) (5.7)

where ¢(z) = Z;‘L:1 xjfj(x). Here, z; is the proportion of type i in the population of species x =
(z1,...,2y,). The function f;(x) is the fitness of the type i and ¢(z) is the average population fitness.
Essentially, the replicator dynamics is a sort of consensus dynamics where types are penalized from
being far from the average in terms of their level of fitness.

In the context of games, one can think of z; as the mixed action profile for a player, f; as a
function that evaluates the payoff for a particular action i, and ¢ as the average payoff overall
actions. For example, consider a bimatrix game G = (A, B) on X’ x ), that is player one choose
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mixed action profile € X and player two chooses mixed action profile y € ) given payoffs z " Ay
and x" BTy respectively. Then, the replicator dynamics are given by

z; = xi((Ay); — :UTAy), ie{l,...,n}
Jj = y;((Bx); —y' Bx), j€{l,...,m}

The replicator dynamics have been studied extensively in the context of bimatrix games in the
game theory, biology, and even dynamical systems theory communities [48, 31].

The replicator dynamics are closely related to multiplicative weights where the weights are
chosen to be exponential (sometimes this is called exponential weights or the Hedge algorithm). A
good reference for these types of algorithms more generally is the following [2]. The more general
class of dynamics here is known as follow the regularized leader, and in the context of games the
following is a good exposition [37].

To see this connection, we consider a transformation to the payoff space:

i(t) = /O fila(r))dr

In particular, there is a one-to-one mapping (a diffeomorphism in fact) between y and x:

— (1 T2 1 Tin
Y; = n—,...,ln—
Ti1 Ti1

eYii

- 2?21 eYie
One can easily check that i;; is precisely the replicator dynamics. Then from this perspective, the
continuous time version multiplicative weights is

so that

:L'ij

Yij = fij(2)
zij = Ai(yij)
where ()
explYij
Ni(yi) = ="~
(w:) > ¢ exp(Yie)
And the discrete time version is
w45 (t) exp(n; fij (x(t))
> e wie(t) exp(mi fie(x(t))

zij(t+1) = (5.8)

5.2 Correlated Equilibria and No-Regret Dynamics

Learning algorithms in general do not converge to Nash equilibria or even local or approximate
Nash equilibria. However there are certain refinements of Nash equilibria to which certain types of
learning dynamics are known to converge. The most prominent of these refinements is the correlated
equilibrium concept, which allows for mixed strategies to be correlated (i.e., not independent)
between players. Since this concept applies to mixed strategies we will only discuss it and the
associated learning dynamics in the context of finite games (since mixed strategies in continuous
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games are probability measures on the underlying continuous actions spaces and this requires
knowledge of measure theory to properly define).

The method of proving convergence of learning algorithms to correlated equilibria is to bound
the regret a player accumulates along its learning path from a sequence of actions generated by the
learning algorithm. There are several notions of regret for games. This is an active area of research
in fact. In particular, it is of interest to formulate dynamic notions of regret. One of the preeminent
researchers in this area (Eva Tardos, Cornell) is currently working in this direction [34, 419]. Note:
A survey of this area would make a great project.

Before discussing these regret notions and the types of results that exist, let’s remind ourselves
of the correlated equilibrium notion.

Consider a game G = (N, X, (fi)ien) defined on finite actions spaces X;, i € N. Mixed
strategies, which allow the players to randomize over their pure strategies, lie in the simplex on
Xi—i.e.

X, = A(Xl) = {xz e R™ : ]_Tﬂii =1, Tij >0, 5=1,... ,ni}.

To aid in the exposition, let us use the notation s; € X; for a pure strategy for player .

Definition 5.2 (Pure Nash Equilibrium). A strategy profile (s1, ..., sy) is a pure Nash equilibrium
(PNE) of G if no player can decrease their cost via a unilateral deviation: for each i € N,

fi(siys—i) < fi(si5-5), Vs;eX;

A mixed strategy x; is a probability distribution over X; More formally, recall the definition
from earlier lectures.

Definition 5.3 (Mixed Nash Equilibrium.). A set x = (x1,...,2x) of independent probability
distributions is a Mixed Nash equilibrium (MNE) of G if no player can decrease their expected cost
under the product distribution £ = z1 X - -+ X x via a unilateral deviation: for each ¢,

Esma fi(8iy5-1) < Es_imn, filsiz—i), Vs, €X;

Notice that we have written the inequality in a slightly different format, now writing the expec-
tation with respect to the joint (probability) distribution x € A(X;) x--- x A(Xy). This is exactly
the same as before, we are just being more clear about the difference between the pure Nash case
and the mixed Nash case in which players are allowed to randomize and hence, the equilibrium
concept is formulated with respect to their expected utility.

Recall that Nash’s theorem says that mixed Nash equilibria always exist [10]. Complexity theory,
however, provides compelling evidence for the computational hardness of finding Nash equilibria
(see, e.g., [27, 14, 15, 19]). On the other hand, refinements of Nash are much easier to compute
from a complexity perspective.

5.2.1 Correlated Equilibria

Observe that in a Nash equilibrium, people randomize independently. For games with multiple
Nash equilibria, one may want to allow for randomizations between Nash equilibria by some form
of communication prior to the play of the game. This perspective naturally leads to the following
notion of equilibrium. In the correlated equilibrium concept, introduced by Aumann in 1974 [3],
players observe a correlating signal before making their choice. For example, you may think about
introducing a traffic light or stop sign in the Chicken game—i.e., two cars approach each other from
opposite directions and must choose to stay the course or swerve.
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Definition 5.4 (Correlated Equilibrium). A joint probability distribution = over X is a correlated
equilibrium (CE) of G if, for each i,

Esz[fi(8i,5-i)| 8i] < Bs_mn_,[fi(sh,5-i)| si], Vi€ X;

Note that in the above definition, s ~ £ means that the joint strategy s is distributed according
to the probability distribution x € A(X) where A(X) is the simplex in R™. Further, s_; ~ z_;
means that the joint strategy s_;, which excludes player ¢’s strategy s;, is distributed according to
the marginal distribution z_;.

The following is an intuitive interpretation of the correlation mechanism. There is a ‘mediator’
who draws an outcome s from the publicly known distribution x, and subsequently privately rec-
ommend strategy s; to each player i. Correlated equilibria require the expected payoff from playing
the recommended strategy to be greater than or equal to playing any other strategy.

Example 5.5 (Traffic light game with correlated equilibrium that is not a mixed Nash equilib-
rium.). Consider the following game:

P1\ P2 ‘ stop go
stop (0,0) (0,1)
g0 (170) ('57'5)

If the other player is stopping at an intersection, then you would rather go and get on with it. The
worst-case scenario, of course, is that both players go at the same time and get into an accident two
pure Nash equilibria: {(stop, go), (go, stop)}. define x by uniformly randomizing between these
two pure Nash equilibria. This is not a product distribution, and hence, it cannot be a mixed Nash
equilibrium. It is however a correlated equilibrium, and to see this consider the following line of

reasoning:

e From the perspective of player 1, if the mediator (stop light) recommends go then player 1
knows that player 2 was recommended to stop.

e Assuming player 2 plays the recommended strategy stop, player 1’s best response is to follow
its recommended strategy go.

e Similarly, when player 1 is told to stop, it assumes that player 2 will go, and under this
assumption, stopping is a best response.

In terms of computation, as we have alluded to, Nash equilibria are notoriously hard to compute
because they are fixed points. Correlated equilibria, on the other hand, are computationally efficient
to find since the set of correlated equilibria are a convex polytope [43]

A correlated equilibrium requires that following the recommended strategy be a best response
in the interim stage—i.e., a correlated equilibrium requires that after a profile s is drawn and
recommended, playing s; is a best response for ¢ conditioned on seeing s; and given everyone else
plays s_;. To relax this fact, other refinements have also been introduced in the literature such
as the coarse correlated equilibrium, which only requires the recommended strategy to be a best
response at the ex-ante stage—i.e., coarse correlated equilibrium requires only that following the
suggested strategy s; when s ~ x is only a best response in expectation before you see s;.

Definition 5.6 (Coarse Correlated Equilibrium.). A coarse correlated equilibrium (CCE) is a
distribution = over actions .S such that for every player 1,

ESNIB[fi($i> S*i)] < ESNIB[fi(sga S*i)]v v 52 € XZ
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t (CCE
no regret (CCE) easy to compute/learn

correlated equilibrium

mixed Nash

need not exist,
hard to compute

Figure 5.1: Taxonomy of Equilibria and Computability

Note that the set of all distributions satisfying the above is sometimes called the Hannan set.
To see there is a gap between correlated equilibria and coarse correlated equilibria, consider the
following example.

Example 5.7. Consider the game defined by

Pl\ P2 ‘ S1 S9 S3

51 ('1"1) (171) (070)
52 (1,1) (-1,-1) (0,0)
53 0,0)  (0,0) (1.1,1.1)

and the strategy z; = (1/3,1/3,1/3) for each i = 1,2. Since the game is symmetric if players play
according to this strategy, the payoff (cost) is

% S(=1)+ % (=1 + %(1.1) =-0.3

Now, consider what would happen if player 1 (without loss of generality) chooses to play the fixed
action s; or so while the other player continues to randomize. Then the payoff for player 1 would
be

1 1 1.g—

and the payoff for playing s3 is strictly positive. This means that given the distribution is a coarse
correlated equilibrium since

Esmn fi(siy5—i) < Egnlfi(si,5-4)], Vs; € X;

despite the fact that conditioned on being told to player ss is not a best response (because of the
positive cost).

5.2.2 Repeated Games

Repeated games consist of a stage game that is played for an infinite number of time periods
by players who seek to maximize their discounted payoffs. Repeated games are one of the more
common classes of models examined in economics to model repeated interactions among strategic
agents. They give rise to incentives and opportunities that are fundamentally different than those
observed in isolated interactions—e.g., the promise of rewards and the threat of punishment in the

61



AN INTRODUCTION TO LEARNING IN GAMES

future of the game can provide incentives for desirable behavior now. Moreover, repeated play gives
players (and potentially incentive designers) the opportunity to learn and adapt their strategies.
In what follows, we will distinguish a bit between strategies and actions. Let G = {X, (f;)ien}
denote the stage game. Players repeatedly play G at times ¢. Let h! denote the history observed
by player ¢ up to time ¢. Then, Hf is the set of all such histories at time ¢, and H; = UtHZ-t the set
of all histories over time. Then, a policy (or strategy) m; : H; — AX; for player i is a mapping from
the the set of histories to a mixed action (or even a pure action depending on the context).? In
particular, a strategy ™ = (71,...,7y) induces an sequence of (mixed) action profiles {x!};. The
strategy for player i takes in the history h; and generates an action z! for that player. That is,

Fz(hg) = xf S Xi

Let 0 be the common discount factor for all players. The total cost for player 4 is then
o0
Fi(miyma) = (1—6) ) _ 6 fulaf,2",)
t=1

Classification of repeated games by available information. What information players have
available to them is crucial in determining the outcome of repeated games. There are several types
of information structures typically referred to as different types of monitoring:

e Perfect public monitoring: At the end of each time period ¢, players can observe each
others’ actions and payoffs. With perfect public monitoring hf = h' for all i and h! =
(xt,... 271,

e Imperfect public monitoring: At the end of each time period ¢, players can only observe a
public signal that contains information about the other players’ actions, but this signal does
not necessarily determine the opponents’ actions. That is, we have again that h§ = h! for all
i but k' is not necessarily equal to (z!,...,z!"1).

e Private monitoring: At the end of each time period ¢, players receive a possibly different
private signal containing information about what has happened in that round.

Note that one can relate this in the learning dynamics to coupled, uncoupled, and completely
uncoupled dynamics where coupling is used to mean information available.

Learning Algorithms as Strategies. Interestingly, we can think of the policy m; : H; — X; as
an algorithm, and in the context of the learning in games literature this is precisely what people
tend to do. Here, an algorithms A; selects a distribution !

5.2.3 External Regret

To introduce the idea of regret in the context of repeated play games, we will consider algorithms
for repeated play of a matrix game with the guarantee that against any opponent, they will perform
nearly as well as the best fixed action in hindsight. This is often called the problem of combining
expert advice or minimizing external regret.

?We say mixed more generally here since it encompasses the possibility of pure actions.
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To introduce this concept, we will start by taking the view of a single agent against an adversary
and hence, we do not add the ¢ subscript here to the action set or actions. Consider a set X of
n > 2 actions. At time each time ¢t = 1,...,T, the following occurs:

e A decision maker picks a mixed strategy ! that is a distribution over its actions X.
e An adversary picks a cost vector ¢! : X — [0, 1].

e An actions s’ is chosen according to the distribution ! and the decision maker incurs a cost
24(sh).

e The decision maker learns the entire cost vector ¢! not just the realized cost £(st).

For example, one may consider X to be different investment strategies or different driving routes
between home and work. And, the decision-maker tries to determine the least costly action amongst
those in X assuming worst case outcomes. In the multi-player setting (which we will get to), the
action set will be the strategy of a single player and the cost vector will be induced by the strategies
chosen by all the other players.

Another noteworthy point is that a number of online convex optimization problems can be cast
in this decision-maker—adversary framework.

We seek a good algorithm for online decision-making problems of the above type. The perfor-
mance of the algorithm is measured by

Regret(T") = “Total profit of best fixed action in hindsight” — “Total profit of algorithm”

Definition 5.8 (Time Average Regret). The (time average) regret of the action sequence s', ..., s’

with respect to a fixed action s is given by

1 (T T
F (e - 3ze0)
t=1 t=1

Please note there are several other notions of regret including internal and swap regret that are
commonly used in analyzing learning in games. We will focus on external regret for now.

Let A be an online decision-making algorithm. An adversary for A is a function that takes
as input the time index ¢, the mixed strategies (x!,..., 2!) produced by A up to time ¢, and the
realized actions s',...,s'™! up to time ¢ — 1. It produces as output, the cost vector ¢/ : S — [0, 1].
Definition 5.9 (No-Regret Algorithm.). An online decision making algorithm A has no (external)
regret if the expected regret with respect to every action s € X is o(1)3 as T'— oo independent of

the adversary—that is,
Iy T
. bt t
Th—r};oT<E E(s)—télﬁ(s)>—>0

meaning that the regret grows sublinearly in T'.

3A function f € O(g) means that for at least one constant k > 0, you can find a constant ¢ such that 0 < f(z) <
kg(z) for all x > c. Note that f € o(g) means that the above holds for every choice of k > 0. Big-O essentially says
that f grows asymptotically no faster than g and Little-o says that the asymptotic growth of f is strictly slower than

g. In particular, f € o(g) means limg_ oo % = 0 while f € O(g) means limg_, gég < 00.
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If we think of each action as an “expert” that makes recommendations, then a no-regret al-
gorithms performs asymptotically as well as the best expert. The adversary in the definition of
no-regret algorithms is sometimes called an adaptive adversary. As an alternative, an oblivious
adversary is the special case in which the cost vector ¢! depends only on t (and on the algorithm
A).

There are several notable results in the study of no-regret algorithms.

Theorem 5.10 (Informal). The following two results hold for no-regret algorithms.

1. No-regret Algorithms exist and they tend to be simple and have expected regret O(1/(Inn)/T)
with respect to every fixed action (n is the number of actions).

2. There exists an online decision-making algorithm that, for every € > 0, has expected regret
at most & with respect to every fixed action after O ((Inn)/e?) iterations.

The Multiplicative Weights (MW) algorithm (aka Randomized Weighted Majority or Hedge) is
a no-regret algorithm. It maintains a weight, intuitively a “credibility,” for each action. At each
time step the algorithm chooses an action with probability proportional to its current weight. The
weight of each action can only decrease, and the rate of decrease depends on the cost of the action.

The main idea comes from the following two formalisms:

1. Past performance of actions should guide which action is chosen now. Since the action choice
must be randomized, the probability of choosing an action should be increasing in its past
performance (i.e., decreasing in its cumulative cost).

2. Many instantiations of the above idea yield no-regret algorithms. For optimal regret bounds,
however, it is important to aggressively punish bad actions—i.e., when an action previously
observed to be ‘good’ turns out to be ‘bad’, the probability with which it is played should
decrease at an exponential rate.

Algorithm 1 Multiplicative Weights Sketch

1. procedure MW (7)) > final time
2 wh(s) + 1, Vs € X

3 fort=1,...,7 do

4: at = w' /T where I'" =Y v w'(s) > compute current distribution
5 Play an action s ~ 2t = > choose action and play
6 Receive loss vector ¢!

7 For each s € X, w'(s) « w!(s)(1 — &) > update weights

In the above algorithm, e.g., if all losses are either 0 or 1 (a typical assumption), then the weight
of each action either stays the same (if ¢/(s) = 0) or gets multiplied by (1 — &) (if £(s) = 1).

As ¢ — 0, z' tends towards the uniform distribution and thus, small values of ¢ encourage
exploration. As ¢ — 1, ' tends to the distribution that puts all its mass on the action that has
incurred the smallest cumulative cost so far and thus, large values of € encourage “exploitation.”

5.2.4 No-Regret Dynamics in Games

We now go from single player with adversary to multi-player settings and do so in the cost mini-
mization framework here.
For each time t = 1,2,...,T, the following events occur:
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1. Each player i simultaneously and independently chooses a mixed strategy ! using a no-regret
algorithm.

2. Each player i receives a cost vector ¢! where /(s;) is the expected cost of action s; when the
other players play their chosen mixed strategies—i.e.,

0(si) = Es_mn,[fi(siy5-4)]

where z_; = Hj £ Tj and f; is the cost function for agent 1.

No-regret dynamics are well defined because no-regret algorithms exist (we did not prove this
but we stated it earlier). It is very interesting to note that players do not have to use the same
no-regret algorithm; they just have to use some no-regret algorithm. In addition, while above we
have described the players moving simultaneously, the results also extend to players that move
sequentially.

No-regret dynamics can be implemented efficiently. Indeed, consider multiplicative weights
where n is the (maximum) size of a player’s strategy space (across players). Suppose each player
uses the multiplicative weights algorithm. Then in each iteration each player does a simple update
of one weight per strategy, and only O((Inn)/e?) iterations of this are required before every player
has expected regret at most ¢ for every strategy. This follows from the analysis in the single player
setting.

Perhaps most interestingly we can guarantee that no-regret dynamics converge to coarse corre-
lated equilibria.

Proposition 5.11 (Convergence to CCE.). Suppose after T iterations of no-regret dynamics, every
player of a cost minimization game has regret at most ¢ for each of its strategies. Let 2! = Hfi |zt
denote the distribution at time ¢ and let z = % Z;‘il x! be the time averaged history of these
distributions. Then z is an e—approximate coarse correlated equilibrium in the sense that for each
i,

Eswe[fi(s)] < Es—i*“x—i[fi(sfﬂ s_i)|+e Vv 5; € X;

Proof. By definition, for each ¢

T
Bnalfi(0)] = 32 3 Evvael )] (59)
t=1
and
: Ly ,
ES—iNﬂf—i [fi(sia S—i)] = T Z Esth [fi(3i7 S—i)] (510)
t=1

(since x is the time average distribution). The right hand side of (5.9) and are the time averaged
expected costs of player ¢ when playing according to its no-regret algorithm, and the right hand side
of (5.10) is the time averaged expected cost when playing the fixed actions s} every time instance.
By assumption every player has at most regret ¢ so that (5.9) is at most € more than (5.10). W

It is interesting to note that very simple learning algorithms lead remarkably quickly to (ap-
proximate) coarse correlated equilibria. In this sense, coarse correlated equilibria are, perhaps
unusually, tractable to compute, and hence unusually plausible as a prediction for player behavior.
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5.2.5 Swap Regret and ¢-Correlated Equilibria

The aim for the external regret setting is to design an online algorithm A that is able to approach
the performance of the best algorithm from a given class of algorithms say C. Then the goal is to
minimize the external regret

RC = L.A(T) - LC,min(T)

where
T n
La=) _dy ty=> zltl
t=1 i=1

and L¢ min(7') is the minimum regret over the class of algorithms C—i.e., mingec La(T). And,
recall that 2! is the distribution across the n actions available to the agent. The class of algorithms
C is the comparison class.

Now, external regret uses a fixed comparison class C, but one can also envision a comparison
class that depends on the online algorithm’s actions. We can consider modification rules that
modify the actions selected by the online algorithm, producing an alternative strategy which we
will want to compete against. A modification rule ¢ has as input the history and the current action
selected by the online procedure and outputs a, possibly different, action. We denote by ¢! the
function ¢ at time ¢, including any dependency on the history.

Effects of Modification Rule. Given a sequence of probability distributions 2! generated by an
online algorithms A and a modification rule ¢, we define a new sequence of probability distributions

yt = ¢!(z) where
= 2 4

J:t(4)=i

The loss of the modified sequence is now
Lag=>Y_> yit;
t i

At time ¢ here the modification rule ¢ shifts the probability that A assigned to action j to action
i = ¢'(j). This means that the modification rule ¢ generates a different distribution as a function

of the online algorithm’s distribution z?.

A new notion of regret based on modification rules. Consider the finite set F of memoryless
modification rules (they do not depend on the history).

Definition 5.12. Given a sequence of loss vectors ¢!, the regret of A with respect to the modifi-
cation rules F is
Rr =max{L(T)—-L T
7 =max{La(T) = Lao(T)}

In this context, external regret is equivalent to letting F¢* be the class of n modification rules
¢; where ¢; always maps to action ¢ no matter the input. This is because we are comparing to the
single best action in hindsight in the case of external regret.

The next natural notion of regret would be to compare to the simple class of policies where
you can think back in time and say “ok, what if I was able to switch to some other action? could
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I have done better?” This is known as internal regret and was introduced by Foster and Vohra in
1998[25]. Specifically, internal regret allows one to modify the online action sequence by changing
every occurrence of a given action i to an alternative action j.

Definition 5.13 (Internal Regret). Let F* be the set of n(n — 1) modification rules ¢;; where
¢ij(i) = j and ¢;;(¢') = ¢’ for ¢’ # i. The internal regret of A is

max {LA(T) — Lay(T }—max{Zx et—et}

pEFin jeX

Essentially internal regret compares to the case where at each time you can switch to any other
pure action, and compare to this as your benchmark. This is different than comparing to the single
best action in hindsight. A good reference on comparing internal and external regret is [3]. The
way they explain it is with the problem of purchasing stocks. In particular, we can think of the
class of switching policies " in the following way.

“..every time you bought IBM, you should have bought Microsoft instead.”

Low internal regret algorithms were derived by Hart and Mas-Colell (circa 2000) [29], Foster and
Vohra (circa 1997) [24, 25], and Cesa-Bianchi and Lugosi (circa 2003, leverages notion of a potential)
[12]. In many of these works, the use of the approachability theorem of Blackwell (1956) has played
an important role in some of the algorithms [7]. The Blackwell approachability theorem attempts
to answer the following question:

Given a matriz M and a set S in n-space, can I guarantee that the center of grav-
ity of the payoffs in a long series of plays is in or arbitrarily near S with probability
approaching 1 as the number of plays becomes infinite ¢

Here, the center of gravity means the average payoff over a long run of plays.

Blum and Mansour show in [8, 9] that there is a simple online way to efficiently convert any
low external regret algorithm into a low internal regret algorithm. This actually gave rise to what
is known as swap regret, which allows one to simultaneously swap multiple pairs of actions.

Let F** be the class of modification rules which includes all n" functions ¢ : {1,...,n} —
{1,...,n} where the function ¢ swaps the current online action i with ¢(7) which may be the same
or a different action.

Definition 5.14. The swap regret of the algorithm A is

¢%1%§%{LA(T)—LA7¢(T)} maX{Zx (e — b }

Proposition 5.15. Since F¢* C F*¥ and F* C F*, both external and internal regret are upper
bounded by swap regret.

Note that in swap, internal and external regret, the modification functions do not depend on
history. There are extensions of these ideas to history dependent swap rules and policies [g],

One can show that if there are n actions, then the swap regret is bounded by n times the
internal regret.
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Coming back to games. The importance of internal and swap regret is due to the fact that
they are connected to correlated equilibria.

Consider a game G = (N, X, (fi)ien’). We consider a player i that plays game G for T time
steps using an online algorithm A;. At time step ¢, player i plays a distribution (mixed action) x!

(2
while the other players play joint distribution z! ;. Let Eiti denote the loss of player ¢ at time t¢:
1% P Egopt [fl(sfa stfz)]
and the cumulative loss is .
Ly, (T) = Z ‘ i
t=1
The loss vector at time ¢ for player i is

K3 » i

where
Elz;j = Esii“’ﬂﬁii [fi(sgj’ xtﬂ)]

For simplicity here we assume all players have n actions and we have dropped the explicit depen-
dence on A;. Hence, Zﬁj is the loss player ¢ would have observed if it had player action s;; at time
t. The cumulative loss of action s;; € X; of player 7 is

and
Limin(T) = mjiﬂ Li;(T)

Recall that constant sum games are games such that the utilities of players sum to a constant
for any joint strategy x. Zero-sum games are a special case where the constant is zero. We know
that such games achieve value. For example, in zero sum games, the value of the game is the
minmax value.

Proposition 5.16. Let G be a two-player constant sum game with value (v1,vz). Suppose that
each player i € {1,2} plays for T steps using online algorithm .4; with external regret R;. Then
the average loss &L .4, (T) is at most v; + R;/T.

Proof. Let y be the mixed strategy corresponding to the observed frequencies of the actions player
2 has played—i.e., y; = Zthl :Utzj/T where :Et27j is the weight player 2 gives to action j at time
t. Since the game is constant sum, for any mixed strategy for player 2, player 1 has some action
o € X7 such that

Esynylfi(a, z2)] <01
This implies, in our setting, that if player 1 has always played action « then its loss would be at
most 11T. Thus Ly min(T) < Lo(T) < v;T. Now since player 1 is playing A; with external regret

Ry, we have
L-Al (T) < Ll,min(T) +R<unwT+R
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This is to say that if players used an O(y/T logn) regret algorithm like MWs then the average
loss is at most v; + O(y/(log N)/T).

In a repeated game scenario, if each player uses an action selection algorithm whose regret of
this form is sublinear in 7', then the empirical distribution of the players actions converges to a
correlated equilibrium [29], and in fact, the benefit of a deviation from a correlated equilibrium is
bounded exactly by R/T, where R is the largest swap regret of any of the players.

To see this, let’s first define relevant modification rules and establish connections between them
and equilibria. For s1,a, 8 € X; let

B, if S1 =«
s1 otherwise

switch;(s1, «, 8) = {

Given a modification function ¢ for player i, we measure the regret of player ¢ with respect to ¢ as
the decrease in its loss:

regret, (s, ¢) = fi(s) — fi(¢(si), s-i)

For instance, if we consider ¢ = switch(sy, «, 3) for a fixed a, 8 € X, then regret;(s, ¢) is a measure
of the regret player i has for playing action « rather than # when others player s_;.

Now, a correlated equilibrium, which we have previously introduced independent of regret, is a
distribution x over the joint action space with the following property. A correlating device draws
a vector of actions s € X using distribution z over X, and gives player ¢ the action s; from s.
The distribution z is a correlated equilibrium if for each player it is a best response to play the
suggested action, provided that the other players do not deviate. In terms of regret, we have the
following definition.

Definition 5.17 (Regret definition of CE). For a general-sum game of any finite number of players,
a distribution x over the joint action space is a correlated equilibrium if every player would have
zero swap regret when playing it. That is, x is a correlated equilibrium if for every player ¢ and
actions «, 8 € X;, we have
Esz[regret, (s, switch; (-, o, 5))] <0
—_——

¢

Equivalently, we say x is a correlated equilibrium if and only if for any function ¢ : X; — X;
we have
Esz[regret,; (s, ¢)] <0

Definition 5.18. A joint distribution z over X is an e-correlated equilibrium if for every player ¢
and for any function ¢; : X; — X;, we have

Es~alregret;(s, ¢;)] < e

Finally, we can get to the main result. The following theorem relates the empirical distribution of
the actions performed by each player, their swap regret, and the distance to correlated equilibrium.

Theorem 5.19. Let G be a game and suppose that for T steps every player follows a strategy that
has swap regret at most R. Then, the empirical distribution # of the joint actions player by the
players is an (R/T)-correlated equilibrium.
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Proof. The empirical distribution # assigns to every z! a probability of 1/T. Fix a function ¢; :
X,; — X; for player i. Since player i has swap regret at most R, we have that

L a, (T) < LA¢,¢1‘ (T) +R

where L 4,(T) is the cumulative loss of player i. By the definition of the regret function, we have
T T
L-Ai (T) - L-Ai7¢i (T) = Z Egt gt [fl(st)] - Z Egt gt [fl(qbl(si)a St—z)]
t=1 t=1

T
= Z Egtpt [regret; (s', ¢;)]
t=1

— TR, [regret;(s, ¢;)], since & = Aa'

Thus, for any ¢; : X; — X;, we have

Eswi[regreti(sa(bi)] S %

This results says that the payoff of each player is its payoff in some approximate correlated
equilibrium. In addition, it relates the swap regret to the distance from equilibrium. Note that if
the average swap regret vanishes then the procedure converges, in the limit, to the set of correlated
equilibria.

5.3 Follow The Regularized Leader

We have not discussed how regret of algorithms connects to equilibrium concepts, but we have
really only mentioned one algorithm, namely Multiplicative Weights. The multiplicative weights
algorithm is simple to define and analyze, and it has several applications, but perhaps it is not
clear where this algorithm comes from. We saw briefly the connection to continuous time replicator
dynamics. In fact it is connected to a more general class of learning dynamics known as follow the
regularized leader.

The solution z! proposed by the algorithm at time ¢ can only depend on the previous loss
function ¢',...,¢"~1. But, the question is how should it depend on it? If the offline optimal
solution z is consistently better than all others at each time step, then we would like z! to be
that solution, so we want z! to be a solution that would have worked well in the previous steps.
The most extreme way of implementing this idea is what is know as Follow the Leader algorithm
(abbreviated FTL), in which we set the solution at time ¢ to be

t—1
zt = argmin Y (F(x)

X
R

This algorithm can perform poorly, since it can easily overfit to the past data which itself may be
bad. The way we fix this (and a common theme more generally in machine learning if we want to
avoid overfitting and promote generalization) is to regularize. That is, we do not want the solution
to change much from round to round.
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Consider the FTRL (follow the regularized leader) update
t—1
t_ . k
& = argmin r(z) + ,}1 % (x)

Typically, the function r(-) is chosen to be strictly convex and to take values that are rather big in
magnitude.

Now consider a game setting in which each player is updating according to the above follow
the regularized leader dynamics. These dynamics actually have an equivalent continuous time
formulation which has been recently studied in adversarial learning (and more generallly zero sum
games) [37]:

yi () = 1:(0) + /0 vi(z(r)) dr (5.11)
zi(t) = Qi(yi(t)) (5.12)

where
wi(w) = (i), 20) = D @i Vi (@)
a; €EX;
with
’UZ(‘r) = (,Uiyai(x))aieXi
being the vector of payoffs to player 7 given they player strategy «; and the remaining players play
mixed strategy z_;. In addition, Q; : Rl — X; is the choice map defined by
Qi(ys) = arg max {(y;, ;) — ri(x;)}

TiEA;
Suppose that r is continuous and strictly convex on &; (for each i) and is smooth on the relative
interior of every face of X; including A; itself. The choice map with the regularizer essentially acts
to smooth the hard argmax correspondence y; — arg maxy, e x; (Yi, ;).
As already alluded two the two quintessential examples of FTRL dynamics are multiplicative
weights (which we get by using the entroptic regularizer r;(x) = >_, cx. Tia; 108 Tia,;), and the
classical Euclidean projection dynamics which are induced by the regularizer r;(z) = 1|z;(|%.

Theorem 5.20. A player using FTRL has a O(1/T) regret bound independent of what other
players do. That is, if a player i € N follows FTRL then for every continuous trajectory x_;(t) of
the opponents of player i, we have that

N2

Reg;(T') <

where 2 = maxr; — minr; is a positive constant.
Here the regret for the continuous time case is

1

Rey(T) = max 7 [ (w(er4(r) = wi(a(r) dr
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Appendix A

Review of Function Properties

A.1 Preliminaries

Given a metric space X with metric p, we denote B,(x) as the r-radius ball around the point x
using the metric p. For example, if X = R" is the n-dimensional Eucldiean space endowed with the
usual Euclidean metric—i.e., the 2-norm—then B;(0) is the usual unit norm ball we are familiar
with.

The notation f € C"(X,R) to denote that a real-valued function f(x) belongs to the family
of r-continuously differentiable (sometimes referred to as r-smooth) on a space X functions. In
general, throughout this set of lecture notes, we will take X C R™.

A.2 Extrema of Functions and Classification of Critical Points

A very important thing to point out here:

There is a difference between critical points of functions and critical points
of dynamical systems.

In this section, we focus on critical points of functions.
For a function f € C?(R",R), we define critical points as follows.

Definition A.1. A point z is a critical point of f if Df(z) = 0.

Critical points have different classifications. They can be (local) minima, (local) maxima, or
(local) saddle points, the latter of which is sometimes referred to as a (local) minimax point. In
zero-sum games, e.g., we care about the subset of such saddle points whose defining saddle curvature
directions are aligned with the players’ actions. These correspond to local minimax points for the
game—that is to say that not all saddle points of a function are game theoretically meaningful.

For a given function f € C?(R",R), we define a local minima as follows.

Definition A.2. A point 2* € U C R" is a local minimum for the function f € C?(R",R) if

f(@®) < f(x), Ve e U
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A local maximum is defined analogously. Sometimes the definition of a local extremal point
is defined given a metric on R™. For example, a é-local minima of f is a point x* such that
f(z*) < f(x) for all z € Bs(z*). Another way you may encounter a local minima is as follows: a
point z* is a local minima if there exists a 6 > 0 such that f(z*) < f(x) for all z € Bs(z*).

The last important critical point type is a saddle point.

Definition A.3. A critical point x—i.e., Df(x) = 0—is a saddle point of f if f does not have a
local extremum at x*.

Here, a local extremum is either a local maximum or a local mimimum.
From calculus, you should remember that second order conditions can be used to determine the
existence of a local extremum at a critical point.

Proposition A.4. A critical point 2* of the function f € C?*(R™,R) is a

1. local maximum if D?f(z*) < 0—i.e., the matrix D?f(x*) is strictly negative definite.

2. local minimum if D?f(2*) > 0—i.e., the matrix D?f(z*) is strictly positive definite.

Note that these are sufficient conditions. There are also necessary conditions.

Proposition A.5. If a critical point z* of the function f € C?(R™,R) is a local minimum, then
D?f(x*) > 0. Analogously, if a critical point z* of the function f € C?(R™, R) is a local maximum,
then D?f(z*) <0

It is a generic property of the function f € C?(R™,R) that any local minima z* (resp. local
maxima) satisfies D?f(z*) < 0 (vesp. D?f(x*) > 0). That is, generically the sufficient conditions
of Proposition A.4 are also necessary. This means that for almost all (in a formal mathematical
sense) sufficiently smooth functions, the second order test in Proposition A.4 is both necessary and
sufficient. Moreover, this is a structurally stable property, meaning that if we have a critical point
z* that is a local extremum, then it persists under smooth perturbations of the function. This
being said, there are functions that define important classes of games which do not possess this
generic property. That is, they belong to a measure zero set of functions. For instance, bilinear
functions such as x 'y define the class of bilinear games, and the extrema of this type of function
does not have the generic property described above.

Returning back to the discussion of saddle points, we also define the strict saddle property.

Definition A.6. A critical point * of the function f € C%(R", R) is a strict saddle point of f if it
has both a strictly negative eigenvalue and a strictly positive eigenvalue—that is, Amin (D% f(2*)) < 0
and Amax(D?f(z*)) > 0 where Ayin(+) and Apax () denote the minimum and maximum eigenvalue
of their argument, respectively.

A.3 Convexity
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Appendix B

Review of Dynamical Systems Theory

B.1 Motivation for the Use of Dynamical Systems Theory

To understand convergence or recurrence properties, learning in games requires the use of dynamical
systems theory. This is unlike gradient descent in optimization (a single player game) for which we
have a number of tools that are parallel to those in dynamical systems theory.

This is because gradient descent in optimization corresponds to gradient flow. For example,
consider the objective of minimizing the function f € C?(R",R):

min f ()

In general, f(x) is non-convex in x (cf. Appendix A for a review of function properties), meaning
that we seek local minma of this function. Towards finding local minima, one natural scheme is to
follow the gradient of

Beyond gradient descent, however, even more complex algorithms for single player optimization
such as momentum-based or symplectic algorithms used, for example, to speed up convergence
often require dynamical systems theory and numerical methods for ordinary differential equations
(odes). Hence, we will review some basics of numerical methods for odes, focusing primarily on
first order methods.

B.2 Review of Numerical Methods for Differential Equations
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